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Abstract

In order to support patients suffering from Parkinson’s disease caused by irregular aggregation of alpha-synuclein in the
brain, an economically affordable and diagnostically effective modality such as magnetic induction tomographyis pro-
posed to differentiate normal and Parkinson’s disease brain tissues based on imaging. MIT technology has been applied
in various medical fields due to its advancement in the diagnosis of diseases. It is sensitive to conductivity, permittivity,
and permeability of biological tissue. This work focuses on the virtual simulation by COMSOL Multi-physics for the design
and development of non-invasive and contactless MIT system that emphasized on 16 channels for Parkinson’s disease
detection using primary coils to induce electromagnetic fields in the brain tissue and measured the signals at the receiv-
ers. The new horizon can be reached by developing tracers that specifically bind alphasynucleinat different places in the
brain (cerebellum and hypothalamus). The simulation model comprises sixteen sensor coils, one act as a transmitter and
others are receivers at one period with total of 240 data readings generated. The readings of the receivers and 240 data
obtained based on sensitivity of matrices calculation are used for the reconstruction of the images of the non-aggregated
and aggregated alpha-synuclein using a linear back projection algorithm.
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Introduction of non-aggregated and aggregated alpha-synuclein inside the
brain [6]. Therefore, the objective of this project is to determine
the feasibility of MIT for the detecting Parkinson’s disease by
using sixteen channels as it is low-cost, non-invasive and not
emit ionizing radiation. MIT is a new system which comprises
of primary magnetic fields produced by the transmitter coils
for inducing eddy current in the biological specimen such as
brain tissues [7]. This eddy currents will produce the secondary
magnetic field that will be measured by receiver coils [8]. This
begins with analysis, verification and validation phases in order
to generate 2D brain model with sixteen channels MIT with
different coil configurations.

Parkinson’s disease is a chronic neurological disease caused
by irregular aggregation of alpha-synuclein in the brain. It
remains as a critical disease on account of the recurrence
with elderly people which leads to a psychiatric disorder [1].
Computed tomography scan, magnetic resonance imaging,
ultrasound, and X-ray are used to detect Parkinson’s disease.
Though, they are costly and not effective enough in imaging
the brain for Parkinson’s disease detection [2]. The detection
of Parkinson’s disease is very challenging and it is essential to
determine the subsequent treatment [3]. The medical imaging
modalities that are in practice have greater limitations, for
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the imaging technique. Furthermore, medical imaging devices,
such as ultrasound, electrical impedance tomography, electrical
capacitance tomography, and MRI, have some limitations that
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Materials and Methods

The transmitter coil of MIT causesthe primary magnetic
field to be produced in to the brain tissue, thereby current
will be generated by receiving coils and serves as the
magnetic induction mechanism [9]. The excitation coils
(primarily coils) induce eddy currents to be measured by
receiver coils. The variation of coil design and arrangement
are important in developing transmitter and receiver coils.
The parameters considered in designing the system are the
number of turns in a coil and the coil radius [10]. The higher
numbers of turns in a coil are resulting into incrementing
the strength of magnetic field at the transmitter coil and
inducethe electromagnetic field (e.m.f) at the receiver coil
[11]. Furthermore, increasing number of turns will cause
the system to be sensitive with mechanical and temperature
variations [12]. Resonant frequency at the receiver coil was
used to overcome the system being sensitive to both matters
[13]. Another parameter that is playing the important roles
in the system is the coil radius. Higher partial resolution will
be generated from the smaller coil radius at the receiver to
measure e.m.f [8].

The current research is based on reconstruction of
image of brain tissue modeled to image non-aggregated
and aggregated alpha-synuclein for Parkinson’s disease
identification by understandingthe electrical conductivity
distribution on the biological tissue and phase shift differences
of the normal and Parkinson’s disease brain tissues. Using
16 channels MIT, data collection for investigating phase
shift in identifying Parkinson’s disease of the body tissue is
based on finite Element Analysis (FEA) on normal patient
and Parkinson’s disease patient models was followed by
reconstructing 2D images of MIT with non-aggregated and
aggregated alpha-synuclein. To start with, a sinusoidal AC
current with a typical frequency of 10 MHz will flow through
the coil excitation and generate a primary magnetic field; It is

produced by the transmitter coils to induce eddy currents in
the object (brain).

Measurement system in MIT

MIT is operated using the principles of mutual inductance
theory for its imaging system [12]. Magnetic induction
tomography has 16 coils and are used as transmitters and
receivers during the imaging process. Magnetic flux is set
up after a sinusoidal current is established [14]. Then, the
sinusoidal magnetic flux induces a voltage across the sensor
terminals in accordance with mutual inductance theory. If
the conductivity distribution between the transmitter and
receiver coils is changed, then the induced voltage at the
sensing coils will be perturbed. By observing this perturbation,
tomographic system will be established after solving the
forward and inverse problems [15].

2D Image reconstruction algorithm using MIT

Magnetic induction tomography is sensitive to
conductivity, permittivity and permeability of the biological
tissue [16]. The conductivity is dominant compared to the
permittivity and permeability in biological tissues. Permittivity
for biological tissues is smaller than the conductivity at
the frequency ranges of (10 kHz-10 MHz) [16]. Magnetic
induction tomography consists of a transmitter and receivers,
when the eddy current generates the primary magnetic field
in the transmitting coil, then the transmitter coil will send
the information to the receivers for the reconstruction of the
images [17]. General properties of biological tissue and their
structures (Figure 1a).

MIT measurements system validation

Magnetic induction tomographic systemincludesinductive
coils, a unit for data acquisition, a host computer for data
analysis, and image reconstruction site. To enhance the
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Figure 1: Human biological tissues with induce voltage of MIT and COMSOL design. (a) Biological properties; (b) MIT theoretical
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signal level, frequencies ranging from 1-10 MHz were used
and this will enable the excitation coils to be driven (Figure
1b). Phantoms of the simulated data were used to study
the feasibility of magnetic induction tomography in image
reconstruction process. This is because, using magnetic
induction tomography, it is simple to produce phantoms of
numerous sizes, shapes, and conductivities. In this regard,
simulation results can simply be validated against the
experimental results in order to compare the simulation and
experimental results for the determination of better method
of Parkinson’s disease detection based on aggregated alpha
synuclein.

COMSOL multiphysics

This section describes the concepts and mathematical
equations used in the simulation of 2D models forimaging non-
aggregated and aggregated alpha-synuclein for Parkinson’s
disease identification based on the mechanism of sixteen
channels MIT system. The simulation system is obtained by
using COMSOL Multi-physics software based on FEM method,
simulated by using numerical method in order to validate
analytical solution [18]. The simulation was performed based
on the locations, depth and diameter of the material used in
the COMSOL Multi-physics software. Then, the study of the
output result was analyzed to get the information of the 16
channel magnetic induction for biological tissue (Figure 1c).

Magnetic induction tomography

MIT is used to reconstruct images that are of low
resolution with the conductivity as the dominant parameter
of the measurement. According to the previous studies,
magnetic fields are the fundamental mechanism that
converts energy from one form to another by a wire carrying
current in the area around it [19]. Then the eddy currents
produces secondary magnetic field and it will be measured

in the receiver coils (Figure 2). The sensitivity map of MIT
2D image is constructed and then generated in MATLAB.
The following are the steps for conducting the sensitivity
map: Step 1: Sensors will be excited and the data obtained
from CONSOL after the simulation in forms of magnetic
vector potential of 128 x 128 pixels grid are saved, Step 2:
Dot product of 16 transmitters x 15 receivers = 240 matrix
will be conducted, Step 3: The results obtained from the dot
product of step two are combined; Step 4: The sensitivity
matrix will be normalized after the matrix is divided by its
maximum pixel. Sensitivity map changes with respect to the
conductive distribution or any others passive electromagnetic
properties are due to their material properties background.
The sensitivity matrix is the fundamental part in which image
vectors can be obtained. The secondary voltage in the two
sensing coils is not equal because of the different separations.
The geometry of excitation will determine the shape of the
sensitivity map in MIT.

16-channels MIT with human brain tissue model

Image reconstruction is used to obtain a good image
and to get successful result. This part explains the sixteen
channel magnetic induction tomography system setup and
the finite element method and criteria of simulation that
are involved. MIT and its feasibility for the detection of
abnormal accumulation of alpha-synuclein for the detection
of Parkinson’s disease are also described.

Numerical simulation model

Numerical simulation model comprises of 16 sensor coils
of circular shapes with one coil acts as a transmitter and it is
excited by 1A and others act as receivers. The rectangle act
as an insulator or air, while the two ellipses represent human
brain, two circles (big and small) represent the body and
skin and one smallest circle represent fat and two smallest
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Figure 2: Magnetic induction tomography set up for imaging biological tissues such as brain.
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Figure 3: Procedure on designing brain model using COMSOL multiphysics: (a) COMSOL set-up; (b) COMSOL design with brain model.

squares represent the accumulated alpha-synuclein (Figure
3a and Figure 3b).

Finite element method (FEM) and simulation
criteria

Finite element model was used to conduct finite element
analysis of the MIT system [20]. The parameters of this
study are presented. Ten MHz frequency was used in the
simulation process and B scattering region was chosen
because this is where mostly the pathological changes occur.
CONSOL Multiphysics software was used for the simulation.
Various parameters were chosen for this simulation inside
the CONSOL Multiphysics software. Equation (3.1) is used in
CONSOL Multiphysics software to generate the distribution of
magnetic vector potential for the model. Magnetic induction
tomography (MIT) with sixteen channel was applied on the
brain tissue by primary magnetic fields that are produced by
the transmitter coils to induce eddy currents in the object.
This eddy current will produce secondary magnetic field that
will be measured by the receiver coils.

(czja)—a)22<9)A+V><(,u‘1 (VxA))=J

u is the permeability of the medium (henry/meter)
and € is the permittivity of the medium (farad/meter), 6 is
the conductivity of the medium (siemens/meter), w? is the
angular frequency, J e is the current density (ampere/meter?)
and A is the magnetic vector potential (A). The finite element
method is a numerical method used for solving problems of
electromagnetic and structural analysis problems [21]. The
method proves the approximate values of the unknowns at
discrete number [21]. It divides large problem into smaller
parts called finite elements (Figure 4).

(2.1)

Fundamental principles of MIT

Magnetic induction tomography utilizes inductive coils
to map the electromagnetic properties of an object (brain).
The fundamental principle of MIT can be explained by using
the basic mutual inductance and eddy current theories.

By passing an alternating current into an excitation coil, a
primary magnetic field can be generated, which induces an
electric field that can be detected by the measuring coils.

Resolution (RES)

The width and the height of the images define the
resolution. Resolution processes the reconstructed of the
alpha-synuclein with respect to the entire medium.The
equation of the resolution is expressed as:

A
RES= |—¢
A

[

(2.2)

A, represents the number of pixels of the reconstructed
alpha-synuclein and A_represents the number of pixels of the
whole medium of reconstruction.

Maghnification (MAG)

The purpose of using the magnification is to compare the
size of the reconstructed aggregated alpha synuclein, RES (g)
with the original size of the aggregated alpha synuclein, RES
(t). If magnification is equal to 1, therefore, the size of the
reconstructed image is identical to the original image, refer
to equation (2.3).

(2.3)

Position error

Position error determines the images of the reconstructed
accumulated alpha-synuclein in such a way that the alpha-
synuclein represents the target location. As shown below:

PE=r, -1, (2.4)

r,Represents the reconstructed of the brain model with
accumulated alpha-synuclein and r, represents the position
from the centroid of the whole image (region of interest
(ROIY).
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Figure 4: Finite element: Design of finite element for human brain model.
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Figure 5: Coil configuration for phase shit measurement: Measurement of phase shift for detecting accumulated alpha-synuclein.

Shape deformation (SD)

Shape deformation is used to measure the extent to which
a reconstructed aggregated alpha synuclein follows the shape
of the circular target. This can be achieved when the number
of reconstructed aggregated alpha synuclein pixels, A_outside
a circle, which is of corresponding area, with the number of
pixels covering the entire reconstructed aggregated alpha
synuclein’s region, A, Animage with better quality has a low
and uniform SD, refer equation (2.5).

SD= A,
A

q

(2.5)

Phase shift measurement

This technique is important to investigate the disease such
as Parkinson’s disease. Through the result of the inductive

phase shift, it can be able to detect the accumulated alpha-
synuclein in the brain tissue. Inductive phase has the ability
to differentiate the normal body tissue and the infected body
tissue. The resulting phase shift depends on the divergence
of the induced current density received by the receiver
coil (Figure 5, Figure 6 and Figure 7). Sensitivity matrix will
be used for the image reconstruction. The quality of the
reconstructed images is analyzed by using GREIT Standard
in Matlab. This experiment determines the qualities of the
reconstructed images.

Results and Discussion

Image reconstruction algorithm and analysis

After the simulation experiment was conducted, the
images of the simulated results were reconstructed by using
LBP (Linear Back Projection) and followed by image analysis
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based on resolution and position error.

Sensitivity map of MIT 2D image

Due to the previous simulation studies in image
reconstruction algorithm, sensitivity map is an essential part
of some image reconstruction algorithm [22]. The ‘X’ and ‘y’
are the particular detector elements response to the position
of a small perturbation in object material properties, which
is under the defined excitation conditions. Thus, the map will
be released by the sweeping perturbation over the entire
of object space (Figure 8). The geometry of excitation can
determine the shape of the sensitivity map in MIT. Further,
sensitivity map is form of magnetic field and electrical field
that created directly from the eddy current or magnetic field
itself [23]. Also, the sensitivity map change with respect for a
conductive distribution or any others passive electromagnetic

properties are due to their material properties background
[24]. Researches revealed that sensitivity maps can be used
to invert the MIT data to two-dimensional images, which
describes the response of the system to every pixel, for every
detection coil, with every excitation coil energized in turn
[25].

Image quality assessment (RES and PE)

The GREIT Standard is known as Graz consensus
reconstruction algorithm for the electrical impedance
tomography. This GREIT standard is used to define the quality
of image as well as enhances the image quality, the size,
location and shape for a material tested. For a pilot study,
it is sufficient to observe an initial outcome of an image
reconstruction algorithm by using parameters in GREIT
standard for instance resolution (RES) and positioning error
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(PE). Sensitivity function of an array describes about the
degree to which a small change in the resistivity of a section
of the subsurface that can influence the electric potential
measured by the particular array. The higher the value of
the sensitivity function, the greater is the influence of the
subsurface region on the measurement. Some array provides
better response over the vertical changes while other provides
better resolution for horizontal changes.

MIT employs inductive coils for mapping the
electromagnetic properties of an object. The fundamental
principles of MIT can be explained by using the basic
mutual inductance and eddy current theories by passing an
alternating current into an excitation coil, a primary magnetic
field can be generated, which induces an electric field that can
be detected by a measuring coil. From this field the induced
voltage can be measured. Thus, the MIT problem is essentially
an eddy current problem; hence it is also called eddy current
tomography. Note that in the context of this research, the
electrical conductivity of the object (brain) is the focus of
the passive electromagnetic properties. All the results were
processed in Matlab software in order to reconstruct image
after the simulation in COMSOL Multi-physics. The results are
shown based on the reconstructed image corresponding with
the simulated image of the non-aggregated and aggregated
alpha-synuclein.

LBP based reconstructed brain MIT images

In this study, a linear back projection was used as a
basis image reconstruction algorithm and 24 images are
presented (Figure 5). The linear back projection algorithm
used multiplication of matrix to reconstruct the images. In
order reconstruct image, sensitivity matrix is multiplied by
its resultant sensor reading. Non-aggregated and aggregated
alpha-synuclein images have been modeled using MIT system
of COMSOL Multiphysics with different sizes at different

coordinates, (a) Magnetic induction system of COMSOL model
of brain with biomarker alpha-synuclein at right position
(0.031,-0.015), (b) Simulated result of biomarker alpha-
synuclein at right position, (c) Magnetic induction system
of COMSOL model with biomarker alpha-synuclein at left
position (0.03,-0.02), (d) Simulated result of biomarker alpha-
synuclein at left position, (e) Magnetic induction system of
COMSOL model with biomarker alpha-synuclein at lower
position (0.035,-0.027), (f) Simulated result of biomarker
alpha-synuclein at lower position, (g) Magnetic induction
system of COMSOL model with alpha-synuclein at upright
position (0.032,-0.01), (h) Simulated result of alpha-synuclein
at upper position, (i) Magnetic induction system of COMSOL
model of alpha-synuclein at inferior position, (0.033,-0.03),
(j) Simulated result of alpha-synuclein at inferior position,
(k) Magnetic induction system of COMSOL model with alpha-
synuclein at lateral position (0.034,-0.014), (I) Simulated
result of alpha-synuclein at lateral position, (m) Magnetic
induction system of COMSOL model of alpha-synuclein at
right and left positions (0.036,-0.013), (n) Simulated result
of alpha-synuclein at right and left position T1R14, (o)
Magnetic induction system of COMSOL model of normal
person (0.0325,-0.04), (p) Simulated result of normal person,
(q) Reconstructed image of aggregated alpha-synuclein
at right position, (r) Reconstructed image of aggregated
alpha-synuclein at lateral position, (s) Reconstructed image
aggregated alpha-synuclein at left position, (t) Reconstructed
image aggregated alpha-synuclein at angular position, (u)
Reconstructed image ofaggregated alpha-synuclein at lower
position, (v) Reconstructed image of aggregated alpha-
synuclein at right and left positions, (w) Reconstructed
image of aggregated alpha-synuclein at upper position, (x)
Reconstructed image of non-aggregated alpha-synuclein in
brain tissue (Figure 8). Based on the images obtained by using
MIT, the proposed MIT system is feasible and successful in
locating and identifies the position of accumulated alpha-
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Figure 9: Images of accumulated alpha synuclein and normal alpha synuclein modelled and reconstructed at different positions using
comsol multiphysics based on 16 channels magnetic induction tomographic system for PD identification: (a) Image 1; (b) Image 2; (c)
Image 3; (d) Image 4; (e) Image 5; (f) Image 6; (g) Image 7; (h) Image 8; (i) Image 9; (j) Image 10; (k) Image 11; (I) Image 12; (m) Image 13;
(n) Image 14; (o) Image 15; (p) Image 16; (q) Image 17; (r) Image 18; (s) Image 19; (t) Image 20; (u) Image 21; (v) Image 22; (w) Image 23;

& El 5

synuclein in the brain, however, not precisely identified.
The contactless nature of this type of tomography makes
the technique of interest for non-invasive and non-intrusive
applications. The technique was operated when passing an
alternating current through the excitation coil(s) produced
by the primary magnetic field. When this magnetic field
interacted with the conductive object, a secondary magnetic
field was created. The sensing coils detected the secondary
field (Figure 9).

Measurement of phase shift

Measurement of phase shift is important for the
measurement of an induced voltage of the biological tissue.
The voltage differences can be determined using this phase
shift technique. The figures above show the investigation
of the phase shift to identify the normal and infected brain
with PD by induced voltage phase shit reading with 15 coil
configuration based on Finite Element Method. This new
method of alpha synuclein detection for Parkinson’s disease
identification could predict an unknown size of alpha-
synuclein in the brain. Location was varied for each alpha-
synuclein size. When the alpha-synuclein was moved from
the centroid of the brain, some changes can be observed in
the inductive phase shift readings.

Conclusion

Abnormal accumulation of alpha-synuclein is a disease
caused as a result of PD. Imaging of abnormal accumulation
of alpha synuclein for the identification of Parkinson’s disease
has been successfully conducted by using 16 Channels
Magnetic Induction Tomography coupled with COMSOL Multi-

physics. The developed system was able to reconstruct the
images of non-aggregated and aggregated alpha-synuclein.
A simulation of 16 channels MIT is proposed to prove of
this concept by using the method to reconstruct image in
biological tissue without constructing a more complicated
hardware system. The 16 channelled sensing coil, Tx1-Rx15 is
used to detect the aggregated alpha-synuclein for Parkinson’s
disease. This systemis suitable since the reconstructed images
of the non-aggregated and aggregated can be differentiated
based on sizes and locations. Based on the image quality
assessment results, the smallest detectable infection radius
is 0.12 cm. The current research has successfully developed
and reconstructed the non-aggregated and aggregated
images of the brain model by using simulation method of
magnetic induction of tomographic system of COMSOL
Multiphysics supported by Matlab software. For future work,
the simulation has to consider in dynamic experiment tissue
with multi sizes and shape as in real applications because
the human brain consists of multi-layer of biological tissues.
Further, the 2D version of the human body tissue and the
numerical model could cause aggregation of error data. In
order to solve these problems, the next project should create
a 3D magnetic induction tomography system.
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