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Abstract—Due to the restriction of the number of probes
that a patient can tolerate and the inaccurate information
provided by the invasive temperature measurements, which
provide information only at discrete points, a mathematical
model simulation is more effective to help physicians in
planning their thermal treatment doses. This simulation will
maximize therapeutic effects while minimizing side effects.
Prior to the treatment, it will provide a precise idea of the
predicted reaction depending on selected doses; so new
treatment strategies can be proposed and evaluated.

To simulate cerebral circulation [1], we divide the fluid and
matter constituents within the human head into several
interacting subunits, so called compartments. Four main
characteristics of the analyses of the brain model are fluid
dynamics analysis, mechanical analysis, laser beam and heat
transfer.

The objective of this study is to simulate the Laser
Interstitial Thermal Therapy in Treatment (LITT) of brain
tumors including all four characteristics described above. The
thermal effect of the laser during coagulation lasts around one
second and its temperature is between 50 0C and 90 OC. LITT
has the following results; the desiccation and retraction of the
tissue to destroy tumor phenomena.

Index Terms—Laser interstitial thermal therapy, thermal
damage, brain cancer, bioheat transfer simulation.

I. INTRODUCTION

We will use the following detailed approach while
simulating cerebral circulation as described in [1]. We will
use several interacting subunits called compartments are
used to divide the fluid and matter constituents within the
human head.

We also used the abstract model described in [1] which
consists of many compartments (see Fig. 1): A — arteries
(combined with arterioles), C — capillaries, V - veins
(combined with venules), S — sagittal sinus, B — brain tissue,
F — cerebrospinal fluid, E — extra volume describing brain
swelling. The in- and outflows of the system are given by gx,

the resistance between compartments X and Y by Rxy. The

pressure inside a compartment X is determined by Px-
Compartments, which can vary in size, are described by
compliance Cxy).

The abstract brain model as described in [1] has two
inflows (one for each hemisphere) and two separated
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vascular beds, which reunite at the compartments describing
the sinuses. In addition, both hemispheres (compartments C-
and CF) contribute to the CSF production.

The main arteries (in-flow of the model) provide Oxygen
saturated blood as described in [1] to the brain.

The arteries split up into smaller arteries and arterioles
(compartment A), until they finally reach the capillary level
(compartment C).

In the capillaries, among other metabolites, oxygen and
carbon dioxide are exchanged with the tissue. Furthermore,
this is the place where the production of the cerebrospinal
fluid (CSF) takes place (internal inflow of compartment F).
Then, the capillaries reunite to wvenules and veins
(compartment V) and ultimately end up into the big stiveins
called sinuses (compartment S), from where venous blood
flows back to the heart (outflow of the model). Within the
sagittal sinus the CSF will be absorbed (outflow of
compartment F). The arterial system, capillaries, venous
system and sinuses are surrounded by brain tissue
(compartment B), which itself is surrounded by the CSF. All
compartments are enclosed by the cranial bone, which
therefore acts as closed compartment. For experimental
reasons an extra compartment E is introduced, which allows
the simulation of brain swelling. Additionally, it is possible
to simulate the injection of fluid from outside with gl
(pressure/volume experiments).

Il. HAEMODYNAMICAL PROCESSES

Fig. 1. Abstract model for simulating haemodynamical processes inside the
human brain. (Extended model to include both hemispheres). [1]

The aorta and its ramified blood vessels [1] are embedded
in biological tissue, specifically the brain tissue. The
flowing blood applies pressure to the artery’s internal
surfaces and its branches, thereby deforming the tissue. The
analysis consists of four distinct but coupled procedures:
first, a fluid-dynamics analysis including a calculation of the
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velocity field and pressure distribution in the blood (variable
in time and in space); second, a mechanical analysis of the
deformation of the tissue and artery; third electromagnetic
laser beam modelling and fourth thermal distribution and
tissue damage during the laser heating of the tumor.

The main characteristics of the analyses are:

1) Fluid dynamics analysis [2] the Navier-Stokes
equations are solved in the blood domain. At each
surface where the model brings a vessel to an abrupt
end, it represents the load with a known pressure
distribution.

» Mechanical analysis [2] only the domains related to
the biological tissues are active in this analysis. The
model represents the load with the total stress
distribution it computes during the fluid-dynamics
analysis.

 Laser beam modeling [3]. We will model the laser-
tissue interaction with Beer-Lambert Law.

 Thermal conduction (based on either Fourier’s law or
modified Fourier’s law), constant blood perfusion and
evaporation as a boundary condition. The Heat
Transfer Module will be used with a material library
model for brain and probe solid materials.

2)
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4)
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Fig. 2. Connection between compartment model and oxygen transport. [1]

COMSOL Multiphysics Simulation Software will be used
to simulate the mathematical model which includes The
Brain material with tumors. These materials will be defined
with their density, conductivity, specific heat, diffusivity,
relative permittivity, relative permeability and electrical
conductivity values. A new material Laser delivery probe
will also be defined as the source energy.

Expected results are thermal distribution throughout the
biological tissues during the heating and temperature
distribution. We will also compare thermal conduction
results on Fourier’s law vs. modified Fourier’s law. An
expected result is the estimation of the volume of tissues
damaged during the treatment.

Furthermore predicting the result of the laser interstitial
thermal therapy in treatment of brain cancer depending on
scenarios discussed between physicians and patients will
improve the health care system by providing a personalized
and focused treatment. Using the laser energy source, light
is emitted from the diffusive tip of an optical fiber probe that
is inserted into the center of a brain tumor

Using COMSOL v5.2, we build apps for physicians’ use.
Our COMSOL Multiphysics model is turned into an
application with its own interface using the tools provided
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with the Application Builder desktop environment.
Physicians will use their laptops or smart phones to access
and run the application remotely.

A. Simulation Model

The ACVS (Fig. 1) is inside a brain tissue. The brain
tissue (Fig. 2) is modeled as a Cylinder of 160 mm width,
210 depth, and 80 mm height. The cranial bone (Fig. 3) is of
210 width, 235 mm depth and 90 mm height.

The Brian tissue, as shows in Fig. 3, is heated up to 10
seconds by a 5 W laser.

The initial temperature of the brain tissues is considered
293.15 K.

These values can be changed by the user of the model to
simulate in real-time.

MATERALS AND METHODS

B. Laser Procedure

We will model the laser-tissue interaction (Fig. 3.) with
Beer-Lambert Law [3]. The Beer-Lambert law can be

written in differential form for the light intensity | as:
ol/ox=a (T) | (1)

where x is the coordinate of the material, @(T) is the
temperature-dependent absorption coefficient of the tissue.

Laser Light

Heated
Region
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Fig. 3. Modelisation of the neer-Lambert law. [3]

C. Modeling in COMSOL Multiphysics
C.1 Geometrical description of the model

We will start with the thermal conduction using Fourier’s
law for our first step of the simulation (results presented
here) then upgrade to the modified Fourier’s law [4]. We
will then compare the results of these two simulations.
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Fig. 4. The model domain consists of part of the aorta, its branches, and the
surrounding tissue.
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Fig. 5. The model domain consists of part of the aorta, its branches, and the
surrounding tissue. [Added on the top the brain tissue].
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Fig. 6. The model domain consists of part of the aorta, its branches, and the
surrounding tissue. [Added on the top of the brain tissue, the cranial bone].

C.2. Heat distribution

The LITT of Brain Tumors [5], [6] was modeled by the
bio-heat equation in a 3D geometric study, using the bioheat
transfer application mode with time dependent COMSOL
5.2. Table | describes the physical parameters used by our
Comsol numerical simulation.

C.2.1. Heat Equation (mathematical model)

We will start with the thermal conduction using Fourier’s
law for our first step of the simulation (results presented
here) then upgrade to the modified Fourier’s law.

pCpa(_;tr+pCpu-VT+Vq=Q+Qbio
O]

®)
where T is temperature (K), C,C, is the heat capacity
JI(kg*K)), P is the density of the brain tissue (kg/m”3), k
is the thermal conductivity of brain tissue (W/(m*K)), Q is

g=-kvVT

heat source, Q,;, is the perfusion and metabolic heat source.

C.2.2.The perfusion equation
Quio = PCuW, (Tb -T ) +Quet

where Q,;, is the perfusion and metabolic heat source,

4)

P, P, is the blood Density, C, is Specific blood heat,
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Q,; is Metabolic heat source, W, is Blood perfusion rate,

T, is the blood flow rate, T is time (s), Q
metabolic heat source.

met 1S the

TABLE I: SETTINGS OF QBIO PARAMETERS.

Description Value

Arterial blood temperature | 310.15[K]
Specific heat, blood 3650[J/(kg*K)]
Blood perfusion rate 0.866[1/s]
Density, blood 1035 kg/m?
Metabolic heat source 0

We consider that the metabolic heat and external heat
sources are negligible in respect to the laser inducted heat.

The initial temperature of the brain tissues was considered
as T¢=293.15 K.

The thermo-optical parameters were considered constant
during the thermal process.

MATERIALS The following material properties are used:
* Blood

- density = 1060 kg/m3

- dynamic viscosity = 0.005 Ns/m2
* Artery

- density = 960 kg/m3

- Neo-Hookean hyperelastic behavior: the coefficient p
equals 6.20-106 N/m2, while the bulk modulus equals 20
and corresponds to a value for Poisson’s ratio, v, of 0.45. An
equivalent elastic modulus equals 1.0-107 N/m2.

* Brain tissue

- Density = 1050 kg/m3

- Neo-Hookean hyperelastic behavior: the coefficient p
equals 7.20-106 N/m2, while the bulk modulus equals 20
and corresponds to a value for Poisson’s ratio, v, of 0.45. An
equivalent elastic modulus equals 1.16-106 N/m2.

C.3. Mesh

The brain tissue is meshed using a triangle swept mesh as
shown in Fig. 7.
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Fig. 7. Mesh of the model simulation.
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C.4. Thermal damage

The induced damage (or damage integral) has been
computed using well-established first order Arrhenius
equation [3]:

Co

B B Ea
Q@) =In Cup(t) fAer [ RT(t)]dt )

where Co is the original concentration of undamaged cells,
Cup Cupis the concentration of the remaining living cells

after time t, the treatment time, A is the frequency factor, Ea
is the activation energy and R is the universal gas constant.
(R=8.314 J mol™* K™).

A damage integral of 1 = 1, corresponds to 63% percent

probability of cell death, and damage integral of ! = 4.6
corresponds to 99% percent probability of cell death at a
specific point.

TABLE Il: THE PHYSICAL PARAMETERS USED IN OUR COMSOL NUMERICAL
SIMULATION. (THERMAL PROPERTIES OF BRAIN)

Name Expression | Value Description
Fat 1[in] 0.0254 m material inner radius
Thickness 25400[um] 0.0254 m mat inner thickness
Fspot 8[mm] 0.008 m Radius of laser spot size
Plaser 5[W] 5W Laser power
Temp 310.15[K] 310.15 K Initial Temperature
Heat 3636[J/(kg* | 3636[J/(kg | Brain Heat Capacity
Capacity K)] *K)]
Density 1050[kg/m”™ | 1050[kg/m | Brain Density

3] 3]
Thermal 0.51[W/(m* | 0.51[W/(m | Brain Thermal
conductivity | K)] *K)] conductivity
A 7.39e39[1/s] | 7.39e39 Frequency factor
dE 2.577e5[J/m | 2.577e5 Activation energy

ol]

IV. SIMULATION RESULTS

During the simulation and in order to minimize the side
effects while optimizing the laser treatment, the physician
can play with the input values to Control the thermal
ablation during a laser surgery/cancer treatment.

Fig. 8 and Fig. 9 show the heat distribution during the
simulation which will help physicians to predict and
organize the treatment.

Fig. 8. Temperatre during 15 seconds at the surface of the brain tissue.
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Fig. 9. Temperatre during 15 seconds at the surface of the brain tissue
(isothermal contours (ht)).

Such model shows also the impact of the thermal
damaged tissues during the simulation.
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Fig. 10. Volume: Fraction of necrotic tissue, smoothing (1).

To order to evaluate the optimal power and treatment time
to complete the tumor necrosis, a detailed heating simulation
can be performed by varying the power for different tumor
diameters. Fig. 10 shows the fraction of the necrotic tissue.

A main objective is to make sure that the impact of the
thermal damaged tissues during the simulation is inside the
tumor tissue zone with ideally no impact to the healthy brain
tissue.

V. APPSFOR PHYSICIANS’ USE

Using Comsol v5.3, we build apps for physicians’
use. Our COMSOL Multiphysics model is turned into an
application with its own interface using the tools provided
with the Application Builder desktop environment.
Physicians will use their laptops or smart phones to access
and run the application remotely (Fig. 11 and Fig. 12).

3D Simulation of the Laser Interstitial Thermal Therapy in Treatment (LITT) of Brain Tumars

material inner radius: 1 in

mat inner tickness: 25400 um

Radius of laser spot size: 8 mm

Laser power: 5 W @\
Time of laser to move back and 1° s

surface emissivity of matL: 08

Fig. 11. The Output Of the Apps. You enter the parameters, select compute
to execute your simulation in real-time.



International Journal of Computer Theory and Engineering, Vol. 9, No. 4, August 2017

Compute

Q@R L~ xbel=EEBROO -
[O]

@Q
=] =

-1J0

@ a @ v lukxzkzEOEBE0 -
B &=

| | E | i [ =y

-106ime=0 s Isosurface: Temperature (K)*;‘,w"‘\ p

4 - ey I

50! | | [F—= 293,15

Fig. 12. The Output from the Apps after the user select compute.

VI. CONCLUSION

Controlled thermal ablation is a big challenge during a
laser surgery/cancer treatment. A tool to help physicians
predict and organize the treatment will be helpful.

In this paper, we proposed a simulation model of the
LITT with physicians’ interaction via Comsol Apps. Such
model shows the impact of the heat distribution and thermal
damage of the tissue during the simulation.
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