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ABSTRACT: Mathematical models and numerical simulations along with clinical studies can help
provide better understanding of drug delivery mechanisms, increase the efficacy of therapy, and
demonstrate the effect of various physiological parameters on tumor behavior. The main objective of this
study is to use a multiscale model based on mathematical modeling and computational fluid dynamics to
evaluate drug delivery to a solid tumor and to predict treatment efficacy. A more-realistic physiological
model of the tumor compared to the previous models is examined by obtaining the capillary-network’s

geometry from an image, as well as by considering the necrotic area and cellular uptake. Fluid flow  Keywords:
modeling and drug delivery simulation are then performed for the interstitium. The fraction of killed  pryg delivery
cells is obtained approximately 69.03% after the cancerous tissue is treated with doxorubicin. Results  Chemotherapy

also demonstrate that the drug concentration in the necrotic area is very low; only a small amount of  Solid tumors
the drug penetrates into the necrotic area by diffusion. The findings of this study may help researchers
better understand the mechanism of drug delivery to solid tumors, —a necessary step in overcoming the
micro-environmental barriers of tumors that impede treatment efficacy.
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1. Introduction

Due to the high mortality rates associated with cancerous
tumors, many researchers are focused on finding methods and
tools for early detection and effective treatment. Developing
a mathematical model to properly predict treatment,
improve and optimize it, and provide new therapies can
help personalize treatment, increase patients’ longevity, and
enhance their quality of life.

The effectiveness of chemotherapy depends on the spatial-
temporal distribution of the drug in the tumor, which itself
depends on the characteristics of the tumor microenvironment,
as well as the drug. Recently, Computational Fluid Dynamics
(CFD) have generated a new field based on personalized
clinical features employing computational modeling of drug
delivery to solid tumors by combining patient characteristics
with medical imaging data. For example, recently, Moradi
Kashkoli et al. [1] examined the distribution of the drug using
a finite element method, taking into account an image of a
vascularized tumor.

In this study, by using mathematical modeling and
computational fluid dynamics, employing an image of
vascularized tumor, and also making the tumor physiology
more realistic (considering drug binding to the cell, cellular
uptake, and the presence of necrotic core in the tumor), the
model for drug delivery to solid tumors is developed

*Corresponding author’s email: msoltani@kntu.ac.ir

2. Material and Methods

Delivery of chemotherapy drugs to tumor cells involves
injection and transport through the circulatory system,
leakage from the tumor microvessels, interstitial transport to
tumor cells, binding to the cells, and eventually entering the
cell space (Fig. 1(a)). The compartment model of the present
study is also illustrated in Fig. 1(b).

2.1. Governing equations

The equations governing the present problem include:
interstitial fluid flow, drug transport, and effectiveness of
chemotherapy equations as follows

- Interstitial fluid flow [1]:

V'Vi :¢B_¢L M
v, =—x VP, ©

in which « is the interstitium’s hydraulic conductivity,
vi is Interstitial Fluid Velocity (/F'V), Pi is Interstitial Fluid
Pressure (/FP), ¢B is the fluid flow rate from capillary
network to the interstitium and @L is the fluid flow rate from
tissue to the lymphatic system.

- Drug transport [1]:
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Table 1. The optimization results for the proposed cycle
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inwhich C,, C,, and C  are respectively the concentration
of free, bound and internalized drugs. Crec represents the
drug concentration at the cell-surface receptors and Deff
indicates effective diffusion coefficient. K, K., and K,
are the constants for binding, unbinding, and internalization,
respectively. @B and @L are the rate of solute transport
from capillaries to interstitium and from interstitium to the
lymphatic system, respectively.

- Effectiveness of chemotherapy [1]:

Fraction of Killed Cells =1- S, =1-exp(-@-C,;) (6)

S, is the ratio of remaining cells after chemotherapy, and
o is a constant which is determined for doxorubicin.

2.2. Geometric model and computational field

In this study, the image extracted from the study of Walter
et al. [23] is used as input. After image processing, a 2D
computational field considering a tumor with 1 cm diameter
is examined. Fig. 2 shows the computational field considered
in the simulation. The necrotic area is assumed at the center
of the tumor as R = 0.4R.

3. Results and Discussion

Results of the /F'V are shown in Fig. 3. The /FV in the
tumor area has very small value and it is maximum at the
outer border of the tumor. It should be noted that the /F'V in
the necrotic area is much lower than in other areas.
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Fig. 2. Computational field considered in numerical simulation

Fig. 3. Interstitial fluid velocity distribution (in m/s).

Spatial distribution of the non-dimensionalized state of
different drug concentrations for the tumor and surrounding
normal tissue is shown in Fig. 4 in 5 hours post-injection.
The concentration in the necrotic area is so small that it can
be generally neglected.

4. Validation of Numerical Results

The comparison between the result of this study and that
of Stylianopoulos et al. [2] is performed based on the fraction
of killed cancer cells parameters (Fig. 5). Different capillary
networks and also differences in geometry due to the addition
of necrotic core are caused such a result.

5. Conclusions

In this study, a computational model of drug delivery to
solid tumors is developed, taking into account the capillary
network obtained from the tumor image, the necrotic area in
the geometry of tumor, as well as assuming real conditions.
Findings of the current research are as follows:

* The /FP reaches maximum value in the tumor.

e The /FV is maximum at the border of the tumor and
normal tissue.

* The complexity of capillary network is the main factor
for the heterogeneous distribution of drug in the tumor.



F. Moradi Kashkooli et. al.,Amirkabir J. Mech. Eng., 53(Special Issue 5) (2021) 749-752, DOI: 10.22060/me;j.2020.18030.6715

08 o -0 e AR T T
0.9 » /.’_
-4 L
0.8 - ’ /"-'__
Z o6k ! / o
S 1 / /
5 o
= i
fos S 04fg
£ T4
04 g ; —————— Present study considering necrotic core
_ = I I* —-—@—-— Stylianopoulos et al,
0.2 __ i — == — Present study without necrotic core
0.2 f
0 [ 1 | N B RN BN |
, 0 10 20 30 40 50 60
Time (h)
Fig. 4. Spatial distribution of different concentrations of drug Fig. 5. Validation of results with previously published work
for tumor and normal tissue in 5 hours post-injection using fraction of killed cancer cells over time
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Table 2. Values of parameters used in the simulation of transport of chemotherapy drug
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Table 3. Values of parameters used in the modeling of interstitial fluid flow

-

& JiRv> <L g s -l eyl
Y. ol
[V] . mmHg T
v sy Sk
Ve L s
[V] . mmHg i
Vo BETOE
/A Al it
[v] . - Os
“/AY BECT RS Y
ey Ml it
[V] y cm/(mmHg s) L,
Y/AX) " e bl
AJOYx) + 78 Wl it
[Vl . cm?/(mmHg s)
¥/ o FPPRCHN
(V4] o/ sl g e Pa P

¥iag



Yoo BYVAY i MY o Jl.w Al b).:s o)Lo.w HY 0)9> ‘).:.As).:.nl \_ia)&n L;\JW 4.4).»&.»

Yo

(<)

A 3.25%10°

x10*
3.2
3

2.8
26
24
2.2
2

18

16

14

¥ 1.33x10°

(b

S 290 090 S8y 9 5LAd 259 F S
(4l y1 ko o> ) (S g0 (5930 S 2598 10 (JBwly oz 1) (5 190 (390 HLid 2595 1
Fig. 4. Distribution of intravascular pressure and velocity
a) Intravascular pressure distribution (in Pa), (b) Intravascular velocity distribution (in m/s)

99 [Val s SO a5 0 Byb 5lg eng glae v L
P 3l sy o5 Ol Glr e 90 5 6090
)13 0929 (95 Ol e (2 S 9 699)9 99 adlllas ol
shlo pols asdllas 1o (5 g0 (9,0 sy (Sl odnliawsas lade

Sloabauls jlade b aS ol o 4l 5 e o VA Slade Al

4 Glwlne Gl o Cao Sl 4z e S g y9bar Wb o 25
B G2 (Srse 0900 L S o0 S Sy Sk
Slade aBboo g BB 5500 Lulpd 4 azgi b g cnl &5
DAl o)Ken g celond anlllas ;o )Lad acins gl ool
alllas (sl JLad anciy e 45 590, 0dgr JISul YOY-
Goo,s FIAY 3! 5l Sl a5 wil e JSub YYO. Lol

(<l

Lok SLad jo e w9 5Ld 2595 O S

(4wl y yio o> 32) (8Ll cae yr 29595 10

(Bl o ) (8L koo jLiS 29 565 2 I

Fig. 5. Distribution of interstitial fluid pressure and velocity
(a) Interstitial fluid pressure distribution (in Pa), (b) Interstitial fluid velocity distribution (in m/s)

AR



YV BYVAY oo VFer Jlo @ 039 0 loud DY 09 ¢ yuuS ol SlSo i @ yuiid

5 S, goue Slalllae 55 5 [YY] o San 5 5L 025 IS 50
el oty samlive 55 VY] (L Ken 5 Soviw 3 VY] o Kea
0597 S 13 (o5 sl polie (BLole Jlow S ( IS ok
@brlr O)le a5 85w plgiee nlple o)l (Slaslxe
oldlas o DAl el pob s8bole Jbw by 4 by
Gl IS o L b e ol a8 col ol ool las [WF] iy
el S8 p3Y ot 105,50 b 5095 S5 slvsjlasl 5 Lol
2l 3l 5ol e Boles Sl S 139,55 4l s &
sl o L5 g 0090 oy
Slp gl @b slacdale wn o b S-Sy ase
o el sl ks Lis B S e o BLLL Wl il g gess
o bl T o b pamiie oy Sy o dacale el Sl plas
dwobre ils S 0 clale Jlude gSTas o awais | dads o
Sl5T gyls clale aw ggamme Glgie a4 3 O JS cdale sl sus
w88 5l )0 0 Jsho @ 00l J21s (59,18 5 O ondfaie 59,1 <O
Al jo gl chale cul jasin S 5 aS jsbjlen 09 0
o) o wibin il 23 48 o Sl I i s 905
309 Sogeg 4l )3 S pge 2l (YU oy Jdoa
ool cbale ol 4l ool o (Bgpe aSed (JBs (09 5L
g 0-F a4 V\-F IS ) asl rals by csdS b g, ol
Sl JSd) 99d oo Joos oud fate gg)ls 4 g (-F 4 0-F JSo
6Lad 5y g ,05 4 oo Jate (59,1 ¢ s () =5 5 F-F 5 Y-F
5 T8 SlaJS8) 550 Bpao bl 5o 5 oud loshe J51s
Yoo addo 0 cul jasine LS 5l aS jgb o lea (VV-F 4 V-F
JS2) el 08,8 3985 Joho J51s & 52 Jla 53 lais
gl dgai 4z 8o YFe v gaado¥eo oyl o a5 Jb> o (Y-F
S (N5 5 V-5 el JS8) ol Laseio SLlS Jsbo U315 4,
Slade 0gb o (Sl slaobe (ulaiiS 4 e £9d9e (nl
5 S slots a5 (slaisTay 005 (el oo 35,55 4ol 4o il
@ O dhanlgdy g)ls (o5 Jlade Lo g wtlse (19,5 i 0

S oo D9 59,85 Sl 0999

Goue Ja C.’Lu W)Lu.c‘ -¥

.o)lo @9} s.,\.o.:Ua.A 9 009 4 yopd [\c\] Q‘)li‘“’m 9 u_cl?o.u Sow
Jole S glsteas VU kol JLid ol ol
Wlos,S ke Yo o5 b coslio luygyls blie jo 085,50
alis awaa (o1, bl Jlow JLad callo Jsis [ys v sl
Hlad el jastin O S 5l S wSles ans o lis Lol
alie e b SIS s Al s Bl Sl
Solyl5 s9lad s s Jale 90 4y ylgi o Ty sauay cpl cde
5 omin,] YAl L Ken 5 pee ikl Slllhas b mbs
Sle> o2 D] s 5 Saciw goae 5 55 5 [¥e] o Ko
o S8l g jee5 ,0 aF Cuwl S 4 3 iz )l (ol
Wil Ay 09z g 59,0 3l (6 yden wSl)SJl?}mQT oS abl>|
Silkeay o)l gy ke 4l o] o bl b i
35 Sy b 515 b cenlite ol Jlo JLid S0
ool cde w8l jo il (g 905 Al o SeKenl caumo Ll
oda7y dwiid b (S pge a0 0929 (BLoke jLiS 45 (S9Seals
cded 59,55 4l 10 (0 B)b 5l abl oo deiin Ol lgiea
39> Oliee (rF0mb 4 (ol Jlow jLid olx g ania lad
)0
ol 00 00l L o-F S o 8l oyl b S oo s
ObolS 4 anly (Blole Jlow S ojls 98 bl
EE R S EE PRI SRS SN BIEE R e
Sy 22398 om0 el (Kadl O jg0d (5 5095 4l )0
30 E5050 (pl ol C9iSG f 5 Al ol o 8Ll b
b 0 DV s 5 oSy o [TV] o) Ke 5 5315 ladlas
l;. axllas U”‘ 9O Sy 6‘;) ou\.o—‘wécb )L.\M =L‘>)§| ] 0
P [¥Y] ) Ken g ailiogn (sgm 5l oddodnliv o,25 lade
238 ez 5 ol sty Glacs s (358 a0 (g e
G S8 o lid Wl oo (5 50 ALy CS eS8
SO R W WHCPSRRE RO SO L RS Ry e
9P (P9 5 595 0% 9 039 (o5l Sl Ghlo (5 95
Wil Olyesd g owyls Jaw ulel 5 jlzd (Lol S 4 ey

Epoge pl .l St BB jees e 59,0 sLad GLolS

¥iat



¥V e BYVAY doio Ve e Jlo oy o5l OF )93 ¢y prol CSilSlo (bies &y yui

0.9

0.8

0.7

0.6

0.5

0.3

0.2

0.1

ay) Ay)

Ok

(a235)

Yfou

Q)

Il 8L g 59095 5l 9,10 hliio GICBLE wmy o Ll (SBw- Sloj @ jg £ S5

Fig. 6. Temporal-spatial distribution of different concentrations of drug for tumor and healthy tissue
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