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Abstract 
 

 
Effective cancer treatment, especially in the brain, remains a formidable challenge 

in the field of oncology. Convection-enhanced delivery (CED) is an innovative and 

promising local drug delivery method for brain cancer, overcoming the challenges of 

conventional methods. The project develops a mathematical and computational model 

for brain cancer treatment to predict the drug concentration distributions, applying 

engineering and physical sciences principles to medicine. In this in silico study, an 

individualized, three-dimensional finite element model of the brain is used to 

investigate the CED for the treatment of brain cancer. The model incorporates nonlinear 

biomechanics, which describes the distribution of the drug concentrations using diluted 

species transport equations and applying the theory for hindered transport of rigid 

solutes. The aim of this work is to investigate the drug concentration during CED of 

different drug sizes by changing the pathophysiological conditions of the tumor tissue. 

To achieve this, different drug and tumor vessel wall pore sizes and various tumor 

interstitial space hydraulic conductivity values have been considered to account for a 

range of drug physicochemical and tumor microenvironment properties. To our 

knowledge, this present work reports for the first time directly how the size of the 

vascular wall pores and that of the therapeutic agent affect drug distribution during and 

after CED. These predictive outcomes provide further and useful insights of the spatial 

distribution and the average drug concentration in the tumor towards an effective 

treatment of brain cancer.   
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Chapter 1 

1  INTRODUCTION 

1 . 1  P h y s i c a l  m i c r o e n v i r o n m e n t  o f  t u m o r  t i s s u e s   

By applying principles of engineering and physical sciences to oncology, the 

mechanical behaviour of tumor tissues and all their components becomes more 

understandable. Therefore, more effective approaches for treatments are more likely to 

be found. Physical forces have a crucial role in tumor progression and cancer treatment. 

The mechanics of the solid and fluid components of a tumor affect the tissue 

microenvironment, making it difficult and sometimes infeasible to transfer therapeutic 

agents [1].  

1 . 1 . 1 A b n o r m a l i t i e s  o f  t h e  t u m o r  m e c h a n i c a l  

m i c r o e n v i r o n m e n t  

Tumor tissues contain cancer cells and a diversity of stromal cells, including 

fibroblasts and cells of the immune system. They also consist of the extracellular matrix 

(ECM) which is the non-cellular solid component of tissue and provides structural 

integrity and it is a mean for biochemical signaling. Common tumor ECM is comprised 

of collagen and hyaluronan (HA). Additionally, the blood vessels pass through the 

tumor tissue, bringing nutrients and oxygen, while the lymphatic vessels are located at 

the tumor periphery, removing fluid, macromolecules and cells [1, 2]. Figure 1.1A 

illustrates the components and microenvironment of the tumor tissue.  

The biochemical and physical microenvironments of tumors are dynamic. They 

evolve during tumor growth, progression and treatment and are strongly associated with 

abnormalities in the tumor vasculature and extravascular components. During tumor 

growth, adequate supply of oxygen and nutrients is required, increasing the demand for 

blood vessels. One of the mechanisms to meet this demand is known as angiogenesis in 

which new blood vessels sprout from existing ones. Another mechanism is non-

angiogenetic growth in which cancer cells grow around pre-existing vessels. 

Nevertheless, the blood vessels resulting from angiogenesis are abnormal in structure 
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and function. Specifically, they are focally hyperpermeable due to large intracellular 

and intercellular openings. Simultaneously, the uncontrolled proliferation of cancer cells 

in the confined space of the host tissue causes an accumulation of compressive forces, 

which are stored in solid structural elements of the tumor and surrounding tissue. Due to 

these compressive forces, the intratumoral blood and lymphatic vessels can be 

compressed. As a results, a desmoplastic reaction can be induced in some tumor types, 

resulting in the excessive production of tumor ECM. In normal tissues, the lymphatic 

system has a crucial role to manage tissue fluid pressure by removing plasma that has 

leaked from the blood vessels. However, the present of solid stresses inside tumor 

tissues causes a dysfunctional lymphatic system, as existing lymphatic vessels collapse 

and new ones are not able to form [1].  

 

Figure 1.1: (A) Microenvironment of tumor tissues. (B) Schematic presentation of 

interstitial fluid pressure (IPF) elevation. [1] 

 

These vascular deficiencies cause an increase in interstitial fluid pressure (IFP). The 

IFP is the extravascular hydrostatic pressure within the tumor and is elevated 

throughout the tumor and drops precipitously in the tumor margin, Figure 1.1B. The 

main reason for IPF elevation is the combination of the focal hyperpermeability of the 

tumor blood vessels and dysfunctional lymphatic system in the tumor. Specifically, the 

hyperpermeability of blood vessels permits plasma leakage into the tumor interstitial 

space and this fluid cannot be drained by the non-functional lymphatic vessels. 
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Moreover the dense ECM prevents this fluid from easily escaping from the tumor into 

the surrounding normal tissue. Besides, plasma leakage along with blood vessels 

compression can decrease blood flow within the vessels, making large intratumoral 

regions hypoperfused. Taken together, elevated IPF and hypoperfusion are the main 

physiological barriers to the transport of drugs through the tumor vasculature, across the 

tumor blood vessel wall into the tumor interstitial space, and through the interstitial 

space of the tumor. Figure 1.2 summarizes the effects of the tumor abnormalities on 

tumor perfusion and IFP, and the related barriers to drug transport. Additionally, 

hypoperfusion creates hypoxia, enhancing tumor progression in many ways. More 

specifically, hypoxia reduces immune cell activity, increases the metastatic potential of 

cancer cells, reduces the effectiveness of radiation therapy and immunotherapy, and 

forces cancer cells to adopt a more drug-resistant ‘stem-cell’ like phenotype. 

Consequently, by understanding the mechanisms of genesis and evolution of 

mechanical forces in tumors and the obstacles they present, better and more effective 

treatments can be achieved [1, 2].  

 

Figure 1.2: Effects of abnormalities of the tumor mechanical microenvironment on 

tumor pathophysiology and drug delivery. [1] 

Over the last two decades, using in silico and in vivo studies, the mechanisms and 

the effects of IPF elevation on drug delivery have been identified. The normalization of 

the tumor vasculature and microenvironment is a promising approach for cancer 

treatment. The tumor tissue normalization can decrease both fluid pressure (IFP) and 

solid stress to improve drug delivery [1-3]. Studies have demonstrated that the dense 

extracellular matrix may contribute to the drug resistance of a solid tumor by preventing 

the penetration of therapeutic agents [3]. Reengineering the tumor microenvironment 

(vessel normalization and decompression) alleviate hypoxia and cancer heterogeneity is 

overcomed. By repairing the abnormalities of the tumor vessels, hypoxia can be 

relieved, and thus the tumor tissue heterogeneity reduces, delaying progression and 

improving cancer treatment results [2].  
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1 . 1 . 2  D r u g  t r a n s p o r t  m e c h a n i s m s    

The failure of cancer treatment is largely owing to insufficient amount of 

therapeutic agents in the tumor tissue. Due to the complexity and abnormality of the 

solid tumor tissue, the therapeutic agents do not reach all the cancer cells in adequate 

amounts to kill them without causing adverse effects. The abnormal microenvironment 

is characterized by impaired perfusion, hypoxia, low pH, and elevated fluid and solid 

stresses. Using a systemic administration, drugs have to flow though the vascular 

system to reach the tumor area, then they should pass across the tumor vessel wall to the 

tumor interstitial space, and eventually penetrate the interstitium to reach cancer cells. 

Typically, transport across the tumor vessel wall (transvascular transport) and within the 

tumor interstitial space (interstitial transport) can be achieved either through diffusion 

owing to concentration gradients, or through convection due to pressure gradients, 

Figure 1.3.  Transvascular convection is governed by the hydraulic conductivity of 

vessel walls, whereas transvascular diffusion is defined by the vascular permeability. 

On the other hand, interstitial convection and diffusion depend on the interstitial space 

hydraulic conductivity and the diffusion coefficient, respectively [1].  

 

Figure 1.3: Transvascular and interstitial drug transport mechanisms. [1] 

The extravasation of drugs from the blood vessels can be through diffusion and 

convection. The convectional part of drug transport across a vessel wall is based on 
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Starling principle. When both convection and diffusion are present, the total net 

transvascular drug flow is given by the Staverman-Kedem-Katchalsky equation, 

Equation 1.  

 Equation 1 

where J is the flow rate of drugs crossing the vessel, P is the vascular permeability 

of the drug, Sv is the vascular density, Cv-Ci is the concentration difference of the drug 

between the vascular and interstitial space, Lp is the hydraulic conductivity of the vessel 

wall, pv-pi is the difference between microvascular and interstitial fluid pressure, σf is 

the reflection coefficient, σ is the osmotic reflection coefficient and πv-πi is the colloidal 

osmotic pressure (oncotic pressure) difference across the wall [1, 4, 5].  

The hydraulic conductivity of microvascular walls (Lp) describes the ease with 

which the fluid flows through the vessel wall pores and depends on the size of pores and 

the fraction of the vessel surface occupied by pores. The effective vascular permeability 

(P) is a measure of how easily solutes cross the blood vessel wall and is a function of 

the drug properties, i.e., size, charge and configuration, and the vessel wall structure, 

i.e., pore size, charge and arrangement. The reflection coefficients depend on the ratio 

of solute diameter to pore diameter.  

Furthermore, IFP is uniformly elevated within the tumor interior and may be as 

high as the microvascular pressure due to the tumour tissue abnormalities. This leads to 

the elimination of the fluid pressure gradients, resulting in a negligible transvascular 

pressure difference, as well as interstitial pressure difference. Therefore, drug transport 

through convection is limited, rendering diffusion the main drug delivery mechanism. 

The convection mechanism is significant only at the margin of the tumor, causing 

transvascular and interstitial fluid flow. Another effect of the leaky nature of tumor 

vessels is the elevation of the oncotic pressure in the tumor interstitial space, which is 

similar with that in the blood plasma. As a result, the oncotic pressure difference is 

insignificant in tumor tissues [1].  

Apart from transvascular drug transport, drugs can penetrate and be distributed 

within the interstitial space and this transportation is also governed by both diffusion 

and convection, Equation 2. 
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   Equation 2 

where Ci is the drug concentration in interstitial space, u is the interstitial fluid 

velocity (IFV), D is the diffusion coefficient and R is a term representing degradation or 

cellular uptake. The fluid velocity depends on spatial changes in the interstitial fluid 

pressure and the hydraulic conductivity of the interstitial space (K) and is described by 

the Darcy’s law: 𝑢=𝐾𝛻𝑝𝑖, where pi is the interstitial fluid pressure. The interstitial 

space hydraulic conductivity controls the flow through the interstitium, since it is a 

measure of how easily interstitial fluid flows though the network of pores formed from 

matrix structures and cells [1, 6]. 

As mentioned above, the abnormalities of the tumor microenvironment affect the 

delivery of therapeutic agents. Due to the vessel compression, hyperpermeability, 

abnormal morphology and organization, poorly perfused tumor vessel can be occurred, 

restricting the transport of cells, molecules and particles through the vasculature, i.e., 

vascular transport. Moreover, the sharp gradient of IFP in the tumor periphery causes 

fluid to exit which can carry drugs, growth factors and cancer cells. These transporters 

could then enter the functional lymphatic system found at the tumor periphery, 

promoting metastasis. The dense tumor ECM hinders the diffusion and penetration of 

large macromolecules and nanoparticles, and as a result a homogeneous drug 

distribution is difficult to be achieved in the tumor interstitial space. The drug 

pharmacokinetics depends on the drug physical properties, such as size, shape, charge, 

binding affinity, and metabolism or degradation [1].   
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1 . 2  B r a i n  C a n c e r  

1 . 2 . 1 O v e r v i e w  o f  b r a i n  c a n c e r    

Effective cancer treatment, especially in brain region, remains a formidable 

challenge in the field of oncology. Although important advances have been made in 

treatment of many other cancer types, brain cancer constitute an unsolved clinical 

problem [7]. In recent years, significant improvements have been made in surgery, 

imaging and adjuvant therapy. However the average prognosis for glioblastoma 

multiforme (GBM) is only about 13 months, with a 2-year survival rate of 27%, and a 

5-year survival rate of 5.1% [8]. Brain cancer is also the most common cause of cancer-

related death in children aged 0-14 years [7].  

Treatment of brain cancer remains a challenge despite the rapid development of 

several modalities, such as chemotherapy, immunotherapy, and targeted therapy, 

pharmaceutical agents [9]. Numerous obstacles are associated with the treatment of 

neurological diseases. One of the most significant barriers is the blood-brain barrier 

(BBB) which is responsible for the gap between scientific progress and the improved 

outcomes of several neurological diseases [8].  

Specifically, the BBB between the blood circulation and the central nervous system 

(CNS) plays a key role in maintaining the stability of the microenvironment [10]. Due 

to its unique anatomic structure, it regulates homeostasis of the CNS by forming a 

tightly regulated neurovascular unit that includes endothelial cells, pericytes and 

astrocytic endfeet, which together maintain normal brain function [10, 11]. BBB exists 

along the cerebral capillaries and isolates the systemic circulation from the cerebral 

parenchyma, providing protection to brain cells. Apart from its protective role, BBB 

hinders the delivery of systemic therapies into brain tumours [7, 8, 11]. During tumor 

progression, the tumor vasculature becomes increasingly heterogeneous and BBB is 

disrupted, known as blood-tumor barrier (BTB).  The BTB is generally considered 

leakier than the BBB. Its heterogeneous permeability to small and large molecules as 

well as heterogeneous perfusion contribute to suboptimal drug accumulation in brain 

tumor. Moreover, in the case where drug is administered intravenously, the higher drug 

concentration is accumulated within brain tumors as compared with the unaffected 

brain. The aforementioned observation as well as the detection of brain tumor markets 
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in the circulation are the evidence for BBB disruption. In glioblastoma, the BTB 

displays abnormal barrier features which disrupt vascular integrity during tumor 

progression.  

It is worth noting that the BBB is one of the rate-limiting factors in clinically 

effective therapy [11]. Since the BBB inhibits the diffusion of solutes into the 

extracellular space of the CNS, high drug concentrations should be given systemically 

in order to achieve sufficient amounts in the extracellular space. This can result in 

significant toxicities that should be avoided. Additionally, systemic administration or 

drug administration directly into the intrathecal or intraventricular space, is limited by 

blood-cerebrospinal fluid (CSF) barrier which acts similarly to the BBB. Consequently, 

achieving adequate therapeutic drug concentrations in targeted area of the brain is 

becoming increasingly challenging [8, 12]. 

1 . 2 . 2 T r e a t m e n t s  o f  b r a i n  c a n c e r  

Early detection and remediation play a key role for positive prognosis. The 

detection and treatment of intracranial cancer are still difficult in the earliest stages of 

tumor due to the tumor location. The tumor is adjacent to or within anatomical 

structures vital for basic motor, cognitive, reflexive and other functions. Treatment of 

brain tumors has historically consisted of surgery followed by adjuvant therapy such as 

radiation therapy, chemotherapy and photodynamic therapy. Therefore, the standard 

therapy for newly diagnosed malignant gliomas includes surgical resection followed by 

combined radiotherapy/chemotherapy and adjuvant chemotherapy. Surgical and 

adjuvant therapy for brain tumors has been improved, however each treatment modality 

has limiting factors. The multidisciplinary approach currently used in the treatment of 

malignant brain tumors does not produce a significant improvement in patient outcome 

[7, 13].  

It was remarkable that most chemotherapeutic agents have a low therapeutic index, 

they are toxic and can also affect healthy cells. This leads to severe systemic side 

effects, resulting in morbidity or mortality in the patient. As mentioned, the BBB is able 

to exclude a wide range of anticancer agents, restring the chemotherapy treatment of 

brain cancer. Furthermore, a combinational chemotherapy which uses more than one 

drug, is a common practice in clinical oncology, however, cancer cells often develop 

multi-drug resistance. In addition, the combination of chemotherapy and radiotherapy 
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has been successfully applied to adult brain tumors, but it also has significant treatment-

related morbidity. Towards a more effective chemotherapy treatment of brain cancer, 

there have been ongoing efforts to develop specific delivery methods designed to 

overcome the BBB. Proper combination of these methods and the molecular-targeting 

approach should be key factors for achieving an improved therapeutic efficacy [7].  

Various strategies have been developed to circumvent the barriers presented by the 

BBB for drug delivery. The basic principle of all strategies is to deliver and achieve 

high concentrations of drugs in the desired areas of the brain by bypassing the BBB in 

various ways. Generally, the advanced approaches can be classified into invasive and 

non-invasive which present selective advantages and limitations. Some of the invasive 

techniques are interstitial wafers and implant, intrathecal administration, and 

convection-enhanced delivery. Examples for non-invasive approaches are chemical 

modification of drugs, temporary disruption of the BBB and carrier/receptor-mediated 

delivery [7, 14]. Intravenous administration is restricted by the present of the BBB, 

while local delivery results in limited parenchyma penetration [12]. Therefore, in 

addition to the systemic application, local and convection-enhanced delivery 

applications have been established [13].  

Moreover, the effectiveness of cancer detection and treatment can be achieved by 

providing effective concentrations of contrast or therapeutic agents selectively to the 

tumors. The utilization of nanoparticles has emerged as a potential vector for brain 

delivery, due to its excellent engineerability and non-toxicity. The construction of multi-

functionality on a single nanoplatform can provide specific tumor detection, treatment 

and monitoring. Recent advances have been made in nanoparticle-based detection and 

treatment of brain cancer [7]. 
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1 . 3  C o n v e c t i o n - e n h a n c e d  d e l i v e r y   

Neurodegenerative diseases of CNS are usually treated by systemic delivery of 

large molecular weight drugs either orally or intravenously. Nevertheless, the BBB 

prevents most of these molecules from entering the interstitium, making systemic 

delivery methods highly ineffective [15]. Innovative therapies have been recently 

developed, overcoming the challenges posed by the BBB with limited systemic toxicity 

and achieving promising results in the effective treatment of the brain cancer. 

1 . 3 . 1 O v e r v i e w  o f  c o n v e c t i o n - e n h a n c e d  d e l i v e r y  f o r  b r a i n  

c a n c e r   

Convection-enhanced delivery (CED) is a promising local drug delivery method for 

brain cancer. CED have been developed by Edward Oldfield and his scientific group at 

the National Institute of Health in the early 1990s [16]. The technique was suggested as 

a method to transport drugs which are either limited by the BBB or are too large to 

diffuse effectively. CED is a broadly applicable technique that can be used to deliver a 

variety of drugs for a diversity of diseases, such as glioblastoma multiforme (GBM), 

Parkinson’s disease and Alzheimer’s disease [8]. CED offers important advantages over 

systemic chemotherapy [7, 17], as it can bypass the BBB by direct infusion into the 

interstitial space of the brain tumor via surgically placed catheters [9, 14]. CED involves 

a minimal invasive surgical exposure of the brain [14] and can reach the peritumoral 

region and beyond [17]. Thereby, it allows the delivery for a diverse type of therapeutic 

agents without a molecular cut-off [14, 17]. Targeted delivery and perfusion of deep 

brain targets can be achieved both near and downstream of the infusion site [8].  

CED represents a new option for the chemotherapy and an innovative solution for 

the treatment of brain tumors. It becomes a more frequent experimental treatment option 

in the management of malignant brain tumors, especially in recurrent GBM [13]. CED 

method involves the implantation of one or more catheters and utilizes a positive 

pressure gradient created by an infusion pump to inject drugs through the catheter and 

into the interstitial space of the solid tumor tissue, as shown Figure 1.4. Continuous 

positive-pressure bulk flow can be occurred, and thus conventional and novel 

therapeutic agents can be delivered.  By applying this method, the therapeutic agents 

can be administered directly to a specific targeted area, enabling the distribution of large 

volumes of high drug concentrations with minimum systemic toxicity. Compered to 

La
mbri

de
 C

hry
so



11 

C. Lambride Master Thesis 

low-flow delivery methods based on diffusion, high-flow microinfusion, like the CED 

technique, offers much larger distribution volumes, spreading the drug through the 

tumor tissue. Application of the therapeutic agent through CED results in the extent of 

convection, which leads to a faster coverage of larger tumor volumes and also to the 

risk reduction of possible side effects. These major advantages of CED offer great 

potential for more efficient brain tumor treatments [12, 13, 15, 17, 18].   

 

Figure 1.4: Convection-enhanced delivery (CED) with implantation one or more 

catheters for brain tumor treatment. [8] 

Apart from bypassing the BBB, the major goal of CED is to provide safe, targeted, 

homogeneous delivery of a therapeutic agent to cancer cells, reaching great local 

therapeutic concentrations and reducing as much as possible systemic side effects and 

neurotoxicity [13]. This novel therapeutic technique holds considerable promising in 

neurological drug delivery. However, CED is a complex and demanding process that is 

governed by key parameters which limit success to clinical outcomes [18, 19]. There are 

several technical and physiological parameters directly related to transport by 

convection and especially to the volume distribution, and the control of the backflow 

mechanism.  One of them is the brain region where the tumor is located. The tissue 

properties, i.e., permeability, hydraulic conductivity, isotropic or anisotropic diffusion, 

change depending on the brain region, e.g. gray and white matter. Additionally, 
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placement, size and design of the catheter are very important and crucial technical 

parameters of CED method for preventing backflow, reflux, mechanical tissue damage 

and other complications. Likewise, the infusion rate plays a key role for successful CED 

method. The injection flow is a critical parameter to create convection and is depended 

on cannula size used.  In most cases, the optimal infusion rate is the one which allows 

the therapeutic volume to be delivered in the shortest duration without any associated 

reflux. The higher the infusion rate and catheter diameter used, the greater the reflux 

induced [8, 18, 20]. To understand and thus address these limitations, it is necessary to 

conduct further clinical and simulation CED studies. 

Regarding to CED clinical studies, two approaches have been widely investigated. 

The one of them involves tumor resection and thus catheters are implanted in the brain 

surrounding the resected tumor cavity. This approach is used in the NeoPharm 

PRECISE trial. The second approach includes catheters that are placed directly into the 

non-resectable tumor. This method of delivery is used in the TransMID trial [13]. 

1 . 3 . 2 L i t e r a t u r e  R e v i e w  o f  i n  s i l i c o  C E D  s t u d i e s     

Several in silico studies have been developed to understand better the mechanism 

and limitations of CED method. Støverud et al. created a numerical model which 

includes both transport of a therapeutic agent and tissue deformation. Their study 

combine patient-specific parameters and brain structure using a poro-elastic model, with 

information about the anatomy, heterogeneities, and anisotropy of the tissue from 

diffusion tensor imaging (DTI) [21].  Moreover, many computational studies have been 

employed to investigate a catheter design and placement, infusion flow rate and how 

drug concentration distribution, backflow and reflux are affected. [15, 22]. Evaluation 

and prediction of therapy distribution in tumor based on the optimal catheter placement 

location can provide guidelines for effectively treating brain tumors using CED [22]. 

Studies focus on the engineering of a novel backflow-free catheter which provides 

means of allowing the therapeutics to reach an increased concentration to the site of 

delivery and a more predictable distribution that is critical for patient care [15]. A three-

dimensional (3D) human brain finite element model of backflow was developed to 

study the influence of anatomical structures during flow-controlled infusions [23].  

In addition, Linninger and his scientific group proposed patient-specific model, 

offering a concise tool for selecting suitable infusion parameters systematically based 
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on advanced imaging techniques and experimental data.  The predictions of drug 

distribution were based on rigorous transport principles and the estimation of 

heterogeneous anisotropy properties were determined by DTI data. They found that 

regional and structural heterogeneity of the brain tissue influence drug distribution in 

CED method. Comparing the model prediction and experiments, they also examined the 

effect of drug concentration, catheter design and placement on the concentration 

distribution and the penetration depth of drug. The predictions were confirmed with 

experimental trials, indicating that for a given flow rate, thinner catheters lead to larger 

distribution volumes [24, 25].  

Furthermore, Zhan and co-workers have carried out a series of computational and 

mathematical studies. In 2017, they examined drug transport under different CED 

operating conditions (infusion rate, solution concentration and infusion site location). 

Their modeling predications suggest that drug penetration can be improved by raising 

the infusion rate and the infusion solution concentration, and high drug concentration 

can be achieved mainly around the infusion site. [26]. In the same year, Zhan and his 

research team studied CED of six chemotherapeutic drug based on multi-physical 

model. They conclude that the drug non-uniform penetration and accumulation in brain 

tumor are strongly dependent on the drug physicochemical properties.  They also 

suggest that drug carriers in nanoscale and diagnostic ultrasound can be applied with 

CED for improving the delivery outcomes [27]. A year later, Zhan and co-workers 

investigated the CED of liposome encapsulated doxorubicin under various delivery 

conditions. They found that compared to the direct infusion of doxorubicin, the drug 

accumulation and penetration can be importantly enhanced by using liposome-CED 

method. This treatment can be improved by either increasing the liposome solution 

concentration and infusion rate, decreasing the liposome vascular permeability, or 

placing the infusion site in tumor with sparse microvasculature [28].  Zhan et al. 

conduct additional studies for the effects of tissue permeability and drug diffusion 

anisotropy on the CED of different drugs. They propose that the permeability affected 

insignificantly the therapy distribution volume, however it can alter the drug spatial 

distribution [29]. Additionally, Zhan et al. developed a multiphysics 3D model for CED 

of anti-angiogenic and cytotoxic drugs into a brain tumor. Prediction outcomes show 

that anti-angiogenesis can slightly enhance the bulk flow of interstitial fluid, but could 

considerably reduce the fluid loss from the blood circulatory system [30].  
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1 . 4  P r o j e c t  a i m   

This Master Thesis focuses on the biomechanical and biotransport aspect of 

convection-enhanced delivery (CED), which is an innovative and promising technique 

for efficient delivery of drugs to brain tumors. The project develops a mathematical and 

computational model for brain cancer treatment to predict the drug concentration 

distributions, applying engineering and physical sciences principles to medicine.  

In this in silico study, an individualized, three-dimensional (3D) finite element (FE) 

model is used to investigate the CED for treatment of brain cancer. The 3D FE model 

incorporates nonlinear biomechanics, describing the distribution of the drug 

concentrations using diluted species transport equations and applying the theory for 

hindered transport of rigid solutes through liquid filled pores to describe drug transport 

across the tumor vessel walls. The aim of this work is to investigate the drug 

concentration during CED of different drug sizes by changing the pathophysiological 

conditions of the tumor tissue. To achieve this, therapeutic agents of 1, 20 and 60 nm in 

diameter and vessel wall pores of tumor tissue with diameters 50, 100 and 150 nm have 

been considered. More specifically, the vascular wall pore size defines the vessel wall 

hydraulic conductivity, whereas the relative size of the drug to the vessel wall pore size 

determines the permeability of the drug across the vessels. The vascular permeability 

controls the diffusion of the drug through the pores. Further, the impact of the hydraulic 

conductivity of the tumor interstitial space on the distribution of the drug is extensively 

investigated. To our knowledge, this present work reports for the first time directly how 

the size of the vessel wall pores and that of the therapeutic agent affect the drug 

distribution during and after CED. These predictive outcomes provide further and useful 

insights of the spatial distribution and the average drug concentration in the tumor 

towards an effective treatment of brain cancer.  
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Chapter 2 

2 METHODS 

2 . 1  T h r e e - d i m e n s i o n a l  r e c o n s t r u c t i o n  a n d  m o d e l  

e x t r a c t i o n  f r o m  M R  i m a g e s  

Magnetic resonance (MR) images of a healthy adult male, as shown in Figure 2.1, 

are used to create an individualized, three-dimensional (3D) finite element (FE) model 

of the brain. The MR images are acquired from our previous study [31] and are reused 

in this work to demonstrate in silico CED biomechanics. The commercial software 

Simpleware ScanIP (version 6.0; Synopsys, Mountain View, USA) is used for the three-

dimensional reconstruction of brain geometry. Specifically, two masks are first 

generated from the MR images using Simpleware’s “threshold” operation, which selects 

each pixel according to its brightness. The darker areas consist the mask of the gray 

matter, whereas the brighter regions comprise the mask of the white matter in the brain. 

These masks are two different domains of the resulting 3D brain geometry. Then, the 

“island removal” and “cavity fill” operations are used to eliminate small unconnected 

parts of the masks and fill any gaps of the model, respectively. Smoothing is performed 

using the “Gaussian smoothing” operation. The 3D brain geometry is eventually created 

and exported in a COMSOL-compatible geometry file.  

 

Figure 2.1: MR images of a healthy adult male: (a) coronal plane, (b) axial plane 

and (c) sagittal plane. 

The 3D brain geometry is imported to the commercial FE software COMSOL 

Multiphysics (version 5.5; COMSOL Inc., Burlington, MA, USA). Subsequently, a 

sphere with radius 6mm and a cylinder with outer radius 1.5mm are formed inside the 

brain geometry to represent tumor and catheter domains, respectively. The sphere 
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(tumor) is located in the white matter inside the parietal lobe of the left cerebral 

hemisphere. Hence, the 3D brain geometry for CED therapy consists of four domains, 

i.e., gray matter, white matter, tumor, and catheter. Next, the FE mesh is created though 

the “free tetrahedral” and “boundary layer” operations to form an optimal mesh with 

boundary layers at the interfaces between the geometry domains. Figure 2.2 illustrates 

the individualized 3D FE brain model applied to CED therapy simulations. All 

simulations are carried out using the commercial FE software COMSOL Multiphysics.  

 
Figure 2.2: Three-dimensional finite elements model of the convection-enhanced 

delivery for brain cancer. Entire model consisted of 87,652 FEs (mainly, 67,540 

tetrahedral FEs and 19,872 prismatic FEs).  
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2 . 2  M a t h e m a t i c a l  m o d e l  

Following the modelling approach of Linninger et al. [24], the predictions of the 

drug distribution and pharmacokinetics are based on the conservation principles 

equations of mass, momentum and diluted species transport. The brain tissue is 

considered a porous medium. In this study, flow physics and mass transfer equations 

predict the interstitial fluid pressure (IFP), interstitial fluid velocity (IFV), and the 

distribution of therapeutic agents as a function of the pathophysiological parameters of 

the brain tumor as well as the drug size. Typically, in a CED administration, drugs are 

diluted in aqueous solution and are injected into the porous brain tumor tissue via an 

infusion catheter. The infusion motion of the diluted drug in the water is described by 

the mass and momentum conservation for an incompressible Newtonian fluid. 

Subsequently, the drug is distributed in the porous tissue according to the species 

transport equations [24].   

2 . 2 . 1 C o n s e r v a t i o n  p r i n c i p l e  e q u a t i o n s  i n s i d e  t h e  c a t h e t e r  

As mentioned above, the therapeutic agent is diluted in an aqueous solution at room 

temperature and this solution is considered incompressible Newtonian fluid. Thus, the 

viscous fluid motion of diluted drug solution in the catheter can be described using 

Navier-Stokes equation, neglecting inertial term (Stokes flow) due to slow fluid 

velocities and small catheter diameter (Reynolds number (Re) << 1). The mass and 

momentum conservation equations inside the catheter are determined, respectively, by 

[24]:    

 
Equation 3 

   Equation 4 

where ρ is the water density, μ water viscosity at 298 K, u represents the fluid 

velocity, and p is the fluid pressure. 

The drug transport in the catheter is established by the diluted species transport 

equation. This transportation is governed by both diffusion and convection. The species 

transport equation inside the catheter is defined by Equation 5.   

     Equation 5 

  Equation 6 
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  where Ci is the interstitial space concentration of drug, which is a dimensionless 

quantity, i.e., the ratio of the drug concentration to the value of the concentration 

entering the catheter. D represents the diffusion coefficient of the drug in the aqueous 

solution and can be calculated using the Stokes−Einstein relationship, Equation 6. 

Generally, D is the diffusivity of a particle with radius rs in dilute bulk solution with 

solvent viscosity μ, where Kb is the Boltzmann constant, and T is the temperature of the 

solution [32].  

2 . 2 . 2 C o n s e r v a t i o n  p r i n c i p l e  e q u a t i o n s  i n  t h e  p o r o u s  b r a i n  

t i s s u e  

Infusate flow in the porous brain tissue obeys to the continuity equation and the 

extended Darcy’s law [33].  The continuity equation of tumor fluid phase is given by 

Equation 7. The source term Qm in Equation 7 represents the fluid exchanged between 

the tissue and the vascular system, and it is modelled using Starling’s approximation 

[34, 35]:  

   Equation 7 

    Equation 8 

where u is interstitial fluid velocity (IFV), Qm is fluid flux, Lp, Sv and pv are the 

hydraulic conductivity of the vessel wall, vascular density and vascular pressure of the 

blood vessels respectively, whereas Lpl, Svl and pl are the corresponding quantities for 

the lymphatic vessels, and pi is the interstitial fluid pressure (IFP).  

The first term in Equation 8 refers to the fluid flux entering the tumor or the 

surrounding normal tissue from the blood vessels, while the second term refers to the 

fluid flux exiting through lymphatic system. It is important to note that the second term 

is zeroed in tumor tissue due to the dysfunctional lymphatic system [1].  

It is necessary to introduce extended Darcy’s law equations due to the presence of 

infusate flow from the CED catheter, to describe the fluid motion in porous tissues of 

the brain [24, 33]. The Brinkman equations extend Darcy’s law to describe the 

dissipation of the kinetic energy by viscous shear, similar to the Navier-Stokes 

equations. Therefore, they are well appropriate for modeling fast flow in porous media, 

including transitions between fast flow in channels described by the Navier-Stokes 

La
mbri

de
 C

hry
so



19 

C. Lambride Master Thesis 

equations and slow flow in porous media governed by Darcy’s law [36]. Thus, the 

momentum balance is given by Equation 9, where εp is the tissue porosity and k is the 

hydraulic conductivity of the interstitial space. 

 Equation 9 

Regarding the drug concentration distribution in the porous brain tissue, the diluted 

species transport equation, Equation 10, is applied, incorporating the exchange of drug 

between tissue and the blood vessels with the term Q [34, 35]. As discussed above, the 

total net transvascular drug flow equation, Equation 1, converts to Equation 11 by 

neglecting the oncotic pressure difference across the wall [1, 34, 35]. 

     Equation 10 

    Equation 11 

where Di  is the diffusion coefficient of the drug in the interstitial space, P is the 

vascular permeability of the drug, Cv is the vascular concentration of the drug, and σf is 

the reflection coefficient. Appling CED, the therapeutic agents are injected directly 

inside the interstitial space of tumor tissue, thereby the vascular drug concentration (Cv) 

is considered negligible compared to the interstitial space drug concentration (Ci). Thus, 

the value of Cv is zero.  

In this study, the therapeutic agent is considered as spherical neutral molecule and 

the vessel wall openings are modeled as cylinder pores [32]. To investigate the direct 

effect of the vascular wall pore and drug sizes on the drug concentration distribution, 

the theory for hindered transport of rigid solutes through liquid filled porous is 

introduced. Using this theory, the hydraulic conductivity of microvascular walls (Lp) 

and the drug vascular permeability (P) are explicitly estimated based on the above 

parameters. The hydraulic conductivity of vessel walls is calculated using Equation 12. 

Also, the vascular permeability of the drug and the reflection coefficient are defined by 

Equation 13 and Equation 14, respectively [32, 34, 35].  

     Equation 12 

 Equation 13 

   Equation 14 
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where γ  is the fraction of vessel all surface area occupied by pores, ro is the pore 

radius, μ is the viscosity of plasma at 310 K, and Lvw is the thickness of the vessel wall. 

D is the diffusion coefficient of a particle, given by the Stokes-Einstein relationship, 

Equation 6, where μ is the plasma viscosity. H and W are hydrodynamic coefficients for 

neutral spheres in cylindrical pores, and can be calculated by [34, 35]: 

 

Equation 15 

    Equation 16 

where F is the partition coefficient,  𝐹=(1−𝜆)2, λ is the ratio of the drug size to the 

vessel wall pore size. The coefficients Kt and Ks are determined by Equation 17, where 

a and b are constant coefficients, Table 1 in Annex I [34, 35]. 

 Equation 17 

2 . 2 . 3 V a l u e s  o f  m o d e l  p a r a m e t e r s  a n d  b o u n d a r y  c o n d i t i o n s  

For a realistic 3D FE model, data from experimental studies are used to determine 

the biomechanical properties. As in pertinent studies, the diameters of vascular wall 

pores are set to 50, 100 and 150nm [37, 38], whereas the the hydraulic conductivity of 

the tumor interstitial space, k, is taken equal to 7.5×10-14 and 7.5×10-13 m2(Pa s)-1 [3]. 

Brain cancer studies suggest that the optimal size of nanoparticles ranges from 20 to 70 

nm in diameter to easily diffuse into tumor ECM [7, 18]. Thus, the diameters of 

therapeutic agents are adjusted to 1, 20, 60nm in order to investigate the impact of a 

wide range of sizes. Summarizing, all values of physiological properties are shown in 

Table 2 in Annex I.  

For each geometry domain, the aforementioned conservation principles equations 

of mass and momentum as well as the diluted species transport equations of the CED 

biomechanical model are discretized and solved numerically together using the 

commercial FE software COMSOL Multiphysics 5.5 (COMSOL Inc., Burlington, MA, 

USA).  The Brinkman Equations interface of the FE software is used, providing the 

conservation of mass and momentum equations that can fully describe the fluid 

dynamics within each geometry domains. The Brinkman Equations interface computes 

both the velocity filed and pressure which are the dependent variables. Additionally, 
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both the velocity (vector) field and pressure (scalar) are discretized using linear 

Lagrange basis functions. Likewise, the drug concentration (scalar) is discretized using 

linear Lagrange basis functions. Moreover, the domain of analysis is meshed using FEs, 

as illustrated in Figure 2.2.  

According to clinical CED studies [9, 39-41], infusion flow rate, Qf, is a wide range 

from 0.025 to 0.75mL/h and the infusion volume is fluctuated between 0.25 and 185mL. 

A flow rate of 0.5mL/h and an infusion volume of 3mL are selected for the simulations. 

Therefore, at the inlet surface, A, of the catheter, the normal inlet velocity (i.e., 

Uo=Qf/A) is taken equal to 2.2×10-5 m/s for 6 hours. This is the duration of drug 

injection into the tumor tissue. Also, at this surface, the drug concertation is set to unit 

for the same period. The normal stresses on the outer brain surfaces is equal to a zero 

reference pressure (i.e., n⸳σ = 0, where n corresponds to the outward unit normal vector 

to the surface of the 3D model). At the catheter interfaces, a no-slip boundary condition 

is applied for fluid velocity (i.e., u=0) and additionally, a zero-flux boundary condition 

is set for the transport of diluted species (i.e., 𝒏∙(𝐷𝛻𝐶𝑖+𝒖𝐶𝑖)=0). The latter boundary 

condition is also set at the outer brain surfaces. Regarding initial value, both the fluid 

velocity and pressure variables are set to zero for all geometry domains. In contrast, the 

initial value of the drug concentration is zero in the entire geometry except for the 

catheter domain, where the initial value is unit.   

 
Figure 2.3: Computational boundary conditions of the 3D model.  
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Chapter 3 

3 RESULTS AND DISCUSSION 

 

As part of this thesis, a series of simulations have been performed to fully 

comprehend the fluid dynamics and the distribution of the drug concentration as a 

function of the pathophysiological parameters of the tumor tissue and the drug sizes. 

Initially, for a given low hydraulic conductivity of the tumor interstitial space value, k, 

and different drug sizes, Ds, the effect of the vascular wall pore size of tumor tissue, Do, 

is extensively investigated. As a next stage, the tumor interstitial space hydraulic 

conductivity increases in order to obtain a complete picture of the fluid behavior and the 

therapeutic agent concentration for the physiological properties of the tumor. Finally, 

the heterogeneity of the drug distribution is examined for all pathophysiological 

conditions. The visualization of the results focuses on the tumor tissue. It is important to 

note that the infusion parameters of CED are constant for all simulations. 

3 . 1  I F P  a n d  I F V  p r o f i l e s  i n  t u m o r  t i s s u e   

As discussed above, the diameters of the vessel wall pores are selected to be 50, 

100 and 150 nm.  Obviously, the size of the drug does not influence the fluid dynamics, 

since the calculation of pressure and velocity is achieved by solving conservation of 

mass and momentum together. On the other hand, the hydraulic conductivity of the 

vascular wall depends proportionally on the size of the openings present in the vascular 

wall, Equation 12. Therefore, the fluid flow and pressure are influenced. As the infusion 

duration is 6 hours, the interstitial fluid pressure (IFP) and interstitial fluid velocity 

(IFV) of the tumor tissue are studied during and after infusion flow. Their spatial 

profiles remain constant until the infusion stops and other steady-state behaviors are 

achieved. Tumor IFP and IFV are significantly affected by changing the 

pathophysiological parameter of the tumor tissue, especially when the impact of the 

infusion flow is eliminated. 
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3 . 1 . 1 E f f e c t  o f  v a s c u l a r  w a l l  p o r e  s i z e  w h e n  u s i n g  t h e  

l o w e s t  v a l u e  o f  i n t e r s t i t i a l  s p a c e  h y d r a u l i c  

c o n d u c t i v i t y   

In order to study the impact of vascular wall pore size, the hydraulic conductivity of 

tumor interstitial space is initially taken equal to 7.5×10-14 m2(Pa s)-1for the following 

set of simulations. Firstly, the case of pores with a diameter of 50 nm is examined.  

Figure 3.1A illustrates a sagittal view in the center of the tumor tissue, showing both the 

spatial distribution of IFP and IFV during CED, for the pore diameter of 50nm. The 

interstitial infusion of the therapeutic agent by a catheter creates a pressure gradient, 

permitting enhanced distribution of the brain tumor. A high pressure gradient occurs, 

causing high interstitial fluid velocities. The maximum pressure and velocity are 312.8 

kPa and 22.6 μm/s, respectively, at the catheter outlet surface. After the injection, 

Figure 3.2A, the interstitial fluid pressure is evenly distributed with a maximum value 

of 1.9 kPa at the center of the tumor tissue. The IFP decreases radially outward, 

reaching that of normal tissue at the boundary of the tumor. In contrast, the interstitial 

fluid velocity has the reverse distribution from IFP, as it increases and reaches a 

maximum value of 0.14 μm/s at the margin of the tumor.  

Additionally, the pore diameter of the vascular walls changes to 100 nm and 150 

nm. These modifications affect insignificantly the IFP and IFV distributions during 

CED, as shown in Figure 3.1B and C. This indication is also illustrated in Figure 3.3B, 

which presents the IFP and IFV as function of the relative distance from tumor center 

during infusion for each pore diameter. In all cases of pore diameters, IFP decreases 

with distance from the center of the tumor in the same way. However, after 6 hours, the 

IFP and IFV spatial distributions are affected by increasing the diameter of the pores, 

Figure 3.2. When the pore diameter is 100 nm, the interstitial fluid pressure at the center 

of tumor is 2 kPa which is equal to the micro-vascular pressure of the blood vessels. 

This pressure value remains constant up to 0.5 relevant distance from the tumor center. 

Likewise, in the case of 150 nm pore diameter, IFP is equal to the micro-vascular 

pressure of the blood vessels expect in a thin shell near the boundary, Figure 3.3B. 

Regarding IFV profiles, Figure 3.3C, the maximum velocity at the tumor margin 

increases with the pore diameter of vascular wall. For 100 and 150 nm pore diameters, 

the maximum values of interstitial fluid velocity are 0.30 and 0.45 μm/s at the tumor 

margin, respectively.  

La
mbri

de
 C

hry
so



24 

C. Lambride Master Thesis 

 
Figure 3.1: FE simulation results during CED. A sagittal view in the center of the 

tumor tissue showing both the spatial distribution of interstitial fluid pressure, IFP, (in 

kPa) and interstitial fluid velocity, IFV, (in μm/s) during CED, for 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and for different diameters of 

vascular wall pores: (A) 50 nm, (B) 100 nm, and (C) 150 nm.  
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Figure 3.2: FE simulation results after CED. A sagittal view in the center of the 

tumor tissue showing both the spatial distribution of interstitial fluid pressure, IFP, (in 

kPa) and interstitial fluid velocity, IFV, (in μm/s) after CED, for 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and for different diameters of 

vascular wall pores: (A) 50 nm, (B) 100 nm, and (C) 150 nm.  
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Figure 3.3: Plots of IFP and IFV as a function of relevant distance from the tumor 

center for different diameters of vascular wall pores and 7.5×10-14 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space. (A) A sagittal view in the center of the 

tumor tissue where the IFP and IFV graphs were created along the red line. In silico 

predicted fluid pressure and magnitude velocity of the tumor interstitial space: (B) 

during and (C-D) after CED.   
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3 . 1 . 2 E f f e c t  o f  v a s c u l a r  w a l l  p o r e  s i z e  w h e n  u s i n g  t h e  

h i g h e s t  v a l u e  o f  i n t e r s t i t i a l  s p a c e  h y d r a u l i c  

c o n d u c t i v i t y  

Further step of this study is to investigate the effect of the hydraulic conductivity of 

the tumor interstitial space. Thus, the following simulation is carried out using a greater 

hydraulic conductivity value, 7.5×10-13 m2(Pa s)-1. In the case of 50 nm diameter pore of 

vascular wall, the maximum interstitial space pressure and velocity are 31.4 kPa and 

22.6 μm/s, respectively, at the catheter outlet surface, Figure 3.4A. When the infusion 

flow stops, the interstitial fluid pressure is consistently distributed with a maximum 

value of 0.7 kPa at the center of the tumor tissue. The interstitial fluid velocity 

increases, reaching a maximum value of 0.26 μm/s at the margin of the tumor, Figure 

3.5A.  

Moreover, the simulations are performed with diameters of 100 and 150 nm. 

During the infusion flow, the IFP profiles are slightly shifted to higher values with when 

the diameters of the vascular wall pores are increased. Therefore, the IFV values at the 

tumor margin rise due to the higher pressure gradient, Figure 3.4B and C. This 

indication is also demonstrated in the IFP plots as a function of relevant distance from 

the center, Figure 3.6B. After the injection, the IFP and IFV distributions change 

considerable, Figure 3.5B and C. It is observed that these profiles are more sensitive to 

the pore diameter variation for the higher value of the tumor tissue hydraulic 

conductivity. Both the IFP value in the tumor center and the IFV value at the tumor 

margin rise with the diameter of vascular wall pores. In case of the 100 nm pore 

diameter, the tumor center IFP is doubled relative to that of 50 nm pore diameter, and 

for 150nm the corresponding value reaches 1.9kPa, Figure 3.6C. Furthermore, the 

maximum value of IFV is obtained at tumor margin for 150 nm pore diameter and it is 

equal to 1.28 μm/s, Figure 3.6D.  
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Figure 3.4: FE simulation results during CED. A sagittal view in the center of the 

tumor tissue showing both the spatial distribution of interstitial fluid pressure, IFP, (in 

kPa) and interstitial fluid velocity, IFV, (in μm/s) during CED, for 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and for different diameters of 

vascular wall pores: (A) 50 nm, (B) 100 nm, and (C) 150 nm.  
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Figure 3.5: FE simulation results after CED. A sagittal view in the center of the 

tumor tissue showing both the spatial distribution of interstitial fluid pressure, IFP, (in 

kPa) and interstitial fluid velocity, IFV, (in μm/s) after CED, for 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and for different diameters of 

vascular wall pores: (A) 50 nm, (B) 100 nm, and (C) 150 nm.  
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Figure 3.6: Plots of IFP and IFV as a function of relevant distance from the tumor 

center for different diameters of vascular wall pores and 7.5×10-13 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space. (A) A sagittal view in the center of the 

tumor tissue where the IFP and IFV graphs were created along the red line. In silico 

predicted fluid pressure and magnitude velocity of the tumor interstitial space: (B) 

during and (C-D) after CED.   

Comparing the above results, the IFP and IFV distributions are significantly 

influenced, changing the pore diameters and tissue hydraulic conductivity values. It is 

worth noting that the impact of pore sizes on IFP and IFV profiles is more considerable 

when using the highest value of tissue hydraulic conductivity. Specifically, for the 

lowest value of the tissue hydraulic conductivity, the pore diameter modifications 

insignificantly affect the IFP and IFV profiles, during CED. In addition, by increasing 

the tissue hydraulic conductivity values by an order of magnitude, the maximum IFP 

values decrease by the same order of magnitude during the infusion flow. Besides, after 

infusion, the reduction in the pore size of vascular walls results in the decrease of the 

hydraulic conductivity of tumor vessels, Lp, and the tumor IFP. It is remarkable that 

when the diameter of the pores decreases, the velocity within the tumor is higher, 

whereas flow from the boundary is lower.  
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3 . 2  D r u g  c o n c e n t r a t i o n  d i s t r i b u t i o n  

To extensively investigate the drug distribution, a range of drug physicochemical 

and microenvironments properties have been considered. It is well known that the 

transport mechanism of therapeutic agents can be either through diffusion or 

convection. The convection transport is owing to pressure gradients, thus the IFP and 

IFV profiles are vital for the drug delivery. The therapeutic agents of 1, 20 and 60 nm in 

diameter are selected. By increasing the drug size, the diffusion coefficient of the drug 

through the tumor interstitial space decreases and it can be estimated experimentally 

[42]. It is important to note that the relative size of the drug to the vessel wall pore size 

determines the permeability of the drug across the vessels, using Equation 13, Equation 

15 and Equation 17. The following simulations are performed for the aforementioned 

values of the vascular wall pore diameter and hydraulic conductivity of the tumor 

interstitial space.  

The drug is injected in the tumor tissue with a catheter outer diameter 3 mm and 

infusion flow 0.5 ml/h. The duration under study is 48 hours where the infusion period 

is 6 hours. The concentration is a dimensionless quantity defined by the ratio of the 

local drug concentration to the drug concentration that enters from the catheter. Hence, 

the relative concentration of drug is unit at catheter inlet.  

3 . 2 . 1 E f f e c t  o f  v a s c u l a r  w a l l  p o r e  s i z e  w h e n  u s i n g  t h e  

l o w e s t  v a l u e  o f  i n t e r s t i t i a l  s p a c e  h y d r a u l i c  

c o n d u c t i v i t y   

Initially, the hydraulic conductivity of the tumor interstitial space is equal to 

7.5×10-14 m2(Pa s)-1 and the diameter of vessel wall pore is set to 50 nm. Figure 3.7 

illustrates a sagittal view in the center of the tumor tissue, presenting the spatial 

distribution of different drug sizes in three snapshots, i.e., 6 hours, 12 hours and 24 

hours. All spatial drug distributions are symmetric in vertical axis. In case of the 1nm 

drug diameter, the highest drug concentration is located near the infusion site. These 

nanoparticles have a high diffuse coefficient in the tissue due to their small size. As the 

relative size of the drug to the vessel wall pore size is large, the vascular permeability is 

very high, enhancing the diffusion through the pores. Hence, a significant drug amount 

can be lost because the nanoparticles can easily pass into the blood vessel due to 

concentration gradient. Figure 3.7A demonstrates the spatial distribution of the 1nm 

drug over the time. When the infusion stops, the average relative concentration of 
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therapeutic agent reaches 0.36 in tumor tissue, and then decreases sharply to zero, 

Figure 3.8. 

 
Figure 3.7: FE simulation results. A sagittal view in the center of the tumor tissue 

showing the spatial distribution of drug concentration for 7.5×10-14 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space, 50 nm diameter of vascular wall pores, and 

for different diameters of the therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm 

(columns) in three snapshot: 6hrs, 12hrs and 24hrs (rows).  

The therapeutic agents with 20 nm diameter have lower values of vascular 

permeability and thereby, the extravascular drug transport is reduced. This type of 

nanoparticle is able to penetrate, covering almost the entire tumor region during CED 

administration. The maximum average relative concentration of drug in tumor tissue is 

0.94 at 6 hours, Figure 3.8. After the infusion, the average concertation decreases and 

the maximum drug concentration is located both in the center of tumor tissue and near 

the catheter outlet. It is observed that the drug concentration decreases radially outward 

while in a thin shell near the boundary, there is significant amount of drug, Figure 3.7B. 

The elevation in drug concentration at the tumor margin is due to the sharply decrease 

of fluid velocity in the tumor periphery. Typically, the drug can be transport either 

through diffusion or convection in the interstitial tumor space. However, at the tumor 
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margin the fluid velocity reaches the maximum value and suddenly decreases to zero 

due to the absence of pressure gradients in the peripheral region of the tumor. Hence, 

the only way for the drug to escape from the tumor margin is the transportation through 

diffusion. One day after the procedure has been started, the local drug concentration is 

0.6 near the outlet surface of catheter, and 0.55 in the center of tumor tissue, while the 

average relative drug concentration is 0.19. 

When 50 nm diameter of vessel wall pores is investigated, the nanoparticles with 60 

nm diameter cannot cross the pores. They can transport through diffusion into the 

interstitial space of tumor with lower diffusion coefficient compared to the other two 

drug sizes i.e., 1 nm and 20 nm. Similarly to 20nm drug size, the drug of 60 nm 

diameter is distributed in a large volume of tumor tissue during infusion flow, Figure 

3.7C. The maximum average relative concentration in tumor tissue is equal to 0.97 at 6 

hours. Additionally, after 6 hours, the drug is dispersed in the same way with the 20 nm 

drug size. The average relative concentration of drug is higher during the whole period, 

Figure 3.8. After a day, the average relative drug concentration is 0.23.  
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Figure 3.8: Plots of the average relative concentration in tumor tissue as a function 

of time for different diameters of therapeutic agents and 7.5×10-14 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space and 50 nm diameter of vascular wall pores. 

The following set of simulations is carried out in order to investigate the effect of 

pore diameter of tumor vessel walls on the drug concentration and spatial distribution. 

To achieve this, the pore diameter changes from 50 to 100 nm and the hydraulic 

La
mbri

de
 C

hry
so



34 

C. Lambride Master Thesis 

conductivity of tumor interstitial space remains at 7.5×10-14 m2(Pa s)-1. This 

modification affects insignificantly the spatial distribution of drug with 1 nm diameter, 

Figure 3.9A. In the case of the 20 nm and 60 nm drug diameters, higher drug 

concentrations is observed in tumor center, Figure 3.9B and C. This is a result of the 

IFV profile, because when the diameter of the pores increases, the velocity within the 

tumor is lower, whereas flow at the boundary is higher. Therefore, the convection 

transport of drug is reduced within the tumor center, making diffusion the main 

transport mechanism. The convection contribution increases near the tumor boundary, 

where the drug concentration is low. For 20 and 60 nm drug diameter, the maximum 

average relative concentrations of drug are 0.9 and 0.95 at 6hrs, respectively, while the 

maximum average relative concentration values after a day are 0.17 and 0.29, 

respectively, Figure 3.10.  

 
Figure 3.9: FE simulation results. A sagittal view in the center of the tumor tissue 

showing the spatial distribution of drug concentration for 7.5×10-14 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space, 100 nm diameter of vascular wall pores, and 

for different diameters of the therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm 

(columns) in three snapshot: 6hrs, 12hrs and 24hrs (rows).  

. 
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Figure 3.10: Plots of the average relative concentration in tumor tissue as a 

function of time for different diameters of therapeutic agents and 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and 100 nm diameter of vascular 

wall pores. 

Afterwards, the pore diameter of tumor vascular wall is set to 150 nm and the 

hydraulic conductivity of tumor interstitial space is unchanged.  The nanoparticles with 

1 nm diameter behave similarly with previous simulations, Figure 3.11A. The 

maximum average relative concentration of drug is 0.34 at 6 hours, Figure 3.12. 

Moreover, for 20 nm drug diameter, the drug concentration profile is identically with 

that of 100 nm pore diameter, Figure 3.11B. The most important results of this 

simulation set is the spatial distribution of the drug with 60 nm diameter. Further 

increase in pore diameter causes negligible convection transport within the tumor 

center. In addition, the drug losses from blood vessels are in low levels due to the low 

vascular permeability of the drug. The vascular permeability becomes important when 

the relative size of the drug to the vessel wall pore size is greater than 0.3. In this case, 

the relative size is 0.4 corresponding to the very low vascular permeability value. 

Therefore, the drug concentration in tumor center remains at high levels during a day, 

Figure 3.11C, with an average 0.35 relative drug concentration, Figure 3.12. 
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Figure 3.11: FE simulation results. A sagittal view in the center of the tumor tissue 

showing the spatial distribution of drug concentration for 7.5×10-14 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space, 150 nm diameter of vascular wall pores, and 

for different diameters of the therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm 

(columns) in three snapshot: 6hrs, 12hrs and 24hrs (rows). 
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Figure 3.12: Plots of the average relative concentration in tumor tissue as a 

function of time for different diameters of therapeutic agents and 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and 150 nm diameter of vascular 

wall pores. 

Consequently, these simulation sets show the effect of the pore diameter of tumor 

vascular wall for the lower value of interstitial space hydraulic conductivity. Plots in 

Figure 3.13 corresponded to each drug size, i.e., 1 nm, 20 nm and 60 nm compering the 

average relative concentration of the drug for different diameters of vascular wall pore.  

It is observed that for 1nm and 20 nm drug size, the average relative concentration of 

drug is affected insignificantly by changing the diameter of vascular wall pore, as a 

function of time. However, for nanoparticles with 60 nm size and after 12 hours, the 

average relative concentration increases with the pore diameter of tumor vessels wall. 

This indication is promising for effective treatment of brain cancer.  
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Figure 3.13: Plots of the average relative concentration in tumor tissue as a 

function of time for 7.5×10-14 m2(Pa s)-1 hydraulic conductivity of the tumor interstitial 

space and different diameters of vascular wall pores, and different diameters of the 

therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm. 
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3 . 2 . 2 E f f e c t  o f  v a s c u l a r  w a l l  p o r e  s i z e  w h e n  u s i n g  t h e  

h i g h e s t  v a l u e  o f  i n t e r s t i t i a l  s p a c e  h y d r a u l i c  

c o n d u c t i v i t y  

As a next step of this project, to examine the effect of higher hydraulic conductivity 

of tumor interstitial space, the below simulations are performed for 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity.  The diameter ranges of drug and vascular wall pore remain the 

same with the previous simulations. As mentioned, by increasing hydraulic conductivity 

of tumor tissue, the interstitial fluid pressure decreases and the interstitial fluid velocity 

rises within the center of tumor. Thus, the interstitial drug transport through convection 

is enhanced from the center to periphery, allowing the drug to escape easily from tumor 

tissue.  

In case of the 50 nm pore diameter of vessel walls, Figure 3.14 depicts a sagittal 

view in the center of the tumor tissue, presenting the spatial distribution of different 

drug sizes in three snapshots, i.e., 6 hours, 9 hours and 12 hours. All spatial drug 

distributions are symmetric in vertical axis.  For 1 nm drug size, the highest drug 

concentration is near the infusion site, Figure 3.14A. The average relative concentration 

reach the peak value of 0.35 at 6 hours and then drops dramatically to zero, Figure 3.15. 

However, the nanoparticles with 20 nm diameter are distributed similarly to those with 

60 nm diameter, as shown Figure 3.14B and C. The drug concentration is higher at the 

tumor boundary, but the drug dispreads sufficiently within the tumor tissue. 

Additionally, the average relative concentrations of these drug sizes are identically over 

time, reaching 0.8 at 6 hours, Figure 3.15.  
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Figure 3.14: FE simulation results. A sagittal view in the center of the tumor tissue 

showing the spatial distribution of drug concentration for 7.5×10-13 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space, 50 nm diameter of vascular wall pores, and 

for different diameters of the therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm 

(columns) in three snapshot: 6hrs, 9hrs and 12hrs (rows).  
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Figure 3.15: Plots of the average relative concentration in tumor tissue as a 

function of time for different diameters of therapeutic agents and 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and 50 nm diameter of vascular 

wall pores. 

As the pore diameter of vessel walls increases, both the interstitial fluid pressure 

and velocity increase too. Furthermore, the vascular permeability of drug rises with the 

pore diameter. Taken together, after the infusion flow, the drug concentration is 

decreased considerably. For 100 nm pore diameter of vessel wall, the distribution of 

drug with 1nm diameter remains unchanged, Figure 3.16A. After CED administration, 

the average relative drug concentration in tumor is negligible, Figure 3.17.  The 

distribution of nanoparticles with 20 nm and 60 nm diameters is similar and the drug 

concentration decreases radially within the tumor tissue, Figure 3.16B and C. The 

maximum average relative concentration is 0.67 at 6 hours for 60 nm diameter of 

therapeutic agent, Figure 3.17.   La
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Figure 3.16: FE simulation results. A sagittal view in the center of the tumor tissue 

showing the spatial distribution of drug concentration for 7.5×10-13 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space, 100 nm diameter of vascular wall pores, and 

for different diameters of the therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm 

(columns) in three snapshot: 6hrs, 9hrs and 12hrs (rows).  
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Figure 3.17: Plots of the average relative concentration in tumor tissue as a 

function of time for different diameters of therapeutic agents and 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and 100 nm diameter of vascular 

wall pores. 

Finally, the pore diameter of vessel walls is equal to 150 nm and the hydraulic 

conductivity of tumor interstitial space is still on the same levels. The interstitial fluid 

velocity increases at the tumor margin, and fluid can exit from the tumor tissue, 

carrying therapeutic agents. The nanoparticles with 1 nm diameter have the same spatial 

distribution with previous simulations, Figure 3.18A and the maximum average relative 

concentration of this drug is 0.31 at 6 hours, Figure 3.19. Furthermore, the spatial 

distribution of drug with 20 nm and 60 nm diameter is similar once again, with the 

maximum concentration located at center of the tumor. For 60 nm diameter, the drug 

concentration at the center is slightly higher compared to that of the 20 nm drug size, as 

shown in Figure 3.18B and C. The maximum average relative concentration is 0.63 at 6 

hours for 60 nm diameter of drug, Figure 3.19.  La
mbri

de
 C

hry
so



44 

C. Lambride Master Thesis 

 
Figure 3.18: FE simulation results. A sagittal view in the center of the tumor tissue 

showing the spatial distribution of drug concentration for 7.5×10-13 m2(Pa s)-1 hydraulic 

conductivity of the tumor interstitial space, 150 nm diameter of vascular wall pores, and 

for different diameters of the therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm 

(columns) in three snapshot: 6hrs, 9hrs and 12hrs (rows).  
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Figure 3.19: Plots of the average relative concentration in tumor tissue as a 

function of time for different diameters of therapeutic agents and 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space and 150 nm diameter of vascular 

wall pores. 

For the highest hydraulic conductivity value of tumor tissue, plots of the average 

relative concentration of drugs are created for different diameters of vascular wall pore 

and for each drug size, Figure 3.20. It is detected that for 1nm drug diameter, the 

maximum average relative drug consecration value is slightly shifted to lower values by 

increasing the diameter of vascular wall pore. Moreover, for the 20 and 60 nm 

nanoparticles, after the infusion, the average relative concentrations decrease sharply for 

100 and 150 nm pore diameter compared to the 50 nm pore diameter of the vessel wall.  
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Figure 3.20: Plots of the average relative concentration in tumor tissue as a 

function of time for 7.5×10-13 m2(Pa s)-1 hydraulic conductivity of the tumor interstitial 

space and different diameters of vascular wall pores, and for different diameters of the 

therapeutic agent: (A) 1 nm, (B) 20 nm, and (C) 60 nm. 

Supplementary plots of the average relative concentration of drug as a function of 

time are created for different values of hydraulic conductivity of tissue interstitial space 

and for each drug size and diameter of vessel wall pores, in Annex II. Comparing the 

prediction outcomes, it is observed that the average relative concentrations of drug with 

1 nm diameter are insignificantly affected by changing the tissue hydraulic conductivity 

for each pore diameter. Besides, the average relative concentrations of both drugs with 

20 and 60 nm are higher over time for the lower tissue hydraulic conductivity for each 

pore diameter. To conclude, these simulation series demonstrate how the spatial 

distribution and average relative concentration of drugs are affected by chancing 

pathophysiological conditions in tumor tissue and the drug sizes. 
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3 . 2 . 3 H e t e r o g e n e i t y  o f  d r u g  d i s t r i b u t i o n   

In order to investigate the heterogeneity of the drug distribution, the relative drug 

concentration as a function of relative distance from the tumor center is calculated for 

four different directions in the plane, as shown Figure 3.21. Therefore, the average 

relative concentration of the drug and the standard error are calculated. The standard 

error bars represent the heterogeneity of the drug distribution, giving a general picture 

of how close the results are from the average value. The smaller the error bars, the more 

homogeneous the distribution of the drug. The heterogeneity of the drug distribution is 

assessed during and after CED administration, taking snapshots at 5 hours and 9 hours.  

The drugs with a dimeter of 20nm and 60nm are selected for the heterogeneity 

measurements because the concentration distribution of the 1 nm drug is poor over time.  

 
Figure 3.21: Schematic representation of four different directions in the plane for 

calculating both the average relative concentration of the drug and the standard error.  

In Figure 3.22, the average relative concentration calculated from the four 

directions is illustrated as a function of the relative distance from the tumor center 

during and after CED for 150 nm pore diameter and 7.5×10-14 m2(Pa s)-1 hydraulic 

conductivity of tumor interstitial space. During infusion, for 20 nm drug diameter, the 

average relative concentration is around unit and decreases after 0.4 relative distance 

from the tumor center, Figure 3.22A. Similarly, the average relative concentration 

fluctuates around unit following a decrease after 0.5 relative distance, Figure 3.22C. 

According to the error bars, there is a homogeneous spatial distribution of the drug near 

the tumor center for both drug diameters. The heterogeneity exists radially outwards 

where the values of error bars increase. This happens because lines 1 and 2 are closer to 
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the infusion site and the drug concentration values are higher along their lines compared 

to lines 3 and 4, Figure 3.21. After infusion, the average relative concentrations for both 

drug sizes gradually decrease as a function of the relative distance. The spatial 

distribution drug is homogeneous, Figure 3.22B and D, and this is verified from Figure 

3.11B and C.  

 
Figure 3.22: Plots of the average relative concentration calculated from the four 

directions as a function of the relative distance from the tumor center (A, C) after 5hrs 

(B, D) after 9 hrs, for 150 nm diameter of vascular pore size and 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space, and for different drug diameters: 

(A, B) 20 nm and (C, D) 60nm. 

By increasing the hydraulic conductivity of the tumor interstitial space, the 

heterogeneity of the drug distribution is affected significantly during CED, as shown 

Figure 3.23A and C. For both drug sizes, the average relative concentrations gradually 

decrease and the heterogeneity appears from 0.3 relative distance from the tumor center. 

However, after the infusion flow, the spatial distribution drug is homogeneous for both 

drug sizes, Figure 3.23B and D. It is observed from Figure 3.22 and Figure 3.23 that the 

heterogeneity of the drug distribution and the average relative drug concentration are 

similar for both drug sizes by comparing separately the plots during and after CED for 
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each pathological conditions of the tumor. Moreover, in Annex III, every other graph 

showing the heterogeneity of each drug using different tumor microenvironment 

properties are presented.  

 
Figure 3.23: Plots of the average relative concentration calculated from the four 

directions as a function of the relative distance from the tumor center (A, C) after 5hrs 

(B, D) after 9 hrs, for 50 nm diameter of vascular pore size and 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space, and for different drug diameter: 

(A, B) 20 nm and (C, D) 60nm. 
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3 . 3  V a l i d a t i o n  o f  p r e d i c t i v e  o u t c o m e s   

In cases in which experimental data are difficult to obtain, a mathematical model 

can provide useful information, as long as it can be validated. These predictive results 

need to be validated to offer further insights of the spatial distribution and the average 

drug concentration in the tumor, proposing an effective treatment of brain cancer. The 

tumor IFP and IFV profiles after CED can be confirmed according to the present 

literature [6, 43]. Additionally, the relation between the tumor interstitial fluid pressure 

and the tumor microenvironment properties is confirmed from previous simulation 

studies [43]. The range of the tumor interstitial fluid velocity values agrees with the 

experimental data which show that the magnitude of fluid velocity varies from 10-7 to 

10-6 m/s in the brain tissue [44-46]. Besides, it is challenging to confirm experimentally 

the predicted distribution of drug concentration in the human brain tissue during CED. 

Consequently, the validation of the IFP and IFV profiles is essential to confirm the 

spatial distribution of the drug in CED treatments. In addition, the calculated tumor 

tissue properties, i.e., the vascular permeability of the drug and the hydraulic 

conductivity of the vascular wall, using the theory for hindered transport of rigid solutes 

are verified from the literature [37, 47, 48].   
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Chapter 4 

4 CONCLUSIONS 

4 . 1  C o n c l u s i o n s  

This Master Thesis focuses on the biomechanical and biotransport aspect of 

convection-enhanced delivery (CED). The project develops a mathematical and 

computational model for brain cancer treatment to predict the drug concentration 

distributions, applying engineering and physical sciences principles to medicine. 

Therefore, this in silico study investigates the drug concentration during and after CED 

of different drug sizes by changing the pathophysiological conditions of the tumor 

tissue. The therapeutic agents of 1, 20 and 60 nm in diameter and vessel wall pores of 

tumor tissue with diameters 50, 100 and 150 nm have been considered. Also, the 

hydraulic conductivity of the tumor interstitial space is taken equal to 7.5×10-14 and 

7.5×10-13 m2(Pa s)-1. A series of simulations have been performed to fully comprehend 

the fluid dynamics and the distribution of the drug concentration as a function of the 

drug physiochemical and tumor microenvironment properties. Additionally, the 

heterogeneity of the drug distribution has been extensively examined.  

The in silico predicted IFP and IFV profiles of the tumor tissue are validated from 

the existent literature. The predictive outcomes show that the tumor IFP can be 

decreased by increasing hydraulic conductivity of the tumor interstitial space and/or by 

lowering pore diameter of the vascular wall of the tumor tissue. Moreover, for a given 

hydraulic conductivity of the tumor interstitial space, the IFV value at the tumor margin 

can be lowered by decreasing the pore diameter of the vascular wall. Increasing tissue 

hydraulic conductivity causes higher fluid velocities within the tumor tissue. 

Additionally, during CED, the peak pressure and velocity are achieved at the infusion 

site, and the values decrease rapidly towards the tumour surface. 

Regarding the drug distribution, the maximum average relative concentration of the 

drug occurs at 6 hours when the infusion flow stops. The distribution and the average 

concentration of the nanoparticles with 1nm diameter are affected insignificantly by 

changing the pathophysiological conditions of tumor tissue.  When considering the 
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highest value of the hydraulic conductivity of the tumor interstitial space, changing the 

drug diameter from 20 to 60 nm the drug distribution and average relative concentration 

are not sensitive for a given pore diameter of vessel wall.  The predictive results of the 

drug with 60 nm diameter are promising and remarkable for the lowest value of the 

hydraulic conductivity of the tumor interstitial space and 150 nm pore diameter of 

vascular wall. Under this tumor microenvironment properties, this therapeutic agent is 

evenly distributed within the tumor interstitial space during and after CED.  

Specifically, the drug spatial distribution is extremely homogeneous after CED, as 

shown in Figure 3.22. The average relative concentration of this drug remains at high 

levels during a day with the maximum drug concentration located at the center. 

However, the predictive tumor IFP is high at the infusion site during CED, which is a 

drawback for this condition. Alternatively, for lower tumor IFP, in the case of the 

highest hydraulic conductivity of the tumor interstitial and 50 nm pore diameter, good 

prediction of the spatial distribution and the average relative concentration of the drug 

with both 20 and 60 nm diameter is observed. Nonetheless, there is faster drug release 

from the tumor tissue. From the heterogeneity of drug distribution point of view, during 

CED the drug distribution is not homogenous across the tumor periphery. While, after 

CED the drug distribution is considerably homogenous along the entire tumor.   

 Additionally, several assumptions have been considered to simplify the 

mathematical and computational model. The drug is considered a spherical nanoparticle 

and the vascular wall openings are modeled as cylinder pores. Therefore, the theory for 

hindered transport of rigid solutes through liquid filled pores can be applied to describe 

drug transport across the tumor vessel walls. Moreover, the rate of the drug 

decomposition is not defined in this model because the main focus is to correlate the 

drug distribution with the tumor microenvironment properties and the drug size. 

Regarding the limitations, the model incorporates only biomechanical properties of both 

the grey and white matter. It does not account for other structural components of the 

brain such as ventricle, cavities. Therefore, using MR images, the detection of sharp 

boundaries and surfaces of the brain substructures is necessary for the three-dimensional 

reconstruction of the brain geometry. How incorporation of these components would 

affect the simulations is not intuitive and detailed simulations would have to be 

performed. Also, according to the literature [49, 50], the drug transport efficiency varies 

greatly in different regions of the brain. The drug transport in the gray matter is 

isotropic, whereas white matter have anisotropic diffusion and heterogenetic properties. 
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Hence, diffusion tensor imaging (DTI) could be used to measure the tissue anisotropy, 

providing an accurate estimation of the effective diffusivity and its distribution within 

the entire brain.  

To conclude, adjusting the tumor microenvironment properties prior to the drug 

administration via CED may provide better conditions for the drug delivery within the 

tumor tissue, minimizing drug exposure to healthy tissue. These predictive outcomes 

provide further and useful insights of the spatial distribution and the average drug 

concentration in the tumor towards an effective treatment of brain cancer.  

4 . 2  P r o p o s a l s  f o r  f u r t h e r  i n v e s t i g a t i o n  

Based on the thesis results, it is predicted that the spatial distribution of drug with 

1nm diameter is poor and the average relative drug concentration in tumor tissue is 

lower compared to other drug sizes. Consequently, the delivery of a nanoparticle carrier 

containing and releasing chemotherapy is important to be studied in the near future, in 

order to investigate the effectiveness of drug delivery. Additionally, in this study, the 

catheter is considered to be located inside the tumor tissue. In order to investigate the 

effect of the catheter placement on drug delivery, a series of simulations will be carried 

out where catheter is located outside of the tumor tissue. Sometimes in clinical 

situations, physicians are not able to inject the drug directly into the tumor, and thus 

they are forced to place the catheter near the tumor tissue.  
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Annexes 
 

Annexes I – Model Parameters  

Table 1: Constant Coefficients a and b for determining the coefficients Kt and Ks, 

respectively [32]. 

Constant Coefficient Value 

a1 −73/60 

a2 77.293/50.400 

a3 −22.5083 

a4 −5.617 

a5 −0.3363 

a6 −1.216 

a7 1.647 

b1 7/60 

b2 −2.227/50.400 

b3 4.0180 

b4 −3.9788 

b5 −1.9215 

b6 4.392 

b7 5.006 
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Table 2: Values of all parameters used in the CED brain model.  

*Normal tissue includes Gray and White Matter.  

Parameter Description Domain Value Reference 

rs Drug radius - 0.5, 10, 30 nm [7, 18] 

ro 
Vascular wall 

pore radius 

Normal tissue  3.5 nm [37, 38, 

51] Tumor tissue 25, 50, 75 nm 

Di 
Drug diffusion 

coefficient  
All tissues 

3.49×10-10 m²/s for 

1nm drug radius, 

9.28×10-12 m²/s for 

10nm drug radius, 

3.28×10-12 m²/s for 

30nm drug radius 

[42] 

k 

Hydraulic 

conductivity of 

tissue interstitial 

space  

Gray Matter 7.76×10-18 m2(Pa s)-1 

[3, 31] White Matter 7.76×10-16 m2(Pa s)-1 

Tumor tissue 
7.5×10-14 m2(Pa s)-1 

7.5×10-13 m2(Pa s)-1 

Sv 
Vascular density 

of blood vessels 

Normal tissue 70 (cm)-1 
[35, 43] 

Tumor tissue 50 (cm)-1 

LplSvl 
Permeability of 

Lymphatics 

Normal tissue 3.75×10-4 (Pa⸳s)-1 
[6, 52] 

Tumor tissue 0 

γ 

Fraction of vessel 

wall surface area 

occupied by pores 

Normal tissue 1×10-3 
[35] 

Tumor tissue 1×10-4 

Cv 
Vascular drug 

concentration 
All tissues 0 - 

pv 
Vascular pressure 

of blood vessels 
All tissues 2.0 kPa [1] 

pl 

Vascular pressure 

of lymphatic 

vessels 

All tissues 0.0 kPa [52] 

Lvw 
Vessel wall 

thickness 
All tissues 5×10-6 m [53] 

T Temperature  
Catheter 298 K 

[24, 35] 
All tissues  310 K 

μ 
Water viscosity Catheter 0.89 mPa⸳s 

[53, 54] 
Plasma viscosity All tissues  1.30 mPa⸳s 

ρ 
Water density Catheter 998 kg/m³ 

- 
Plasma density All tissues  1025 kg/m³ 

εp Tissue porosity All tissues 0.3 [24] 
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Annexes II – Supplementary plots of the average relative concentration in tumor 

tissue  

 
Figure 1: Plots of the average relative concentration in tumor tissue as a function of 

time for 1 nm diameters of therapeutic agent and different values of hydraulic 

conductivity of the tumor interstitial space, and for different diameters of vascular wall 

pores:  (A) 50 nm, (B) 100 nm, and (C) 150 nm. 

La
mbri

de
 C

hry
so



61 

C. Lambride Master Thesis 

 
Figure 2: Plots of the average relative concentration in tumor tissue as a function of 

time for 20 nm diameters of therapeutic agent and different values of hydraulic 

conductivity of the tumor interstitial space, and for different diameters of vascular wall 

pores:  (A) 50 nm, (B) 100 nm, and (C) 150 nm. 
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Figure 3: Plots of the average relative concentration in tumor tissue as a function of 

time for 60 nm diameters of therapeutic agent and different values of hydraulic 

conductivity of the tumor interstitial space, and for different diameters of vascular wall 

pores:  (A) 50 nm, (B) 100 nm, and (C) 150 nm. 
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Annexes III – Supplementary plots of the heterogeneity of the drug distribution 

 
Figure 4: Plots of the average relative concentration calculated from the four 

directions as a function of the relative distance from the tumor center (A, C) after 5hrs 

(B, D) after 9 hrs, for 50 nm diameter of vascular pore size and 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space, and for different drug diameter: 

(A, B) 20 nm and (C, D) 60nm. 
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Figure 5: Plots of the average relative concentration calculated from the four 

directions as a function of the relative distance from the tumor center (A, C) after 5hrs 

(B, D) after 9 hrs, for 100 nm diameter of vascular pore size and 7.5×10-14 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space, and for different drug diameter: 

(A, B) 20 nm and (C, D) 60nm. 
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Figure 6: Plots of the average relative concentration calculated from the four 

directions as a function of the relative distance from the tumor center (A, C) after 5hrs 

(B, D) after 9 hrs, for 100 nm diameter of vascular pore size and 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space, and for different drug diameter: 

(A, B) 20 nm and (C, D) 60nm. 
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Figure 7: Plots of the average relative concentration calculated from the four 

directions as a function of the relative distance from the tumor center (A, C) after 5hrs 

(B, D) after 9 hrs, for 150 nm diameter of vascular pore size and 7.5×10-13 m2(Pa s)-1 

hydraulic conductivity of the tumor interstitial space, and for different drug diameter: 

(A, B) 20 nm and (C, D) 60nm. 
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