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Abstract

An innovative approach based on the biochip technology for real-time monitoring of a thermal therapy applied in oncology is proposed in this
paper. The proposed system provides two primary functions: real-time tracking of the targeted tissue’s thermal diffusion while at the same time
locally characterizes and provides the parameters of the tissue. To validate our new approach, we use the Finite Difference Method (FDM) to solve
the problem numerically and accurately predict the variation of the temperature. Numerical simulation results confirmed the efficiency of such an
approach. Moreover, a hardware implementation of the discretized Bio Heat Transfer (BHT) Model using a Field Programmable Gate Array (FPGA)
board was successfully achieved. The hardware implementation demonstrates that the proposed system can predict the future variation of the
temperature readings and locally characterizes the tissue, allowing the user to adjust safely to subsequent injection doses. This new system shows
promise in improving the efficiency of thermal therapy in oncological practice.

Introduction

Thermal therapy has been approved as an effective treatment
for many diseases, especially in cancerous tumors [1,2]. This
therapy was born a long time ago, and it has been improved and
entertained for decades. Nowadays, different techniques involving
thermal therapy principles are available. We can categorize these
techniques into diverse groups following the nature of the injected
energy and the modality of administration. It contains among
others the sources using Electromagnetic (EM), Ultra Sound (US)
and Radio Frequency (RF). Thermal therapy, known commonly
as thermotherapy, uses heating sources as well as cooling sources
[2]. Real-time monitoring of a thermal therapy used for cancer
treatment can improve the efficiency of the treatment and reduce
damage to healthy tissue surrounding the targeted tumor. For this
reason, different systems based mostly on image processing and

sensors network, are used nowadays.

Although a significant development was accomplished in the
technological devices and numerical methods, the thermal therapy
still suffers from a lack of precision and high accuracy. Significant
collateral damage will, indeed, occur during the thermal treatment
procedure. This collateral damage could be fatal for the patient.

Biomedical Journal of
Scientific & Technical Research (BJSTR)

For this reason, a new technique has been developed to control the
injected power for the purpose to minimize the risk of overheating
the healthy surrounding tissue. This technique is known as
dosimetry which is associated with an imaging system as Magnetic
Resonance Image (MRI) for monitoring the delivered power. This
novel approach, MRI-guided thermal therapy, has been widely
deployed in the last decades [3,4].

Despite the developments in technological devices, modeling
and simulation tools, the lack of precision and accuracy of thermal
therapy could result in significant damage to healthy tissue
surrounding the targeted tissue. Hyperthermia is particularly
challenging due to the lack of visual cues such as thermal ablation
or coagulation. In response to the imprecision of thermal therapy,
researchers have worked to improve technological devices,
numerical modeling, and simulation tools. A technique known as
dosimetry, which employs imaging systems, was developed to
monitor and control the delivered power [5]. Many researchers
investigated the limits of the MRI guided technique and simulation
models. Kabil et al. [6] reviewed the past and present challenges
of numerical modeling and simulation for medical device safety in
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MRI. They showed the difficulties of designers to reproduce and
simulate complex shapes. Other research works are investigating
new methods for real-time monitoring and direct feedback
especially with hyperthermia modality [7]. For this reason,
researchers continue to explore methods to improve the clinical
results of the thermal therapy by controlling the heating source
parameters, while others seek alternative methods for obtaining
real-time thermal therapy monitoring and tumor feedback.

One such approach requires the use of a sensor network for real-
time monitoring of thermal therapy. Schena et al. [8] overviewed
the fiber optic sensors for temperature monitoring during thermal
treatments. They described the advantages, flexibility, and ease
of using fiber optic sensors for monitoring temperature during
thermal treatments. Tosi et al. [9] used the optical measurement
techniques based on different optical sensors to evaluate the
temperature distribution and the pressure during an RF ablation
process. They demonstrated the promise of these techniques for
minimizing the damage of healthy tissue during thermal therapy.
Other research works have been done using sensor networks for
real-time monitoring of thermal therapy [10-12]. However, other
approaches using biosensors, biomarkers and microfluidic devices
offer enormous potential for treatment and early detection of
tumorous cells. These devices also enable the tracking of disease
progression and recurrence [13-16].

In this paper, we propose an innovative approach to thermal
therapy monitoring in cancer treatment based on bio-microchip
technology. The proposed system can work in real-time to take
localized measurements of a tissue’s parameters and predict
the evolution of its temperature to, safely, monitor the thermal
treatment process. These local measurements improve the accuracy
of treatment administration and reduce the potential damage to
healthy tissues. To accomplish this, a smart module consisting of
bio-probes and temperature sensor characterize the tumor at some
points along its perimeter to determine the tissue’s temperature
and other parameters. Then the data collected by the miniature
biochip will be transmitted by a Radio Frequency Identification
(RFID) module to the user to adjust the next injected dose.

Torealizethisbiochip, weshouldimperativelystartbydeveloping
a prototype and verify the feasibility and the functionalities of
the designed system. Therefore, the hardware solution of the Bio
Heat Transfer (BHT) equation was successfully implemented
and verified based on the Virtex 6 FPGA board. With the boom of
the semiconductor industry during the last two decades, biochip
technology along with its developed implants has been found useful
in many medical applications, including monitoring and diagnosing
diseases, detecting undesirable agents, and delivering therapeutic
drugs [13,17-20]. Nowadays, the biochips implants proved their
efficiency in many treatments. In 2017, Mirela et al. [21] developed
a personal electro-microfluidic platform allowing users to develop
and program their bio-applications. The platform is controlled by

an automated software with a simple graphical interface.

This study proposes a new approach based on bio-implants for
Real-time monitoring of the thermal therapy applied in oncology
for the removal of tumors. We performed the numerical modeling
and simulation using MATLAB and COMSOL Multiphysics. To
further verify the feasibility and functionalities of the proposed
bio-microchip system, we implemented a hardware prototype
using a field-programmable gate array (FGPA). The test results
extracted from Xilinx Virtex-6 Board implementation are reported
in this paper. The remaining of the paper is organized as follows.
Section two presents the theoretical model and the fundamentals
of monitoring based on biochip technology. Section three shows the
proposed hardware architecture implementation and measured
results. Section IV complete the paper with the conclusion.

Materials and Methods
The Bio Heat Model: Pennes’ Equation

The BHT equation governing temperature distribution in
biological tissue was proposed by Pennes in 1948 [22]. This
equation has been modified and improved by many researchers
[23]. Despite the limits of the Pennes model, it is still the most used
[24]. For x e Q and t > 0, Pennes’ equation is presented as follows:

peCl kAT = pe,o(T~T)+0, +0, )

where p, ¢, and k are, respectively, the density (kg/m?), the
specific heat (J/kg K), and the thermal conductivity (W/m k)
of the tissue. T is the local tissue temperature T (x, t) in (K) with
0< x < L.x=0corresponds to the skin surface, and x=L is the
inner boundary. Ta is the arterial blood temperature (K). pb and
cb are the density and specific heat of the blood, respectively. The
perfusion rate is represented by w (ml/ml/s). Q_ is the metabolic
heat production per volume (W/m?). Q, stands for the deposited
energy per volume. In this study, we utilized an RF probe as an
external heating source that produces pulses with a duration of
2.5 s. The left-hand side of Equation (1) refers to the stored energy.
The first term on the right-hand side stands for the energy diffusion
within the tissue; the second term describes the thermal energy
exchange between the blood and the surrounding tissue, due to
blood convection.

The damage equation (2) was proposed in 1947 by Moritz and
Henriques. COMSOL Multiphysics uses this equation to assess and
quantify the damaged tissue [25-27].

Q(X,1) = I Aexp(- = )dr (2)

RT(X,t)

where ¢ is the pre-exponential factor (s-1), R is the universal

gas constant, 8.314 (J/(mol-K)), Ea is the activation energy to start
cells kill (J/mol), and T stands for temperature (k).

The Initial Condition (IC) is given in equation (3):
T(x,0)],,=311K (3

Due to the difference in biological activities between the tumor

and the healthy surrounding tissue, the temperature of the tumor
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is always higher than that of the healthy tissue. For this reason,
thermography provides an efficient method for tumor detection
[28].

The Boundary Condition (BC) associated with the extremity
x=0 is a Neuman-type BC. We imposed a heat flux as a heating
source. It is given in equation (4):

k oT (x,t)

Ox
where q,(t) is the heat flux, and k is the thermal conductivity

=0 =4o(0) (4)

at x=0.

For x=L, we used a Dirichlet Type BC. The temperature is equal

to the core tissue temperature, Tc. It is given in equation (5):

T(x,t)

=1 (5)
where T_is the tissue core temperature, Tc=310 K.

The choice of these conditions is due to local constraints of
the tumor. The temperature of the healthy neighboring tissue is
maintained constant.

Finite Difference Method Discretization

To realize a hardware implementation of equation (1), we used
the Finite Difference Method (FDM) to discretize it. The FDM was
preferred over the other methods, like the Finite Element Method
(FEM) or Finite Volume Method (FVM), because of its simplicity,
shorttime development, and efficiency [29]. The FDM was proposed
for the first time by Yee in 1969 [30] for the electromagnetic
computing. His paper did not have a significant impact until the
beginning of the technological boom in computer speed and
memory capacity. The FDM needs a lot of parallel computing and
considerable memory space. Therefore, the FDM has seen extensive
utilization with the technological advances of the 1990s [31].

In this section, we present a discretization formula for One-
Dimension (1D) Pennes’ equation. We discretized the main
equation (1), the initial condition (3), and the boundary conditions
(4-5). Th e purpose of the discretization is to realize a hardware
implementation. The hardware implementation of the 3D model
is a huge task. Indeed, the complexity of the biological tissue in
which the parameters are anisotropic imposes on us to use a 1D
approximation of the model. The proposed approximation in this
work is based on 1D Pennes’ equation (1) for Q = 0, L. The 1D
simplification was chosen to simplify the hardware implementation
and prove the feasibility of the method. We used the Finite
Difference Method- Forward Time Centered Space (FDM-FTCS)
method to approximate the solution.

Using the FDM-FTCS approximation of the Pennes equation, we
can find the value of the temperature at the next state “n+1” at any

wsn

point “i”. The algorithm will use the known values of the same point

i” and the two direct neighbors (“i-1” and “i+1”) at the present
state “n”. Equation (6) shows the value of the temperature of any

wsn

point “i” at the next state (n+1).
n
, v P, O, 9,
Ti ]:an+b(TH+T;+|)+bp7hcAt+;At+TgAt (6)
2k At c,pw
ami KA _apw
pc Ax Jolé
kAt
where |~ pe Ax?

The Initial Condition (IC) and the Boundary Conditions (BC)
used for the simulations are described as follows in equations (7-
9)). At x=0, the BC governing the boundary is:

i 0T (x,t)
ox

where q,(t) represents the function of the heat flux produced by

wrt _n 4o
w0 =4O =T =T, +7°Ax 7)

the external heating source.

At x=L, we assumed that the temperature is equal to the central
tissue, TC.

T(x,t)

=TS =T, ®)

The initial temperature of the tissue is taken as a constant for
all the domain.

T(x0)| =T, =T =310 €)
Hardware Implementation of the FDM

To verify the functionality and the feasibility of such an
approach, we proposed an FPGA hardware implementation of
the 1D FDM approximation of the BHT equation. In fact, because
of the high parallelism of the FDM and the enormous number of
computing operations, the hardware implementation of the FDM
is a tedious and complicated task to achieve on a single chip. The
management of memories and the updating of each point in the
grid is a considerable challenge that reduces the speed of execution
and increases the used resources. Consequently, the hardware
implementation of the FDM was a tough task for many years. The
first hardware implementation was realized by Marek and al. [32] in
1992. However, the lack of powerful computers and large memory
limited the performance of his architecture. In 2002, Schneider [33]
and Placidi et al. [34] proved the feasibility and efficiency of the
hardware implementation of the FDM. Since this date, many other
works treating the hardware implementation of the FDM have
been published [35,36]. To implement the hardware of the 1D FDM
Pennes’ equation, we proposed an architecture based on simple
components such as adders, multipliers, and register.

New Approach based on Biochip Technology for Real-
Time Monitoring of Thermal Therapy

The challenge of thermal therapy for cancer treatment is to use
enough power to destroy the cancerous tissue while minimizing
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collateral damage to the surrounding tissue. As the amount of
power injected increases, so too does the margin of healthy tissue
that may become damaged. In this approach, the intended biochip
is supposed to monitor in real time a thermal therapy process to
kill the tumorous tissue and save the healthy tissue surrounding
the target. Because the diffusion of the heat in the tissue continues
beyond the tumor boundary, dosimetry has been widely explored

as a means of controlling the dose of the delivered power [37, 38].
Figure 1 shows an example of a real brain tumor with temperature
iso-contour distribution on the tissue using one central heat source.
To destroy the entire tumor, the clinician should inject more power
while minimizing damage to the surrounding tissue. An imaging
system is used to position the biochips with precision.

e N
Healthy tissue
Tumor e
- Non-uniform geometry |
- Nonhomogenous |
characteristics /g
Figure 1: Brain tumor with a nonstandard geometry and nonhomogeneous characteristics. To ensure the destruction of the
whole tumor, the therapist must inject more power. However, the diffusion of heat in healthy tissue creates collateral damage.
The RFID biochips placed around the tumor follow the temperature distribution in real time and locally measure the tumor
L parameters. )

The margin of the healthy tissue damaged during thermal
therapy depends on the injected power. For this reason, we propose
this real-time system to monitor the temperature distribution and
control the injected power. Our approach is original and entirely
different from what is used and available in the literature. It is
based on feedback collected by biochips placed in the targeted

tissue. The primary purpose of our system is to save the healthy
tissue neighboring the tumor while destroying the malignant cells.
Common approaches suggest that the shape of tumors is standard,
such as a cylinder or cube. The physiological properties of a tumor
are mostly taken as a space-dependent simple function or as a
constant [4,20,39].

used for better temperature diffusion calculation.

.

Figure 2: Different parts of the biochip implant. It includes four parts: bio-probes, temperature sensor, RFID module, and a
smart unit. The temperature sensor and the bio-probes characterize the tissue locally in real time. These measurements will be

J

We propose a biochip-based implant system for maximizing
the efficacy of cancer treatment while minimizing harm to healthy
tissue. Biochip implants will be inserted all over the tumor,
providing real-time data for the entire tissue mass. The positioning
of the biochip depends on the complexity of the shape of the tumor.
The positions are selected in a way that they cover the entire tumor
especially the corners and the angles. The goal in doing this is to

prevent the overheating of the adjacent tissue. The implants will
characterize the tissue and monitor its temperature. They will then
process the data and inform the user of the next dose of power
to inject. Figure 2 shows the components of the biochip implant:
Integrated thermal probes for local tissue characterization, a
temperature sensor for local temperature measurements, and an

RFID module for communicating with the user.

Cite this article: Idir M, Youcef F, Aziz O, Emmanuel K, Ahmed L. Improved Thermal Ablation of Tumors Using A Real-Time Local Data Measure-

ment System. Biomed ] Sci & Tech Res 11(5)-2018. BJSTR. MS.ID.002156. DOI: 10.26717/ BJSTR.2018.11.002156.

8757


http://dx.doi.org/10.26717/BJSTR.2018.11.002156

Biomedical Journal of Scientific & Technical Research

Volume 11- Issue 5: 2018

Based on BHT, each biochip predicts the future temperature
at some points to evaluate the next required dose to deliver. Also,
it defines the local characteristics of the tissue and measures the
local temperature in real-time using a miniature bio-probes and
temperature sensor are integrated. The bio-probes perform a real-
time measurement using a needle tip. Many works for real-time

measurement of the tissue parameters have been done. Overall,
the sensory bio-probes are a promising approach for direct and
real-time tissue characterization. They are of great value to the
characterization of tissues for thermal therapy, and other thermal-
based clinical diagnostics and treatments [40-42]. Finally, the RFID
module is used to communicate with the user.

Result
Presentation of the New Thermal Monitoring and Dosimetry System
e N
The user controls the injected
powel to prevent the dammage
t Heating source
= o
Smart Chip Implant i i
Sm a L Sealo)
ma ip Implan ; :: /ﬁ / s i
- Determine the 5 el ~ 728
local temperature éc /_r‘--.\_ " y z:
el o/ | 602
- Define he tissue N — 5
characeristics al e =y { i n o
0 5 10 .35 20 s s
-Resolve the BHT < bl £
Equation Simulation model o
-Communicate
with the user
Figure 3: The components of the real-time monitoring system: The biochip, the heat source, and the control console. The
system measures the local temperature, characterizes the tissue, and sends the data to the user. The user reviews the data and
adjusts the injected data to destroy the cancerous cells and preserve the surrounding healthy tissue
\ J

In this paper, we propose a new approach to cancer
thermotherapy using a biochip system that performs real-time
monitoring of thermal diffusion. The biochip implant is the central
element of the proposed system. It predicts the tissue’s temperature,
defines the tissue’s characteristics, and communicates this data
to the user. Furthermore, parallel modeling and simulation of the
process should be done with the real data of the tissue collected
locally by the biochip probes and sensors. To supervise the process,

the user follows the real-time evolution of the temperature in the

Table 1: Tissue parameters.

biological tissue. This data enables the user to modify the injected
power and adjust the heating source’s settings. The biochip system
predicts the future temperature of specific points of the tissue by
solving the BHT equation locally. The system measures the local
temperature at these points, characterizes the targeted tissue, and
sends the data to the user. Figure 3 describes the components of the
real-time monitoring system: the biochip, the heat source, and the
control console.

Name Unit Brain Blood Tumor Electrode
Heat capacity at constant 1/ (kg-K) 3630 4180 3540 840
pressure cb
Density p kg/m3 1050 1000 1079 6480
Thermal conductivity k W/(m-K) 0.527 - 0.55 18
Electrical conductivity o S/m 0.258 - 0.43 1x108
perfusion rate w /s - 0.0064 - -
Arterial blood temperature T, K - 310.15 - -
Initial temperature T | K 310.15 - 312.15 310.15
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We numerically simulated the biochip system process based on
actual tissue parameters measured by the integrated bio-probes.
By using the measurements from the local tissue, we can ensure
higher precision and higher computational accuracy. Indeed,
increased precision improves therapeutic outcomes due to less
damaged tissue. Figure 4 explains the treatment process using
the biochip’s real-time monitoring system. We developed a 3D
model using COMSOL Multiphysics to simulate an RF ablation of
a brain tumor surrounded by a healthy tissue. The tumoral tissue
represents the target to be ablated and removed. The surrounded

healthy tissue should be spared and preserved. To do so, we
should entirely control the dose of the injected power during the
treatment. As an example, the tumor was modeled as a sphere with
a 15 mm radius, and the healthy tissue was modeled as a cylinder
of 50 mm radius and 150 mm height. We used a probe connected to
an electrode of 10 mm length and 0.9 mm radius with a cylindrical
shape to overheat the tumoral tissue. The heat spread all over the
neighboring tissue forming a spherical shape and causing a necrotic
tissue. The physiological parameters used in his work are reported
in Table 1.
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Figure 4: Diagram of the treatment process using the biochip system. Step 1: The biochip measures the initial temperature of
the targeted tissue and characterizes it. Step 2: The memory and registers with the measured temperatures are initialized. Step
3: The user begins the power injection to destroy malignant cells. Step 4: The power is injected. Step 5: The biochip calculates
the expected temperature. Step 6: The biochip communicates the predicted value to the user. Step 8: The user sets the value of
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To improve the thermal treatment and increase the precision
of the tumor removal, some researchers proposed new heating
sources with different architectures and new approaches [43-45].
Figure 5 shows a 3D model of an RF tumor ablation to show how
the heat diffusion can produce significant collateral damage on the
surrounding healthy tissue. The heating source overheats the tissue

and causes its destruction. The diffusion of the heat in the tissue
can increase the temperature at the surrounding healthy tissue. To
achieve a precise and accurate treatment and to reduce the margin
of collateral damage; the bio-chip implant will perform a local and
real-time measurement of the temperature using a Micro Electro
Mechanical System (MEMS) sensor.
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surrounding the tumor.

Figure 5: shows a 3D model of an RF tumor ablation to show how the heat diffusion can produce significant collateral damage
on the surrounding healthy tissue. The heating source overheats the tissue and causes its destruction. COMSOL 3D model for
an RF ablation of a spherical brain tumor. The healthy tissue was modeled as a cylinder with 50 mm radius and 150 mm. The
tumor was designed as a sphere with 15 mm radius where we inserted the heating source to overheat to the targeted tissue.
With proper adjustment of the injected power, overheating will destroy only the tumoral tissue and save the healthy tissue

J

Furthermore, the bio-chip will measure the local parameters of
the tissue (thermal conductivity and density). Using these accurate
measured data, the bio-chip will be able to predict the variation
of the temperature and define the optimal dose to be injected and
communicate with the user. In contrast to the imaging systems
(MRI) used nowadays where an estimation of the temperature is
performed by computers, the bio-chip implants placed around the
tumor will measure locally and in real-time the temperature of the
tissue. Moreover, they will define the local parameters of the tissue,
like the thermal conductivity and the density, to perform a more
precise calculation of the optimal dose to be injected.

Numerical simulation results

To verify the accuracy of the FDM approximation and the
developed architecture, we simulated the BHT model with COMSOL

Multiphysics. Figure 6 shows the temperature of the heated tissue
after three successive pulses. The different values of the parameters
used for the COMSOL and MATLAB simulations are inspired in the
literature and previous works. Table 1 summarizes the different
physiological properties of the brain tissue, blood, tumor, and
electrode [27,43,46-48]. A MATLAB script was developed to
simulate the 1D-FDM approximation of the BHT equation. For
the domain Q with L=0.03 and the final time t=25s, we use the
following parameters to define the space and time mesh: t=N*At,
L= M*Ax where N=1000 and M=30. We injected three successive
pulses at x=0; then we simulated the temperature at x= 0.0001m.
The final time is t=25s. We tested four different scenarios that
were centered around varying the amplitude and the duration of
the pulse, as shown in Figure 7.
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Figure 6: COMSOL modeling of the temperature profile after injection of three pulses. The RF probe is positioned within the
tumor, and a succession of pulses of a duration of 2.5 s with an amplitude of 2 Watts are injected.
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Figure 7: Numerical simulation results of the 1D BHT approximated by FDM-FTCS. We inject three successive pulses. The
profile of the temperature corresponds to the expected thermal behavior. In (a) and (b), we injected three successive pulses
with different pulse durations, 2.5 s in (a) and 1.7 s in (b), and we kept the amplitude of the pulse’s constant at 2k W/m2. We
reproduced the same simulation by fixing the amplitude at 30 KW/m2 and varying the pulse duration as reported in (c) and
(d) to 2.5 s and 1.7 s, respectively. The highest temperature was reached in (d) with the highest amplitude (30 KW/m2) and
the larger pulse duration (2.5 s). The lowest temperature was registered in case (b) where the amplitude was fixed to 20 KW/
| m2, and the pulse duration was 1.7 s. )

We used a combination of two different amplitudes, 20 KW/m?
and 30 KW/m? and two different pulse durations, 2.5s and 1.7s.
As a result, the temperature behavior changes as a function of the
amplitude and the duration of the pulse. We measured the highest
temperature in 6-c, where amplitude and pulse duration are the

Architecture of a Processing Element

highest. The lowest temperature was noticed in the case 6-b, where

the amplitude and the pulse duration are the lowest. We can clearly

understand how the amplitude and the pulse duration infect the

thermal behavior of the tissue.
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the direct neighbors ('i+1” and ‘i-1").
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The hardware implementation of the model was realized
on an FPGA Virtex 6 platform. The numerical simulations
were performed with MATLAB and Simulink. The hardware’s
architecture is composed of many Processing Elements (PE). Each
The PE consists of
simple elements: Adders, subtractors, registers, and multipliers.

“._n

PE computes the values of a specific node “n.

The entire architecture of the system is composed of “n” PEs. Each
PE computes the new value of the associated node, then updates
its value. Each node of the grid updates its value simultaneously.
Figure 8 depicts the architecture of one PE.

The results of the simulation are reported in Figure 9, which
shows the temperature response after injection of three pulses.

As expected, the values the prototype returned correspond to
the temperatures predicted by the FDM implementing the BHT
equation. The results reported by the COMSOL simulations, in
Figure 6, and the results predicted of the bio-chip, in Figure 9, have
similar thermal behavior. After three successive pulses, the highest
temperature reached is around 325 K in both cases. Even though
we can see a few differences between the two figures due to the
different data type used in both cases and different algorithms,
where COMSOL uses the Finite Element Method (FEM) and the
FPGA implementation is based on the FDM method, we have proven
that the prediction made by the FPGA prototype of the bio-chip is
approximately the same as the simulated results made by COMSOL.

f B\
Temgeraters (K]
—_ | 1
Meating Source [W/m ) '
0 .l.
Figure 9: Simulation results: The temperature response after the injection of three pulses. The rise of temperature is due to the
injection of the power. During the relaxation time, the temperature decreases gradually till the next pulse is injected.
J

Figure 10. shows a fraction of necrotic tissue visualized by death occurs in less than 10 s, destroying the tumor. The rate of cell
COMSOL Multiphysics. Cell destruction approaches 100% as the
cells approach the heat source. Closer to the heat source, total cell

death is slower near the border of the tumor, which preserves the
surrounding healthy tissue.
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Figure 10: Tissue destruction rate. The points of the tumor surrounding the heat source reach destruction faster than the points
on the border with the healthy tissue. The healthy tissue not directly adjacent to the tumor exhibit zero necrotic tissue. This

tissue is spared and saved entirely.
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Conclusion

A real-time monitoring system for thermal therapy applied
in oncology domain was proposed and prototyped on FPGA
Virtex 6 platform. The developed approach is based on the use of
a biochip implant to monitor and control the thermal treatment.
This biochip-based system includes three main blocks for
measurements, prediction, and communication. The bio-probes
module is intended to characterize the tissue locally. A temperature
sensor is also integrated to measure the temperature locally in real
time. Moreover, the smart module, which is the central element
of the system, predicts the expected temperature variation in the
targeted tissue in order to limit its effects to nearby healthy cells.
Finally, an RFID module is used to communicate the data with the
user. Before implementing the hardware architecture on an FPGA
platform, we performed a numerical simulation with MATLAB and
COMSOL Multiphysics. The results of the simulations with COMSOL
and MATLAB show the similarity of the thermal behavior of the
tissue. An FDM approximation of the Pennes’ equation solution has
been implemented, and the results of all simulations were reported.
The FPGA prototype proved the feasibility and efficiency of the
proposed model. Real-time prediction of the temperature was
performed and tested with the mentioned platform. The novelty of
this system lies in the fact that it can accurately predict the variation
of temperature in the targeted tissue and characterizes in situ the
tissue locally and in real-time.

With this prediction, the radiotherapists can adjust the
injected power to prevent possible significant collateral damage
by manipulating the signal amplitude and exposure time. Using
our proposed approach, we can reduce the possible damage to
surrounding healthy tissue during the thermal treatment. Without
MRI room, we believe that the proposed approach will be adopted
by oncologists and radiotherapists for safety and low cost. With
the use of the proposed bio-implant, we enhanced the precision
and efficiency of the treatment and improved the quality of the
treatment with the highest accuracy. Further research can be done
to design the final prototype of the biochip system and integrate
its different parts. Experimental validations of the designed system
can be done using ghost tissue.
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