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ABSTRACT ARTICLE INFO

Terahertz radiation (THz) has interesting and effective properties in the Article history:
field of biomedical imaging techniques, this is because of its ability to
interact easily, is not ionized, and does not damage biological tissue.
The purpose of this study was to determine the effect of THz radiation
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power density on temperature distribution and heat production in
bovine biological tissue consisting of skin, fat, and muscle using a Keywords:
modeling approach. This study uses biophysical computation techniques
with the Simulink-MATLAB model in the 0.1 - 1 THz frequency range, 50
- 150 mW power, and 5 - 25 mW/mm’ power density. Temperature
distribution modeling is carried out in two ways, namely with different

Biological Tissue
Biomedical Imaging
Simulink-MATLAB

power densities and variations in the circumference of the THz radiation ?EEE:Z{ure

source. The results showed that the higher the power density used, the

greater the absorbed radiation energy with increasing temperature. This This is an open access
causes the temperature distribution in the biological tissue to be wider article under the CC BY
and the production of heat in the tissue will increase. The results of license.

imaging analysis of temperature distribution to depth in bovine @
biological tissue, show that fat tissue has less heat production compared @
to other tissues. The comparison of experimental data and modeling

results shows an error percentage of 1.09%.
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E-mail address: dewikurniang@gmail.com

1. INTRODUCTION

THz radiation has more interesting and meaningful properties in the field of biomedical
imaging techniques than infrared radiation [1]. THz radiation has low scattering properties of tissue,
making it negligible [2]. The photon energy of THz radiation is relatively lower than X-ray radiation so
that it is not ionized by biological tissue and is safe to use [3, 4]. Heat control in biological tissue is
important for maintaining body condition [5], therefore it is very important to have an accurate model
for imaging the temperature distribution of THz radiation in biological tissue. This research applies
biophysical computation techniques using the Simulink-MATLAB model with the Wolfram
Mathematica 9.0 application.

The biophysical computational technique is an electronic differential analysis mechanism that
studies and analyzes a dynamic model to determine physical parameters that can be designed using
mathematical software [6]. The mathematical software model used in this study is the Simulink-
MATLAB model can make simulations in the form/mathematical system model [7]. Imaging is done
using an Wolfram Mathematica 9.0 application. Application Wolfram Mathematica is a modern
technical computing system that covers most areas of technical computing, including neural tissue,
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machine learning, image processing, geometry, data science, visualization, and others [8-11]. The
biophysical computation technique with the Simulink-MATLAB model in this study is used to solve
Maxwell's basic equations and the bioheat model for modification and calculation of the scattering
factors that affect the volume unit heat production rate in tissue cells. This imaging technique designs a
mathematical model for the absorption of terahertz radiation fields and heat changes in the bovine
biological tissue layers. This study uses a frequency range of 0.1 — 1.0 THz with a power of 100 — 150
mW and a power density of 5 — 20 mW/mm?. Using the Simulink-MATLAB model with the Wolfram
Mathematics 9.0 application to see influence absorption of THz radiation by bovine biological tissue on
temperature distribution through modeling using physical parameters. This modeling can analyze the
effect of penetrating power of THz radiation in biological tissue by analyzing the scattering of radiation,
which depends on the angle and wavelength using THz frequency and sub-millimeter wavelength in the
range from 0.1 — 3 mm [12]. The power density (mW/mm?®) is an important parameter because the
interaction between THz radiation and the tissue involves the absorption and spread of photon radiation.
When THz radiation penetrates the sample tissue, the effect is scattering and absorption by polarized
molecules [13].

The compartment theory for the rate of energy Q in biophysics considers the substance of the
tissue structure as an interesting analogy that can explain into a compartment partition concept, so
there is a main compartment that functions as an integrator. This integrator is a terminal process for
the input and output of heat flow in the skin, fat, tumor, and muscle tissue caused by the specific
application rate (SAR) of THz radiation which is connected to the radiation electric field, so that the
temperature will rise during the radiation of THz radiation in the tissue [14, 15].

A = Ty () (1) 8

The influencing parameters include electrical conductivity ¢ (S/mm), mass density p (kg/m),
total absorption and scattering attenuation coefficient u = u, + 11, (mm™), the diameter of THz source
circumference w (mm), optical density 6 (mm), distance of power source to tissue surface r (cm),
radiation electric field THz E (V/mm).

This study uses Maxwell's equations to determine the initial and boundary conditions of the
biological tissue temperature in the model [5, 15, 16].

Z_’jzv25+2§"=1l(iQi(E,H,x,T), t>0,0<x<L @)
Z—I:=V2H+Z?’=1KiQi(E,H,x,T), t>0,0<x<L €))
T =T+ 3N, KiQu(EH,xT), t>0,0<x<L 4)

Tiiss = Toi + 2 (Ky + 2K, + 2K5 + K,) ®)

Equations (2) to (4) are the initial and boundary conditions of the equation representing the
requirements for the solution which solves the bio-heat equation by entering the reflection factor.
These equations are used when the temperature distribution is the same which implies the physical
properties of the system are constant within the system boundaries. These equations will be solved
using the Simulink-MATLAB method with analog computer systematic diagrams for differential
analysis of these equations. Equations (2) to (4) are solutions for determining temperature T which is
highly dependent on the value of the thermal conductivity parameters (K, K, to K;) which are derived
from experimental data. The parameter values of Ky, K, to K; certainly bring some uncertainty from
the experimental results used to measure temperature T [16, 17]. To get the value of K; with an
insignificant level of uncertainty, we must use Equation (5) which is the fourth order Runge-Kutta
equation.
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2. RESEARCH METHODS
The research method was carried out in a biophysical computation using the mathematical
based Simulink-MATLAB model. This research was conducted in several stages as shown in Figure 1.

’—{ Start |

| Determine biological tissue | 4>| Data retrieval ‘

| Set physical parameters | | Modeling validation ‘

| Create a network model | | Analysis and discussion ‘
7 7

| Create a Simulink-MATL AB | | Reports and results ‘
T T

| Verification code and modeling output | | Finish ‘

Figure 1. Diagram of the research stage of temperature distribution modeling.

2.1. Determining Biological Tissue

The tissue samples selected were normal and abnormal tissue from bovine tissue, namely skin,
fat, tumor, and muscle tissue. Based on secondary data, namely experimental data from research done
previously [18]. Parameters from THz radiation and biological tissue are used to see the interaction
between THz radiation on the tissue using analog computer techniques using a mathematical-based
Simulink-MATLAB model, namely the Wolfram Mathematica 9.0 application.

2.2. Setting Tissue Parameters

Determine the parameters used for modeling the temperature distribution and heat mapping of
THz radiation absorption to biological tissue using the Simulink-MATLAB model. Table 1 shows the
biological tissue parameters of bovine and Table 2 shows the parameters of THz radiation related to
the modeling and is used to see the effect of THz radiation absorption on the temperature distribution
in the depth of the bovine biological tissue.

Table 1. Biological tissue parameters [19-24].

Parameter type Score
Frequency range 01-1THz
Power range 10 - 500 mW
Timespan Picosecond-minutes
Wavelength 300 — 3000 pm
Wave numbers 1-100cm®
Tissue geometry Rectangle
Tissue type Skin, fat, muscle, tumor, cancer
Quantum energy 0.01 - 100 MeV
Thickness 1-25mm
Absorption coefficient (CW) 23.5-100 cm™
Absorption coefficient (FTIR) 58.5 — 500 cm™

Table 2. THz radiation parameter [25].

Parameter Score Unit
Wavelength 50— 240 mm
Credit dusasi 50 Ps
Pulse repetition frequency 28-11.2 MHz
Average power 400 w
Peak power 1 mw
The minimum relative width of the spectral line 3x10° -
Average power density 1.4 W/cm?
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2.3. Creating a Biological Tissue Model

This bovine biological tissue model can explain the significant changes in thermal distribution
that occur on the surface of normal and abnormal tissue layers caused by the effect of penetration of
THz radiation on tissue depth, with influencing factors such as scattering, absorption, reflection,
refraction, and dispersion such as shown by Figure 2.

THz radiation

.
Radiation *
+ 4 :
} - Conduction
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.+ Heat
produced
in muscle

Sweat gland

Figure 2. Interaction of THz radiation in bovine biological tissue layer model.

Absorption of THz radiation by the tissue in Figure 2 can cause an increase in hot temperature
if there is no response from the parts of the tissue so what needs to be considered is the change in
temperature through the input of heat sources, so it will be known how changes in tissue temperature
AT and THz Q radiation energy source in response absorption and scattering of pulses.

2.4. Creating a Simulink-MATLAB Program

The program used for modeling the temperature distribution is Simulink-MATLAB with the
Wolfram Mathematica 9.0 application. This program is applied to analyze through a Simulink-based
dynamic system with a model made through analog circuit steps.
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Figure 3. Simulink-MATLAB block diagram system thermal distribution of biological tissue.
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Making the program starts from making a temperature distribution block diagram using the
MATLAB program as shown in Figure 3. The program is tested whether it is successful or not, if it is
successful then this program is transformed into a mathematical program so that it produces output in
the form of a temperature distribution graph as shown in Figure 4. This graph is a graph of the
temperature distribution to the depth of the tissue due to the absorption of THz radiation by the bovine

biological tissue.
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Figure 4. The output shape of the temperature distribution from the Simulink-MATLAB block diagram.

Figure 5 explains the next step, which is to create a temperature distribution modeling based
program with the Simulink-MATLAB program using data from previous research experiments as
secondary data and block diagrams that have been made. This program is then transformed into a
mathematical program using the Wolfram Mathematica 9.0 application, resulting in a temperature
distribution simulation program. This program is run according to the flowchart as shown in Figure 6.

Imaging-based program-signal
processing-heat transfer

2

MATLAB based program

1

Math program with Wolfram
Mathematica 9.0 application

I

Temperature distribution
Smmulink program

v

Output

Experimental data

Block diagram

Figure 5. Flowchart of the process of implementing the Simulink-MATLAB system.
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Figure 6. Flowchart of the temperature distribution of THz radiation absorption to bovine biological tissue.

3. RESULTS AND DISCUSSIONS

The data used in this study is the experimental data on the distribution of THz radiation
absorption temperature to the biological tissue of bovine, namely skin, fat, tumor, and muscle tissue.
The experimental data were then processed using the mathematical-based Simulink-MATLAB model
with the Mathematica 9.0 program.

3.1. Modeling of Cattle Biological Tissue Temperature Distribution

Biological exposure to THz radiation in tissue can cause temperature distribution in the tissue.
This temperature distribution is influenced by the heat conduction that occurs so that the temperature
changes with the tissue depth shown in 1D.

3.2. Temperature Distribution Modeling with Changes in Tissue Parameters.
Analysis of temperature distribution using tumor tissue to see changes in temperature with
tissue depth with changes in tissue parameters (see Figure 7).
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Figure 7. Modeling of THz radiation absorption temperature distribution with variations in the circumference of
the THz source diameter: (a) 5 mm; (b) 10 mm; and (c) 20 mm.

Figure 7 shows that, if analyzed at the same power density, namely S = 25 mW/mm?®, the
magnitude of the temperature change with the change in the diameter of the source circumference is
when wa = 5 mm, wb = 10 mm, and wc = 20 mm respectively on 4Ta = 0.31°C, ATh = 0.077°C, and
ATe = 0.0195°C, and so for the other power densities in each figure. This shows that the larger the
circular diameter of the THz radiation source, the greater the energy emitted and will also affect
changes in tissue temperature [18-20].

Science, Technology, and Communication Journal, 1(2), 37-46, Febru



43

3.3. Absorption of THz Radiation on Heat Production of Biological Tissues
Absorption of THz radiation by biological tissue can cause heat conduction which affects the
temperature distribution and heat production in the sample tissue.
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(a) (b)
Figure 8. Heat production in biological tissue with radiation power: (a) 100 mW and (b) 150 mW.

Figure 8 (b) shows that at the time of exposure t = 60 s and the power of 150 mW the muscle
tissue runs out of absorbed THz radiation energy, takes longer to zero point temperature (has greater
heat production), then skin tissue, in contrast to fat tissue who experience significant temperature
changes and experience faster exhaustion of absorbed THz radiation energy. This is because the fat
tissue has a high water content with a more dilute concentration so that the THz radiation is absorbed
very strongly which causes the radiation energy to decrease according to the greater penetration of the
tissue depth in the fat tissue medium until the energy limit reaches zero, which means THz radiation
energy will be lost during propagation in fat tissue [21, 22]. The absorption of THz radiation in fat
tissue, skin, and muscle in the same duration of exposure, namely t = 60 s with different power 100
mW and 150 mW in Figure 8 (a) and (b) shows the difference in heat production in each tissue with
different power. The amount of THz radiation power that is exposed to the tissue will make the heat
production produced will also be greater. This causes the deep penetration of the absorbed THz
radiation energy to take a long time to reach the temperature at zero [23-25].

3.4. Comparison of Experimental and Modeling Data.

Based on the comparison data of temperature changes to the depth of experimental results and
modeling in Tables 3 it is obtained the average percentage error for each density power 5 mW/mm?,
15 mW/mm?3, and 25 mW/mm? are 0.98%, 1.23%, and 1.05%. So it can be concluded that the error
percentage of the modeling results is 1.09%.

Table 3. Comparison of changes in temperature results of experiments and modeling with variations power
density S 5 mW/mm?®, 15 mW/mm?, and 25 mW/mm?®.

Power Density (S; = 5mW/mm°)  Power Density (S, = 15mW/mm°®)  Power Density (S; = 25mW/mm®)

Change in Change in Change in
Z Temperature AT Error Z Temperature AT  Error 4 Temperature AT Error
(mm) (9] % (mm) (W) %  (mm) (W) %
Exp Comp Exp Comp Exp Comp

0.062 0.062 0.00
0.046 0.059 0.28
0.034 0.048 0.41
0.025 0.038 0.52
0.019 0.03 0.58
0.014 0.025 0.79
0.01 0.02 1.00
0.008 0.017 1.13
0.006 0.015 1.50
0.004 0.013 2.25
0.003 0.01 2.33

0.187 0.189 0.01
0.139 0.165 0.19
0.103 0.14 0.36
0.076 0.115 0.51
0.056 0.1 0.79
0.042 0.083 0.98
0.031 0.075 1.42
0.023 0.062 1.70
0.017 0.055 2.24
0.013 0.045 2.46
0.009 0.035 2.89

0.312 0.315 0.01
0.23 0.29 0.26
0.17 0.245 0.44
0.13 0.205 0.58
0.09 0.165 0.83
0.07 0.127 0.81
0.05 0.1 1.00
0.038 0.085 1.24
0.029 0.075 1.59
0.021 0.065 2.10
0.016 0.06 2.75
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4. CONCLUSION

Based on the data from the analysis of the temperature distribution of the absorption of THz
radiation on biological tissue using the mathematical Simulink-MATLAB model, it can be concluded
that the absorption of THz radiation by biological tissue with a large power density (S) causes the
energy emitted to be greater so that the possibility of temperature changes at each point is greater and
the resulting heat production will be greater. This is indicated by data S3 = 25 mW/mm? AT = 0.30°C;
S, = 15 mW/mm?, AT = 0.185°C; and S; = 5 mW/mm?®, AT = 0.06°C. Fat tissue has less heat
production than skin and muscle tissue. This is because the fat tissue has a high water content with a
more dilute concentration so that the THz radiation is absorbed very strongly which causes the
radiation energy to decrease according to the greater tissue depth penetration in the fat tissue medium
until the energy limit reaches zero. The comparison of the experimental and modeling data shows the
values are not much different, where the error percentage is 1.09%. This shows that the analysis of the
temperature distribution of THz radiation absorption in biological tissue using a mathematical-based
Simulink-MATLAB model has a high degree of accuracy.
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