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Abstract 12 

Convection enhanced delivery is an effective alternative to routine delivery methods to 13 

overcome the blood brain barrier. However, its treatment efficacy remains disappointing in 14 

clinic owing to the rapid drug elimination in tumour tissue. In this study, multiphysics 15 

modelling is employed to investigate the combination delivery of anti-angiogenic and 16 

cytotoxic drugs from the perspective of intratumoural transport. Simulations are based on a 3-17 

D realistic brain tumour model that is reconstructed from patient magnetic resonance images. 18 

The tumour microvasculature is targeted by bevacizumab, and six cytotoxic drugs are 19 

included, as doxorubicin, carmustine, cisplatin, fluorouracil, methotrexate and paclitaxel. 20 

The treatment efficacy is evaluated in terms of the distribution volume where the drug 21 

concentration is above the corresponding LD90. Results demonstrate that the infusion of 22 

bevacizumab can slightly improve interstitial fluid flow, but is significantly efficient in 23 

reducing the fluid loss from the blood circulatory system to inhibit the concentration dilution. 24 

As the transport of bevacizumab is dominated by convection, its spatial distribution and anti-25 

angiogenic effectiveness present high sensitivity to the directional interstitial fluid flow. 26 

Infusing bevacizumab could enhance the delivery outcomes of all the six drugs, however, the 27 

degree of enhancement differs. The delivery of doxorubicin can be improved most, whereas, 28 

the impacts on methotrexate and paclitaxel are limited. Fluorouracil could cover the 29 

comparable distribution volume as paclitaxel in the combination therapy for effective cell 30 

killing. Results obtain in this study could be a guide for the design of this co-delivery 31 

treatment.  32 

 33 

 34 

 35 
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Graphical Abstract 36 
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Introduction 41 

Convection enhanced delivery (CED) is a promising alternative to intravenous administration 42 

for localised drug delivery against glioblastoma [1, 2]. As anticancer agents are directly 43 

infused into the lesion [3], the risk of adverse effects in chemotherapy can be largely reduced. 44 

However, the drug penetration and bioavailability remain disappointing in clinic [4], due to 45 

the rapid drug elimination in tumour tissue. Given that the microvasculature becomes 46 

elongated, tortuous and highly leakage in solid tumours [5, 6], the drug loss to blood 47 

circulatory system could significantly contribute to this efficient elimination.  48 

Anti-angiogenetic therapy normalises the intratumoural vasculature by means of pruning 49 

vessels, remodelling and/or blocking angiogenesis, etc. Clinical trials have demonstrated the 50 

feasibility of anti-angiogenetic agents in combination with chemotherapy to improve the 51 

anticancer treatment [7]; these agents include cedirani [8, 9], sunitinib [10] and bevacizumab 52 

[11-14], etc. However, the effects of vascular normalisation may require for hours to days to 53 
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take place, raising a crucial challenge in the establishment of optimal timing for the 54 

combination [15], especially for the chemotherapy relying on intravenous administration that 55 

is performed within few hours. On the contrary, the continuous infusion in CED treatments 56 

usually last for serval days in clinic [1, 4, 16], enabling the concurrent administration of anti-57 

angiogenic and cytotoxic agents. The combination of bevacizumab with CED has been 58 

studied in animal experiments [17], and the results demonstrated that this combination could 59 

prolong the animal survival.   60 

Numbers of cytotoxic drugs have been developed with different mechanisms of action against 61 

cancer. Cisplatin [18], carmustine [19] and doxorubicin [20] inhibit the DNA replication by 62 

forming crosslinks in DNA or inhibiting biosynthesis of relative enzymes, while paclitaxel 63 

could result in defects in mitotic spindle assembly and cell division [21, 22]. To be different, 64 

fluorouracil [23] and methotrexate [24] kill cancer cells by inhibiting thymidylate synthase or 65 

the synthesis of thymidylates and proteins, etc. Although these drugs have been applied in 66 

clinical trials to treat brain cancer [25-32], there is a lack of understanding of how the anti-67 

angiogenetic therapy influence their intratumoural transport. Since the outcomes of drug 68 

delivery are strongly dependent on the interplays between the biological systems and 69 

anticancer drugs [33], CED treatments could be benefited by examining the performances of 70 

different drugs in the combination therapy with anti-angiogenesis. 71 

Computational modelling has become an indispensable approach in the study of drug delivery, 72 

because the cross-linked drug transport processes can be examined either individually or in 73 

an integrated manner. The modelling platform was established to examine the effects of 74 

different tumour properties on the delivery of antibodies in a series of pioneering work [34-75 

36]. As the development for CED, this platform was fine-tuned to simulate the pressure-76 

driven flow under infusion [37], and was applied to optimise different drug delivery systems 77 

and treatment regimens [38, 39] in order to improve the CED effectiveness. On the other 78 
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hand, the transport of bevacizumab [40] was included into the platform to predict the 79 

treatment efficacy of anti-angiogenesis under different intravenous administration protocols 80 

[41].  81 

This study is aimed to examine the performances of different cytotoxic drugs in the 82 

combination treatments of CED with anti-angiogenesis under the same treatment regimen and 83 

delivery conditions. A multiphysics model is adopted to describe the key transport processes, 84 

including diffusive and convective transport in interstitial fluid, drug binding with proteins, 85 

association with cell membrane, cell uptake, and elimination due to blood drainage, 86 

enzymatic and non-enzymatic reactions. The model is applied to a 3-D realistic brain tumour 87 

model that is reconstructed from patient magnetic resonance (MR) images. The anti-88 

angiogenic effect is induced by bevacizumab, and six cytotoxic drugs are examined, 89 

including fluorouracil, carmustine, cisplatin, methotrexate, doxorubicin and paclitaxel. 90 

Treatment efficacy is evaluated by the tissue volume where the drug concentration is greater 91 

than its corresponding LD90.    92 

1. Methods and Materials 93 

1.1. Mathematical model 94 

Microvasculature network is capable of varying considerably in tumours regarding to the 95 

location and tumour growth stage [42]. Given the inter-capillary distance is generally 2~3 96 

orders lower than the transport scale in tissue, the tumour and its surrounding tissue are 97 

usually treated as porous media, in which the microvasculature functions are described as 98 

distributed source terms [34]. Therefore, the mass and momentum conservation equations can 99 

be employed to predict the flow of Newtonian, incompressible interstitial fluid in the form of 100 

      

 (    )         
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where    and   stand for the pressure and velocity of interstitial fluid.   and   are the 102 

interstitial fluid density and viscosity, respectively.   refers to the tissue Darcian permeability, 103 

which depends on the tissue type and microstructure, etc.    is the flux of fluid gain from the 104 

blood circulatory system, driven by the pressure gradient across the vessel wall. 105 

       
 

 
[        (     )]                                            (2) 106 

in which    is the hydraulic conductivity of blood vessel wall.   ⁄  stands for the 107 

microvasculature density, which is defined as the area of blood vessel wall per tissue volume. 108 

   is the blood pressure in the microvasculature lumen.   is the variation scale of 109 

microvasculature density resulted by bevacizumab.    and    are the osmotic pressure in 110 

blood and interstitial fluid, respectively, and    is the osmotic reflection coefficient.   111 

The tumour and its holding brain tissue can briefly be divided into three compartments as the 112 

extracellular space (ECS), cell membrane (CM) and intracellular space (ICS). The processes 113 

of drug transport after infusion are schematically illustrated in Figure 1. The bioavailability 114 

of cytotoxic drugs are governed by the mass conservation equations, as  115 

                                 
                                 

                                         (3) 116 

where   represents the drug concentration, and   is the volume fraction of each tissue 117 

compartment. The subscript   and   refer to the free drugs and the drugs in their binding 118 

form with proteins, respectively. It is assumed that there is no drug either binding with 119 

proteins or being eliminated on cell membrane [43].  120 

The concentration of free drugs in tissue (  ) is governed by convective and diffusive 121 

transport in the interstitial fluid, loss to the blood circulatory system, cell uptake, elimination 122 

due to the physical degradation and metabolic reactions, as well as the association with 123 

proteins. 124 
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          (           )      (     )                    
   

  
 125 

(4) 126 

where        is the drug diffusivity in tissue ECS.    is the elimination rate owing to the 127 

physical degradation and metabolism.        ⁄  stands for the drug loss rate to the blood 128 

circulatory system, in which   is the drug transvascular permeability. By introducing the 129 

assumptions [44] of (1) the linear correlations between free and bound drugs [45] (     130 

            ⁄ ;                  ⁄ ) and (2) the equilibrium of free drug concentration 131 

reached among tissue compartments [46] (                      ⁄ ;         132 

           ⁄ ), Eq.(4) can be simplified as  133 

       

  
       

           
         

                                         (5) 134 

where       
  (     ⁄ )       is the apparent drug diffusivity,    (     ⁄ )  is the 135 

apparent velocity.    [       (         )     ]  ⁄  is the drug apparent elimination 136 

rate, and       (      )              (      )  (           )        137 

depends on the drug and tissue properties.  138 

The bioavailability of bevacizumab in tissue ECS is determined by diffusion and convection 139 

in the interstitial fluid and elimination [47] 140 

    

  
              (    )                                              (6) 141 

in which         and       are the bevacizumab diffusivity and elimination rate, respectively. 142 

The anti-angiogenetic effect induced by bevacizumab can be described by [40] 143 

  

  
  (        )                                                 (7) 144 

where   is the variation scale of microvascular density, and     is the anti-angiogenetic rate. 145 

 ,   and   are the parameters describing the nature angiogenesis of tissue.  146 
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1.2. Model geometry 147 

3-D geometry of the brain tumour and its holding tissue are reconstructed from anonymous 148 

MR images. Each 1 mm thick image slice comprises 256 by 256 pixels, and the pixel 149 

dimension is 1 mm. These images were acquired in three orthogonal planes, and are available 150 

on the image database of TCIA under the Creative Commons Attribution 3.0 Unported 151 

License for scientific purposes [48, 49]. A representative slice is given in Figure 2(A).  152 

The brain tumour and ventricle are segmented from the brain normal tissue on each slice 153 

based on the local signal intensity. The smoothed surfaces of tumour, ventricle and brain 154 

tissue are used to generate the computational mesh, which consists of 4.6 million tetrahedral 155 

elements for the mesh-independent solutions. The 3-D model is shown in Figure 2(B). The 156 

equivalent radius of brain tumour and its holding tissue are 1.8 cm and 6.9 cm, respectively. 157 

1.3. Model parameters 158 

Given the modelling time window is much shorter as compared to the growth rate of solid 159 

tumour, constant geometrical parameters and properties of tumour and drugs [41] are 160 

assumed in this study. Model parameters together with their sources are summarised in Table 161 

1 and Table 2 for tumour/normal tissue, anti-angiogenetic and cytotoxic drugs, respectively. 162 

The anti-/angiogenesis related parameters are derived from experiments [47, 50]. The anti-163 

angiogenetic and cytotoxic agents are infused simultaneously at the constant infusion rate 3.0 164 

μL/min to avoid potential damages to the tissue [4, 16]. The effective therapy concentration 165 

[43] refers to the drug concentration for resulting death in 90% of the cell population as 166 

measured in ex vivo experiments.  167 

1.4. Numerical methods 168 

The governing equations are solved by means of computational fluid dynamics. The 169 

SIMPLEC algorithm is employed to correlate pressure with the velocity correction. The 170 
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temporal and spatial discretisation of each equation are obtained by employing the 2
nd

 order 171 

implicit Euler scheme and the 2
nd

 order UPWIND scheme, respectively. Modelling 172 

convergence is controlled by setting the residual tolerance as 1E-5. The variation scale ( ) is 173 

initialised as 1.0 based on the assumption that the microvasculature density reaches 174 

equilibrium at the start of treatment.  175 

1.5. Boundary Conditions 176 

The gauge pressure on ventricle and brain surface are specified as 1447.4 Pa [54] and 657.9 177 

Pa [81], respectively, with no flux of drugs. The continuity condition of all variables are 178 

imposed on the interface between tumour and its holding tissue. The catheter wall is assumed 179 

to be rigid with no slip or drug flux, while the constant velocity and concentration are 180 

imposed on the catheter tip where the CED infusion takes place.  181 

2. Results 182 

2.1. Anti-angiogenic effectiveness 183 

The enhanced bulk flow of interstitial fluid is crucial in determining the drug penetration and 184 

accumulation in CED. As the infused bevacizumab is targeted on the microvasculature 185 

network for normalisation, this tissue structure change might reshape the intratumoural 186 

hydraulic environment and alter the drug delivery results. The governing equations are solved 187 

in the entire brain, subject to the aforementioned boundary conditions and model parameters 188 

listed in Table 1 and Table 2. Results in Figure 3(A) show that bevacizumab exhibits a 189 

highly heterogeneous spatial distribution. It is not surprising that the bevacizumab 190 

concentration achieves the peak at the infusion site and decreases radially towards the tumour 191 

periphery. However, the reduction rate varies largely in different directions. A sharp fall can 192 

be found in front of the catheter. On the contrary, the concentration decreases gradually along 193 

the catheter track to the brain surface, with a low concentration region formed at the catheter 194 
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back. Consequently, the microvascular density is significantly reduced in the regions where 195 

bevacizumab accumulates, as shown in Figure 3(B).  196 

In order to understand the transport mechanism of bevacizumab in tumour ECS, the Péclet 197 

number (  ) is introduced to evaluate the contribution of convection and diffusion, defined as 198 

      ⁄                                                               (8) 199 

where   is the equivalent radius of brain tumour.   represents the spatial averaged IFV in the 200 

entire brain tumour, which is 4.5E-7 m/s. As indicated by    = 2.53E+3 that is orders higher 201 

than 1.0, the transport of bevacizumab is dominated by convection rather than diffusion in the 202 

entire tumour. Therefore, the flow field is expected to be essential to determine the 203 

distribution and bioavailability of bevacizumab, and the consequential anti-angiogenic 204 

effectiveness.  205 

2.2. Interstitial fluid flow   206 

Figure 4 represents the flow field in the entire brain with and without the administration of 207 

bevacizumab. Results show that in both the treatments, the interstitial fluid flows from the 208 

ventricle towards the brain surface, due to the driven force of original pressure gradient in 209 

brain. The CED infusion can accelerate the fluid flow around the infusion site, however, this 210 

flow eventually directs to the brain surface as indicated by the 3D streamline in Figure 4.  211 

Quantitative comparisons on the interstitial fluid flow are given in Figure 5.  Results show 212 

that in both the treatments, CED infusion is able to raise the interstitial fluid pressure (IFP) 213 

and velocity (IFV) around the infusion site. Infusing bevacizumab could reduce the IFP 214 

throughout the brain tumour from the infusion site to the surface; this finding consists with 215 

the findings from experiments [82]. Therefore, the IFV can be slightly increased, as indicated 216 

by Figure 5(B-b). This finding suggests that the flow velocity is mainly determined by the 217 

infusion, but the introduction of anti-angiogenesis could also contribute to the enhancement 218 
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on the interstitial fluid flow.  219 

To be different, fluid leakage from blood (FL) can be significantly reduced in the 220 

combination treatment because of the dispersed microvasculature. This reduction is able to 221 

prevent the drug concentration being diluted, so as to benefit the treatment efficacy by 222 

keeping the drug concentration enough high for cell killing.  It is worth to note that the fluid 223 

leakage begin to restore 3 mm away from the infusion site, suggesting that this dilution 224 

inhibition is effective within the region around the infusion site.  225 

2.3. Distribution of cytotoxic drugs 226 

The spatial distributions of each anticancer drug are represented in Figure 6. Regardless the 227 

drug type, concentrations of all the drugs decrease radially from the infusion site to the brian 228 

surface. As such, their non-uniform spatial distributions are formed. Except paclitaxel and 229 

methotrexate, the rest drugs mainly concentrate around the catheter tip in the bevacizumab-230 

free treatment. Comparsions demonstrate that the drug distribution of all the examined drugs 231 

can be improved by the infusion of bevacizumab, indicting the combination with anti-232 

angiogenesis can improve the CED treatment.  233 

The non-uniformity (NUN) of drug spatial distribution can be calculated in terms of the local 234 

and averaged concentration 235 

    
∑|       |  

           
                                                               (9) 236 

where    and    are the local drug ECS concentration and corresponding local volume, 237 

respectively.      is the spatial averaged drug concentration in tumour ECS, and         238 

refers to the volume of whole brain tumour. NUN reflects the spatial variation of drug 239 

concentration, with the higher value standing for the overall heterogeneous distribution. As 240 

compared in Figure 7, the infusion of bevacizumab is able to reduce the NUN values for all 241 
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the drugs. This finding denotes that the combination with anti-angiogenesis could 242 

homogenise the distribution of cytotoxic drug in the entire tumour to improve the CED 243 

therapy. 244 

Given that each drug has different elimination rates and diffusivity in the tumour ECS, a 245 

dimensionless number,   , can be introduced to examine the importance of convective 246 

transport in determining the drug spatial distribution. The definition is given below, and 247 

results are summarised in Table 3.   248 

    
  

√  
                                                              (10) 249 

Comparisons demonstrate that infusion of bevacizumab is capable of raising RIC for each of 250 

the cytotoxic drugs. Therefore, the convective transport becomes more important than 251 

diffusion and elimination in determining the drug transport in the combination therapy. 252 

Considering that the interstitial fluid flow can be slightly accelerated by anti-angiogenesis as 253 

shown in Figure 5 (B-b), the cytotoxic drugs can reach the deep tumour tissue for more 254 

homogenised distribution.   255 

2.4. Penetration of cytotoxic drugs 256 

The effect of anti-angiogenesis on cytotoxic drug concentration are represented in Figure 8 257 

as a function of the distance from the infusion site. Results demonstrate that the infusion of 258 

bevacizumab is able to maintain the cytotoxic drug concentrations, and hence improve the 259 

drug penetration into brain tumour. However, this improvement is strongly dependent on the 260 

drug properties. Quantitative analyses show that the treatment using doxorubicin can be 261 

improved most. This is followed by cisplatin, fluorouracil and carmustine, whereas, the 262 

influences of anti-angiogenesis on the delivery of paclitaxel and methotrexate are less 263 

significant. 264 

Since the infused bevacizumab mainly affect the microvascular-related elimination, incuding 265 
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blood drainage (  ) and concentration dilution due to the fluid loss (  ), a demensionless 266 

number of     is introduced to evaluate the contribution of microvascular-related elimination 267 

as compared to the metabolic reactions and physical degradation, defined as 268 

    
         

(         )  
                                                         (11) 269 

The lower value of     indicates less importance of microvascular-related elimination in 270 

determining the cytotoxic drug clearance. As shown in Table 4, the infusion of bevacizumab 271 

could reduce the contribution of microvascular-related elimination for all the drugs. Since 272 

doxorubicin experiences the most elimination due to the presence of  microvasculature, anti-273 

angiogenesis is capable of significantly enhancing its penetration. On the contrary, paclitaxel 274 

and methotrexate present low sensitivity to anti-angiogenesis because their elimination are 275 

mainly determined by metabolism and physical degradation, which stay constantly in the 276 

combination therapy.     277 

2.5. Accumulation of cytotoxic drugs 278 

Achieving enough high drug concentration is essential to introduce effective cytotoxicity in 279 

cancer therapy. Given the drug intratumoural deposition varies with the location as shown in 280 

Figure 6, the spatial averaged concentration (     ) is applied to evaluate the drug 281 

accumulation in the entire tumour, defined as 282 

     
∑    

∑  
 

∑    

       
                                                   (12) 283 

Compared in Figure 9 are the spatial averaged concentration of each cytotoxic drug in the 284 

bevacizumab-free CED and the combination therapy. Although the most effective drug 285 

accumulation are achieved by paclitaxel and methotrexate in both the treatments, anti-286 

angiogenesis can largely increase the concentrations of the rest four drugs to the comparable 287 

levels. This consists with the findings of the heterogeneous drug distributions as shown in 288 
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Figure 7. 289 

Given the drug diffusivity are not changed by the infusion of bevacizumab, the drug 290 

bioavailability can be evaluated in terms of the Karlovitz number (  ) which is defined as 291 

   
  

  
                                                                (13) 292 

As shown in Table 5, the time scale of convective transport is smaller than that of 293 

elimination for all the drugs. However, higher values of    indicate that the delivery of 294 

paclitaxel and methotrexate are less determined by elimination as compared to the rest four 295 

drugs. As such, paclitaxel and methotrexate could reach relatively higher concentration. On 296 

the contrary, the rest four drugs could be eliminated before transporting into deep brain tissue 297 

with the interstitial fluid flow. Although anti-angiogenesis can reduce the elimination for 298 

doxorubicin, cisplatin, fluorouracil and carmustine, their delivery are still dominated by 299 

elimination. So that their accumulation remain less effective as compared to paclitaxel and 300 

methotrexate.  301 

2.6. Cytotoxic effectiveness  302 

It is important to note that, rather than linearly correlating to the concentration, the cytotoxic 303 

effectiveness for different drugs are also determined by their unique pharmacodynamics 304 

process. To this end, instead of the averaged drug concentration (    ), the cytotoxic 305 

effectiveness is evaluated in terms of the tissue volume (    ) in which the drug concentration 306 

(      ) is enough high to kill 90% of the cell population as measured in ex vivo experiments 307 

(LD90).   308 

     ∑  (           )                                            (14) 309 

Results in Figure 10 show that the infusion of bevacizumab can enlarge the effective 310 

distribution volume for better treatment efficacy. Paclitaxel is found as the most effective 311 
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drug in bevacizumab-free treatment. However, enhanced by the bevacizumab-induced 312 

reduction in microvasculature density, fluorouracil is able to cover comparable tumour 313 

volume for effective cell killing in the combination therapy. 314 

3. Discussion 315 

CED improves the delivery outcomes by facilitating a friendly hydraulic environment for 316 

drug transport. The infusion is able to build up the interstitial fluid pressure around the 317 

infusion site. On the one hand, this raised pressure can accelerate the bulk flow of interstitial 318 

fluid, and thereby improve the drug convective transport for better penetration. On the other 319 

hand, the decreased transvascular pressure gradient reduces the fluid loss from blood, so that 320 

the drug concentration dilution can be inhibited. The co-delivery with bevacizumab presents 321 

its superiority in further reducing the fluid loss, which is beneficial to maintain the drug 322 

concentration enough high for effective cytotoxicity. Moreover, bevacizumab can slightly 323 

accelerate the interstitial fluid flow, further improve the penetration of cytotoxic drugs.  324 

The movement of bevacizumab in brain tumour ECS mainly relies on the convective 325 

transport. Worth to note that this convection is dominated by CED infusion around the 326 

infusion site, whereas, in the rest tumour region the directional interstitial fluid flow from 327 

brain ventricle to arachnoid plays a crucial role. This transport mechanism of bevacizumab, in 328 

turn, requires the infusion catheter to be placed with respect to the flow field in the entire 329 

brain. Catheter pose and infusion orientation should be carefully designed to avoid possible 330 

ineffective delivery, as the low bevacizumab concentration region at the catheter back shown 331 

in Figure 3.   332 

Drugs behave differently in response to anti-angiogenesis. Doxorubicin presents the most 333 

limited bioavailability in the control study without bevacizumab, due to the rapid blood 334 

drainage that can quickly move the drugs out of tumour ECS. As a consequence, the 335 
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reduction of microvasculature density can effectively maintain doxorubicin concentration, 336 

and thereby enhance the delivery outcomes. On the contrary, methotrexate and paclitaxel 337 

experience less elimination and are able to transport with the interstitial fluid flow into the 338 

deep tumour region. Although the blood drainage is also inhibited, anti-angiogenesis has little 339 

contribution to the delivery of these two drugs. Given intratumoural drug delivery are 340 

determined by the interplays between the biological systems and drugs, findings from this 341 

study could provide suggestions to the choice of drugs in this combination therapy. 342 

Anti-angiogenetic agents are mainly delivered by systemic administration in clinical trials. 343 

Through daily oral administration, cediranib was capable of opening a time window (> 4-344 

week) of vascular normalisation in recurrent glioblastomas [15], enabling the combination 345 

with chemotherapy to enhance the treatment efficacy [9]. Intravenous bevacizumab has been 346 

shown to successfully reduce 29~59% microvascular density in renal cancers by 12 days [82]. 347 

However, its applications alone or with irinotecan could be less effective in the treatments 348 

against recurrent and newly diagnosed brain tumours [83, 84]. As an alternative, 349 

bevacizumab was continuously infused into the tumours for 28 days via CED. Compared to 350 

the animals treated with intravenous bevacizumab, the prolonged animal survival 351 

demonstrated the feasibility of CED bevacizumab for treating brain tumours either alone or in 352 

the combination with chemotherapy [17]. It is also worth to point out that, apart from 353 

intravenous administration which is carried out within few hours, the infusion in CED 354 

treatments usually lasts over days or weeks in clinical trials [1, 4, 16, 85, 86]. This continuous 355 

infusion could also benefit the anti-angiogenetic therapy which may require for days to play 356 

the role. As there is a lack of clinical trials using CED bevacizumab, bevacizumab and 357 

cytotoxic drugs are idealised infused simultaneously into the brain tumour in this study. 358 

Future studies are required to optimise the timing for the infusion of anti-angiogenic and 359 

cytotoxic drugs.  360 
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The insertion of catheter into brain is possible to cause tissue trauma and thereby leads to 361 

edema. The excess fluid due to the enhanced leakage from circulatory system could result in 362 

tissue swelling and backflow around the infusion catheter. These changes in hydraulic 363 

environment, as the main limitations in CED, might affect the drug intratumoural transport 364 

and accumulation. On the other hand, clinical trials have shown that anti-angiogenetic agents 365 

could alleviate the vasogenic edema [15], so as to ease those limitations. Since there is 366 

limited mathematical models that can descript the formation of edema in CED treatment or 367 

how anti-angiogenetic agents inhibit edema, this process in the combination therapy has yet 368 

been included in the present study. The corresponding mathematical model could be 369 

developed with supports from experimental measurements in the future.  370 

The mathematical model is applied to evaluate the performances of different cytotoxic drugs 371 

in the combination CED treatment with anti-angiogenetic agents under the same delivery 372 

conditions. As drug delivery incorporate series of biological and physicochemical processes, 373 

several factors could affect the treatment efficacy; these factors include the transport 374 

properties of drugs, biological properties of tumour and administration protocols. 375 

Comprehensive parameter study can be performed to identify the impacts and importance of 376 

each factor for optimisation [87, 88]. This study could be more applicable for nanocarriers as 377 

their properties could be tailored by modifying the formulation, morphology and fabrication 378 

process, etc. [89-92], whereas, the properties of small molecular drugs mainly depend on 379 

their intrinsic formula. One should note that the model also needs to be further developed to 380 

describe the certain process [39], such as the release of free drugs from nanocarriers.   381 

The delivery outcomes predicted by mathematical modelling agree well with experimental 382 

data under the same delivery conditions [38, 93] as shown in Figure 11. The mathematical 383 

model of drug delivery has been validated in several studies. The original model predicted the 384 

interstitial fluid velocity as 0.17 μm/s [34], which was in the range of 0.13~0.2 μm/s as 385 
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obtained from experiments [95]. The same model has been applied in a realistic tumour model 386 

[71], and the predicted interstitial fluid pressure of 1500 Pa and 40 Pa well located in the 387 

measured ranges of 587~4200 Pa and -400~800 Pa for solid tumours and the holding tissue, 388 

respectively [37]. As indicated by the coefficients of multiple determination (R
2
) of 0.8 and 389 

0.7, good agreements have been achieved between the simulations and experiments of the 390 

convection enhanced delivery of Evans Blue and albumin into gel, respectively [96]. 391 

However, it is important to point out that the modelling predictions remain qualitative when 392 

comparing to in vivo experiments [43]. This could be attributed to the lack of mathematical 393 

descriptions for the complex biochemical processes and the inaccurate model parameters to 394 

present the realistic properties of the tumour and drugs. In summary, mathematical modelling 395 

could provide the qualitative trends of drug delivery results against the variations of 396 

examined factors. These predictions are capable of assisting in identifying the influence of 397 

different factors and offering opportunities to optimise the treatment regimens. Insight from 398 

biochemical studies and studies on the molecular level could help establish mathematical 399 

descriptions for particular drug delivery processes, and the application of medical images is a 400 

promising approach to determine the biological properties for model development.  401 

This study is aimed to compare the performances of different cytotoxic drugs in the 402 

combination CED with anti-angiogenesis. Although some new insight can be provided, this 403 

study involves several assumptions and limitations. (1) The infusion catheter is idealised 404 

placed in the tumour centre. Given the importance of directional interstitial fluid flow to the 405 

transport of bevacizumab, the catheter pose and infusion direction need to be optimised in the 406 

future study. (2) The clinical CED usually lasts for several days [4, 16]. This time window 407 

could be sufficient for the drug accumulation and penetration to reach a quasi-steady state, at 408 

which the dynamic equilibrium is achieved between the source term of infusion and the sink 409 

term of elimination. Therefore, stationary simulations are carried out in this study to represent 410 
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the delivery outcomes at this quasi-steady state, corresponding to the potential maximum 411 

efficacy that can be achieved. However, the treatment is a dynamic process which relates to 412 

time, and its efficacy also depends on the clinical operations, including infusion duration, 413 

infusion rate, and dosage, etc. Therefore, transient simulations can be performed to obtain the 414 

temporal files of drug delivery outcomes, and following studies could also centre on the 415 

infusion protocol and parameters for optimisation. (3) The spatial distribution of 416 

microvasculature in solid tumour and the surrounding holding tissue can be heterogeneous, 417 

especially in the large tumours or the tumours with necrotic core. This non-uniform 418 

microvasculature could affect the drug transport and accumulation. However, because the 419 

microvasculature information cannot be predicted from the available medical images, the 420 

microvasculature is assumed to be uniformly distributed in the studied brain tumour [38, 43, 421 

97]. Parameters adopted in this work correspond to the averaged and representative values 422 

from literatures, as given in Table 1 and Table 2. This assumption can be relaxed by using 423 

dynamic contrast enhanced MR images [98, 99], on which the signal intensity correlates to 424 

the concentration of imaging tracer. By applying the drug transvascular transport equation 425 

[100], the microvascular density can be calculated from spatiotemporal profiles of the tracer. 426 

(4) This study is focused on the drug transport. Apart from enhancing cytotoxicity, the anti-427 

angiogenic therapy could also reduce the supply of oxygen and nutrients to the solid tumour, 428 

and thereby result in the cell death. To this end, the simulations can be further developed by 429 

including the models for transport of oxygen and nutrients, cell signalling and cell life circle, 430 

as well as pharmacodynamics in order to predict the spatiotemporal profiles of drug delivery 431 

and cell killing in this combination therapy.  432 

4. Conclusions 433 

Convection enhanced delivery of anti-angiogenic and cytotoxic drugs into a brain tumour has 434 

been studied based on a multiphysics model. Results demonstrate that anti-angiogenesis can 435 
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slightly enhance the bulk flow of interstitial fluid, but could significantly reduce the fluid loss 436 

from the blood circulatory system. This reduction is beneficial to prevent the dilution of drug 437 

concentration. The transport of bevacizumab is dominant by convection rather than diffusion 438 

in the tumour extracellular space. Therefore, the directional interstitial fluid flow could play 439 

an important role in determining its spatial distribution, and further influence the 440 

effectiveness of anti-angiogenic therapy. Results show that infusing bevacizumab is able to 441 

enhance the delivery outcomes of all the examined drugs, however, the responses to anti-442 

angiogenesis differ from drugs. The penetration and accumulation of doxorubicin, cisplatin, 443 

fluorouracil and carmustine are more sensitive to the reduction in microvasculature density, 444 

while the impact of anti-angiogenesis on the delivery of paclitaxel and methotrexate are 445 

relatively limited. Results obtain in study could serve as a guide for this combination therapy 446 

using CED.   447 
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 722 

 723 

Figure 1. Schematic diagram of drug transport processes in CED, in which the letters of AA, F and B 724 

refer to bevacizumab, anticancer drugs in their free form and the drugs that binds with protein, 725 

respectively. 726 

                  



27 
 

 727 

Figure 2. Model geometry. (A) A representative MR image slice, (B) reconstructed 3-D geometry. The 728 

brain tumour, ventricle and holding tissue are marked in red, dark grey and pale grey, respectively. A 729 

catheter  in black is placed in the centre of tumour for drug release. The diameter of the catheter is 1 mm. 730 

 731 

Figure 3. Spatial distribution of (A) bevacizumab and (B) variation scale of microvascular density, φ, on a 732 

cross section of the brain. The distribution of bevacizumab and φ within the brain tumour are highlighted 733 

in the dotted boxes in the left bottom corner of (A) and (B), respectively. 734 
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 735 

Figure 4. The interstitial fluid flow in the entire brain in the treatment with and without bevacizumab. 736 

The streamline of interstitial fluid flow is represented in 3D in the entire brain. The interstitial fluid 737 

velocity is shown on a cross-section, with black arrows indicating the local flow direction. 738 

 739 
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 741 

 742 

 743 
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744 
  745 

Figure 5. Comparison of interstitial fluid flow in the treatments with and without bevacizumab. (a) 746 

Interstitial fluid pressure, (b) velocity and (c) fluid leakage rate from blood are represented as a function 747 

of distance from the infusion site in panel (A). The spatial averaged values in the entire tumour are given 748 

in panel (B). The fluid loss rate from blood is determined by the transvascular pressure gradient and 749 

microvasculature density, calculated by Eq. (2). Infusion rate is 3.0 μL/min. 750 
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 752 

Figure 6. Comparison of drug spatial distribution in the treatments with and without bevacizumab on a 753 

cross section of the brain. 754 

 755 

 756 

Figure 7. Non-uniformity (NUN) of drug spatial distribution in the treatment with and without 757 

bevacizumab. 758 
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 759 

Figure 8. Comparison of cytotoxic drug concentrations in the CED treatment with and without 760 

bevacizumab. Volume averaged ECS concentration of each drug is represented as a function of the 761 

distance from infusion site. Infusion rate is 3.0 μL/min.   762 

 763 

 764 

Figure 9. Comparison of spatial averaged concentration (    )) of each cytotoxic drugs in the treatment 765 

with and without bevacizumab. 766 

 767 
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 768 

Figure 10. Comparison of effective distribution volume (    ) of each cytotoxic drugs in the treatment with 769 

and without bevacizumab. 770 

 771 

 772 

Figure 11. Comparison of modelling predictions and experimental data on the penetration depth of 773 

trypan blue upon CED infusion. (a) presents the results of two delivery strategies using a 30G needle. 774 

Trypan blue is continuously infused into gel at the rate 0.5μL/min for 120min in Experiment_1, whereas, 775 

the continuous infusion at the same rate only lasts for 60min in Experiment_2.  (b) shows the results of 776 

infusing trypan blue at the rate 1.0μL/min through a 27G needle. The experimental data of (a) and (b) is 777 

extracted from Ref. [93] and [38], respectively, with the diffusivity of trypan blue 3.0E-9 m
2
/s adopted [38, 778 

94]. There are good agreements of predicted penetration depths within the experimental measurement 779 

errors. 780 
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Table 1. Biological properties of tumour and surrounding tissue 783 

Symbol Parameter Brain Tumour Normal Tissue 

υECS Volume fraction of extracellular space 0.35 [51] 0.20 [52] 

υICS Volume fraction of intracellular space 0.55 [51] 0.65 [52] 

α Angiogenesis parameter (s-1) -1.85E-6 [47] -1.85E-6 [47] 

β Angiogenesis parameter (s-1) 5.56E-6 [47] 5.56E-6 [47] 

γ Angiogenesis parameter (s-1) -3.71E-6 [47] -3.71E-6 [47] 

ρ Density of interstitial fluid (kg/m3) 1000 [53] 1000 [53] 

μ Viscosity of interstitial fluid (kg/m/s) 7.8E-4 [53] 7.8E-4 [53] 

πb Osmotic pressure of blood (Pa) 3440 [54] 3440 [54] 

πi Osmotic pressure of interstitial fluid (Pa) 1110 [34] 740 [34] 

pb Pressure of blood in microvasculature (Pa) 4610 [54] 4610 [54] 

S/V Initial Ratio of vessel surface area over tissue volume (m-1) 20000 [34] 7000 [34] 

σT Osmotic reflection coefficient for blood proteins 0.82 [34] 0.91 [34] 

Kb Hydraulic conductivity of the vessel wall (m/Pa/s) 1.1E-12 [43] 1.4E-13 [43] 

κ Darcian permeability (m2) 6.4E-14 [43] 6.5E-15 [43] 

 784 

 785 

Table 2. Transport properties of anti-angiogenetic and anti-cancer agents 786 

Symbol Parameter Bevacizumab Fluorouracil Carmustine Cisplatin Methotrexate Doxorubicin Paclitaxel 

MW Molecular weight 

(g/mol) 

1.49E5 [55] 130.08 [56] 214.05 [57] 300.01 [58] 454.44 [59] 543.52 [60] 853.91 [61] 

PICS-ECS Partition coefficient 
between ICS and ECS 

- 1.0 [52] 1.0 [52] 1.0 [52] 1.0 [52] 1.0 [52] 1.0 [52] 

PCM-ECS Partition coefficient 
between CM and ECS 

- 0.1 [44] 10.3 [52] 0.006 [62] 0.01 [44] 0.3 [63] 3162.3 [64] 

KECS, 

KICS 

Binding constant 

between free and 
bound drugs in ECS 

and ICS  

- 0.1 [65] 5.0 [52] 1.0 [66] 0.7 [67] 3.0 [68] 5.1 [69] 

DECS Diffusion coefficient 

in ECS (m2/s) 

3.2E-12 [70] 1.2E-9 [44] 1.5E-9 [52] 2.5E-10 [58] 5.3E-10 [44] 3.4E-10 [71] 9.0E-10 [64] 

P Transvascular 
permeability (m/s) 

- 9.0E-7 [44] 7.0E-7 [52] 1.5E-6 [58] 1.4E-8 [44] 3.0E-6 [71] 7.0E-9 [64] 

ke Drug elimination due 
to reactions (s-1) 

1.2E-5 [47] 5.6E-4 [44] 1.1E-4 [52] 7.3E-4 [58] 1.5E-4 [44] 5.8E-4 [72] 6.8E-7 [64] 

kAK Anti-angiogenetic rate 

(s-1) 

2.0E-6 [50] - - - - - - 

Cin Infusion solution 
concentration (M) 

6.7E-4 [73]  7.7E-3 [74] 1.9E-2 [75] 3.3E-3 [76] 3.7E-4 [77] 1.84E-3 [77] 7.0E-6 [78] 

LD90 Effective therapeutic 

concentration (M) 

- 2.0E-6 [79] 1.5E-5 [64] 2.0E-5 [79] 5.9E-5 [79] 2.39E-6 [80] 8.9E-7 [64] 

 787 

 788 

Table 3. Relative importance of convective transport of each cytotoxic drug in brain tumour. 789 

 Fluorouracil Carmustine Cisplatin Methotrexate Doxorubicin Paclitaxel 

No_AA 0.26 1.76 0.82 3.05 1.01 872.76 

Upon_AA 0.27 1.84 0.86 3.13 1.05 912.11 
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Table 4. Relative importance of microvascular-related elimination of each cytotoxic drug in brain tumour. 792 

 Fluorouracil Carmustine Cisplatin Methotrexate Doxorubicin Paclitaxel 

No_AA 3.94E-06 6.03E-07 8.26E-06 2.22E-08 1.36E-05 6.38E-11 

Upon_AA 3.68E-06 5.64E-07 7.72E-06 2.08E-08 1.27E-05 5.99E-11 
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 794 

Table 5. Karlovitz number of each cytotoxic drugs in brain tumour. 795 

 Fluorouracil Carmustine Cisplatin Methotrexate Doxorubicin Paclitaxel 

No_AA 3.61E-03 4.90E-03 2.27E-03 9.19E-02 1.14E-03 2.90E-01 

Upon_AA 3.89E-03 5.30E-03 2.46E-03 9.61E-02 1.24E-03 3.13E-01 
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