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ABSTRACT: Effective delivery of drugs to tumor cells is essential for the success of most anticancer
therapies. In this study, two-dimensional modeling for spatiotemporal distribution of doxorubicin
concentration under bolus injection and the continuous infusion is presented. Mathematical simulations
have been performed considering the main physical and biochemical processes in drug delivery to tumor
cells. Anticancer effectiveness is evaluated through changes in tumor cell density based on predicted
intracellular concentrations. Unlike most computational models, which assume a uniform distribution

of blood vessels in the tumor, the vascular network is produced using a sprouting angiogenesis method.  Keywords:

The results demonstrate that the drugs accumulate more in areas with high vascular density, resultingin =~ . o apy

improved drug cytotoxicity. Compared to bolus injection, continuous infusion leads to longer high level Doxorubicin

maintenance of intracellular drug concentrations in the tumor, which is more effective in improving the

cytotoxic effect. Although bolus injection leads to a 90% higher extracellular concentration peak, there Drug delivery
Solid tumor

is the risk of severe side effects. Also, continuous infusion by keeping doxorubicin at a higher level in
the tumor leads to improved anticancer effectiveness by about 26% relative to the effectiveness of bolus
injection at the end of the treatment.

Vascular network

1- Introduction

Cancer is one of the leading causes of death around the world. : i -:
Anticancer treatments depend on the effective delivery of : S :
therapeutic agents to the tumor cells [1-3]. Chemotherapy | . 3 1
is a systemic treatment in which anticancer agents circulate gt : 3 :
in the bloodstream and can reach cancerous cells around Sl "-“"a I
the body. The therapeutic effectiveness strongly depends on —* B :
the amount of drugs that accumulate in the tumor and the I

| I :

duration of drug exposure. The route and method of anticancer
drug administration affect the biodistribution kinetics and
chemotherapy effectiveness [4, 5]. Therefore, studies on
mode of injection with the aim of maximizing intracellular
drug concentration are very important.

In this study, we generated a semi-realistic microvascular

Fig. 1. Schematic diagram of the multi-compartment
model (F: Free drug, B: Bound drug).

network by a hybrid angiogenesis model for simulating
the spatiotemporal delivery of doxorubicin to solid tumors.
The computational model incorporates the major physical
and biological processes involved in the transport of drugs
from microvascular to interstitium. We also calculate the
interstitial fluid flow that influences the distribution and
transport of drugs. Anticancer efficacy is evaluated based on
the percentage of survival tumor cells obtained by directly
solving the pharmacodynamics equation.

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

2- Methodology

The block diagram of the multi-compartment model of the
current study is shown in Fig. 1. The details of the rules of
the mathematical model of angiogenesis and blood flow
simulation have been determined in our previous study [6].
The fluid flow in the porous medium is based on Darcy’s law
(Eq. (1)) that can modify by adding source (¢,) and sink (¢,)
terms for biological tissues:

v. =—KVP (1)
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Fig. 2. Comparison of tumor cell survival percentage
over time in the present study with results of Zhan and
Xu [7].

Vv, =¢,-4, 2)

Where v, is the interstitial fluid velocity, K is the hydraulic
conductivity of the interstitium, and ¢, and ¢, are the rates
of fluid flow per unit volume from blood vessels into the
interstitium and from the interstitium into lymph vessels,
respectively.
Drug transport is governed by convection-diffusion-reaction
equations for free drug (Cfe) and bound drug (C,) in the
interstitial fluid:

a—C=DeﬁVZC—vl.-VC+R+P,,+13, A3)
ot
Where Deﬁ. is the effective diffusion coefficient, and P, P,,
and P, represent the net rate of doxorubicin gained from
the blood/lymphatic vessels, association/ dissociation with
protein, and influx/efflux from tumor cells, respectively.
Intracellular concentration is also defined by Eq. (4), where {
and ¢ are cellular uptakes and efflux functions.

acC,

—=(-¢ 4
—L=¢ )
The change in tumor cell density with time is shown by a

pharmacodynamics model:

dD,. £ C 2

—C=——t 1D +kD.+k,D,

dt  ECy+C, ¢ ¢ &€ )
Where f is the cell-kill rate constant and EC;, is the
drug concentration producing 50% of f . k and k_are cell
proliferation rate constant and physiological degradation rate,
respectively.

3- Validation

Fig. 2 shows the numerical validation of this study by
comparing the percentage of tumor cell survival resulting
from a 2-hour continuous infusion with the results of Zhan

514

()™

Ge-d =

bolus injection
2 hour infusion

Se-4 4

4e-4 4

3e-4 o

C,, (kg/m’)

(B) 12
— bolus injection
~== 2 hour infusion

0.8 4

0.6 4

C (ng/lﬂ" cells)

0.4 4

0.2 4

& 6 7
Time (hr)

—_—
0
-
g
/|

— bolus injection
\ === 2 hour infusion

Fraction of survival (%)
/

82 4 s

80 4

78 T T T T T T T T T T T

56 7
Time (hr)

Fig. 2. Comparison of tumor cell survival percentage
over time in the present study with results of Zhan and
Xu [7].

and Xu [7]. There is a good agreement as the trend of both
curves is quite identical. However, this discrepancy is due
to that Zhan and Xu [7] used the maximum vascular density
throughout the tumor.

4- Results and Discussion

In Fig. 3, regardless of the mode of injection, the extracellular
concentration in the tumor increases rapidly during the initial
period after drug administration and reaches its peak value at
the end of the infusion. The extracellular concentration peak
of bolus injection is about 90% higher than the continuous
infusion peak. Although continuous infusion decreases the
peak value, it maintains a higher drug concentration in the
tumor. As shown in Fig. 3B, intracellular concentration
follows the trend of extracellular concentration. Intracellular
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concentration initially shows a sharp increase until reaches
the peak value and then decreases. The peak value of bolus
injection is 29% higher than the peak of continuous infusion,
but at the end of the treatment, continuous infusion retains
the drug at 67% higher in the tumor. Therefore, under
continuous infusion, more cancer cells are affected by the
drug. As shown in Fig. 3C During the initial period after
drug administration (about 3.5 hours), the anticancer efficacy
of bolus injection is greater than continuous infusion, but it
weakens over time. According to the results, although the
2-hour infusion leads to a lower intracellular concentration
peak, the drug concentration remains at a higher level after
administration, so at the end of the treatment, the continuous
infusion has 26% more anticancer effectiveness than bolus
injection. Therefore, the treatment effectiveness, beyond the
peak value, depends on the intracellular concentration during
the total exposure time of the drug.

5- Conclusion

In this study, the spatiotemporal distribution of doxorubicin
concentration under different injections is investigated. The
results showed that to improve the therapeutic efficacy, the
drug must remain in the tumor for a long time. According
to the results, although the 2-hour infusion leads to a slower
increase and a lower peak of intracellular concentration, the
drug concentration remains at a higher level after the peak
time and the cytotoxic effect is better. Therefore, the cytotoxic
effectiveness depends more on the intracellular concentration
over the entire time of exposure than on the peak value.
Therefore, for the same total dose injected, a continuous
infusion can be more effective than a bolus injection.
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Fig. 2. Schematic of the computational domain used in the current study. The vascular network
consists of 2 parent vessels located at the left and right sides of the domain.
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Table 1. Values of parameters used in flow simulation.
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Table 2. Values of doxorubicin parameters.
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Table 3. Boundary conditions used in current study.
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Fig. 3. (a) The grid-independency of the results and (b) the image of the triangular
in the simulation of drug distribution.
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Fig. 4. Validation of the present model; (a) The comparison of interstitial fluid pressure of the present study in
agreement with the results of real observations for different tumors [34] indicates its high pressure, (b) Com-
parison of tumor cell survival percentage over time in the present study with the results of Zhan and Xu [49].
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Fig. 5. (a) Generated vascular network and distribution of (b) intravascular pressure, (c) interstitial fluid
pressure and (d) interstitial fluid velocity in tumor and normal tissue.
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Fig. 6. Intravascular concentration of doxorubicin as a function of time for bolus injection and 2-hour con-
tinuous infusion.
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Fig. 7. Spatial mean of doxorubicin concentrations in tumor under bolus injection and continuous infusion.
(a) free and (b) bound extracellular concentration, (c) intracellular concentration, and (d) percentage of tu-
mor cell survival.

Wgy G1F S il dopd A dgi (ply 35 Sw & )b
(F JS8) (9 2 mngrpnS 9> Cale b @l (ol duolie ol jiy
Db CBle p et 156 > Bgye 9 il & amd e ol
2 clile Slojmalad mig 2> Jate g 311 gy s> (Jobo
S8 53 9095 <L (sl ilisee (Sloj 03l B 53 (g rpuS 93 (Jobo
Jil «Bgpe 45w (sSonls il dods ol 003 03l Lis A
olgie 4 Ggye o bl .l sga0m j9085 slaJshs 1 (S 4 90
GuF adgl 0)93 ) Clalé Jlade pSlas WS o Jos ) sl mie 5
5 Syt slapilSe Bk 5l 9)> an3 o0 &) B 0)lgd ©pglome )
93 BF Eard plB 3 398 0 @ yees SN SISy & L]
Gl Cplpl sl jao (g 89 (Jobo )15 clale gl jlade

@ e @ GuF S| Sl jule dlugy 31)5 Sl aep AF
05> 0 ez s> Chle Ll ogdee lop il 13 5YL Sy
cdale 505 g jl b R S sl G0 kL S om
LS (o ydar |y (o8l (2)lge LRl Slad 5 )3 g guS 9y (VL
Bl Modgu yly Caml (Son dlanger 3255 cl e
<8l (sl gloj Jsb 53 Cmmgygns'9d> lackale plad (:Sle
Syo Cusl oad 02> LISV JSS )3 g 9 ogler BoyF CoT 9088
Jato g 303l ennggeS 9> Jsho @b slaclile Gy el 5l s
S & 30F el o g bioe Gl Boy adgl 090 > Cos o &
b chld Sy jlde dwgy By a2 ST (ARY JSD) sy 0 295
S o Lais 2l 1y (6 5V (ol ol Lol camd o inlS |y gl

Yoot



(<a4)

Time (hr) Bolus injection  2-hour infusion

0.1
0.3
1
J«f?v?%
"g"' A ok 4
2 {%’?ﬁ@ 5
Shy
= "™
K et g
12

(<)

Bolus injection

2-hour infusion

By COT )9095 43 (w1 9 93 (Jghur (99,3 CRIE () 9 3131 Cpmmaig y9muS'93 (Jobuw )1 ke (W) (Sloj- Ko @295 A S
o] bowd Ayl jglS p2 adsS 40 csloj p2 40 yeeg ;3 CAAIL Jlado wSTas el IY 9 F o) o ¥ o)) cbyboj 4> diwgm 9 wolen

Fig. 8. Spatiotemporal distributions of (a) free extracellular doxorubicin concentration, and (b) intracellular
doxorubicin concentration in tumor under bolus injection and continuous infusion at 0.1, 0.3, 1, 2 and, 12
hours. The maximum value of concentrations in the tumor at any time is written in the corner of each contour.
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