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Abstract Nephrolithiasis is a process of stone formation in the kidney by crystallization. The
increasing prevalence of nephrolithiasis from time to time had sought an alternative from the
conventional imaging techniques that is invasive, radiative, and non-rapid usage. This paper
enclosed a design simulation study of Magnetic Induction Tomography (MIT) system using
COMSOL Multiphysics for renal imaging. MIT is a soft field tomography and non-contact imaging
modality which can project the passive electromagnetic properties (conductivity, permittivity and
permeability) under the principle of electromagnetic induction. In this research, 8 copper trans-
receiver coils were employed in the MIT system and fixed by the insulation belt. Meanwhile,
geometric set-up of renal organ was set to imitate the transverse section of human renal. In the
methodology, sensor performance analyses were done using frequency ranging from 50 kHz to 2
MHz of the MIT system on radii of calcium oxalate in renal. The sensor response and pattern are
discussed in this paper.

Keywords: Magnetic Induction Tomography (MIT), kidney screening, medical imaging, calcium oxalate
screening, renal imaging

Introduction

Tomography is originally derived from the Greek which brings the meaning of ‘slice’ or ‘section’. The
evolution of tomography started as Conrad Rontgen discovered X-ray in 1895. The X-ray was found to
be able to project the internal image of human body. Soon after the discovery, the need of tomography
in medical line had been given more attention as it offers many advantages [1]. Nephrolithiasis is a
formation of stone in the kidney by precipitation or crystallization [2]. In the paper by Sreenevasan, G
analyzed, the occurrence of nephrolithiasis in peninsular Malaysia had increased linearly from 1962 to
1981 which is around 225 cases to 425 cases per 100,00 people [3]. It was observed too, that male has
higher tendency to develop nephrolithiasis compared to female which is much more related to diet of
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male group which favour more on protein-based diet [3-5]. The increasing prevalence of nephrolithiasis
had led to seeking more advanced medical imaging technologies such as Computed Tomography (CT)
scanner, ultrasound and Magnetic Resonance Imaging (MRI). However, due to the ionization exposure
in CT scanner, its accessibility is limited to pregnant mothers as it will harm the development of the fetus
[6]. Meanwhile, the mechanical energy of the wave in an ultrasound device produces heat that gives a
thermal effect to patients if being used rapidly for a long time [7]. Magnetic Resonance Imaging (MRI)
consumes a longer time for each imaging session to complete and gives a claustrophobic experience to
patients [8].

Hardware Components in MIT

MIT work is based on the theory of mutual induction [9]. It is a soft field tomography and a non-contact
imaging modality which projects electromagnetic passive properties conductivity, permittivity, and
permeability [10] of material under the influence of eddy current [10-14]. As shown is Figure 1 [14], the
basic system of MIT is made up of several main components such as sensors (which includes
transmitting coils, receiving coils and screen) [9,15], interface electronics and host computer (which
includes software for image reconstruction algorithm) [10,14].

Detection
coils Detection
Screen signal

control

Interface
electronics

Host Computer

Excitation Excitation
coils signal

Figure 1. Block Diagram of a typical MIT System [14]

Working Principle of MIT

The working principle of MIT is illustrated as in Figure 2 [16]. MIT applies primary sinusoidal
electromagnetic field (B,) which are generated by excitation coil [9-12,16—-19]. The electromagnetic
signal propagates and then penetrates the object which is located in the region of interest (ROI)
[10,12,17,18,20,21]. At the meantime, eddy currents are induced from within the object itself, due to its
conductivity property [9-13,17—21]. Based on Lenz’s Law, a secondary magnetic field (AB) is generated
by eddy currents which are measured by sensors at the receiving coils [9-13,16-19,22]. The perturbation
of secondary magnetic field (AB) contains a real part (due to displacement currents) and an imaginary
part (due to impedance) [11]. The density of secondary magnetic field (AB) carries information of
electrical properties of that object [9,17,18,20,22]. This information will be sent to a computer host for
image reconstruction [17,20].

The measurement is divided into two steps. Firstly, MIT measures the ambient air as a reference value,
then only it measures the object under test [21,23]. The measurement on the object, results in phase
delay as sensitivity of measurement is based on the phase shift approach. The measured potential of
primary and secondary magnetic field is represented as B, and AB, respectively [21]. The subtraction
operation between these two phase value produces an image [21,23].

In biological tissue, MIT is produces image due to the changes in conductivity, as conductivity is dominant
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compared to permittivity and permeability. This working frequency is under the dispersion range of 10
kHz - 10MHz [17]. Besides, interaction of an electromagnetic field and biological tissue also is governed
by the Maxwell’s rules [11,17] which explains that; changes in eddy current field due to conductivity of
diseased tissue is reflected in data analysis in recognizing pathology [11].
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Figure 2. Schematic diagram of working principle of MIT [16]

Equations in MIT Principle
Maxwell’s equation (Faraday’s law, Ampere’s law and Coloumb’s Law) is applied to study the interaction
between electromagnetic fields and biological tissues [24]. Based on Equation (1), Faraday’s law stated

that, by applying time varying magnetic field density, B with frequency (w), an electric field (E) is induced
[25,26];

VXLB:O'E+ja)E+JS (1)
M

where,

M = magnetic permeability

B = magnetic induction intensity

o = electrical conductivity

E = electric field intensity

j = imaginary part unit

w = angular frequency of excitation source
Js = electric current density

Meanwhile, the induced voltage, Av at the receiver is calculated using Lenz’s law by integrating magnetic
field over the receiver coil surfaces, dS as in Equation (2) [17];

Av=— ja)j AB.dS 2)

where,

Av = induced voltage

J = imaginary part unit

w = angular frequency of excitation source
AB = secondary magnetic field
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Materials and methods

Figure 3 outlined the flowchart for COMSOL simulation beginning from preprocessing to post-processing
result analysis.

Under the ‘physics selection’, this study employs ‘electromagnetism’ multiphysic to carry out the
fundamentals for the virtual experiment. The next configuration is the 'geometry set-up' for renal organ
and MIT sensor configuration for homogeneous and inhomogeneous conditions, shown in Figure 4 and
Figure 5, respectively. For both conditions of geometric set-up, the width and height of each copper trans-
receiver coils are 0.060m and 0.025m, respectively, and embedded surrounding the insulation belt. Each
of the eight trans-receiver coils is fixed at 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°, and 360°,
respectively, from the center of the MIT system. The dimension of the insulation belt is set as 0.260m (a-
semiaxis) and 0.180m (b-semiaxis). The belt is non-contact to reduce noise from the uneven surface of

the skin.

Preprocessing

v

Physics Selection

!

Geometry Set-up

v

Parameter Set-up

'

Meshing

v

Parametric Sweep

v

Simulation

Post-processing

Figure 3. Flowchart of COMSOL Multiphysics simulation

The geometric set-up of the transverse cut of human renal is surrounded by body fluid, as shown in both
Figure 4 and Figure 5. Each renal consisted of perirenal fat (outer layer), renal medulla (middle layer)
and renal cortex (inner layer) with dimension of 0.065m (a-semiaxis) and 0.045m (b-semiaxis). The
location of the left renal (from the reader’'s view) was -0.080m and 0.050m at the x-axis and y-axis,
respectively, with a clockwise rotation of 270°. The location of the right kidney (from the reader’s view)
is the reflection of the left kidney at line x=0, with 30° of clockwise rotation. Besides, the dimension of the
stomach is 0.220m and 0.140m for a-semiaxis and b-semiaxis, respectively. The surrounding of the MIT
system is air. In geometric set-up of inhomogeneous condition, the sizes of calcium oxalate were set up
as, r = 0.003cm, 0.006cm, 0.009cm, 0.012cm, 0.015¢cm, 0.018cm, 0.021cm, 0.024cm, 0.027cm and
0.030cm respectively throughout the study simulation.

488



MJFAS

Graphics
Q QA

1

0w Y

Le Ma®o &N

Paulus et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 17 (2021) 485-494

0.1¢7

0.1<7 I Cooper Trans-receiver Coil }
0127
0.17
0.0¢)
0.0671
0.047
0.027
o

pyer| Insulation Belt H

E

o
S
1

Skin

Stomach

Peruenal Fat

Renal Medulla

Renal Cortex

LI B B S B SR S SR SN SN SN SR SN SR S S 8

Figure 4. Geometric set-up and sensor configuration of a homogenous condition
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Figure 5. Geometric set-up and sensor configuration of inhomogeneous condition
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Table 1 shows the parameter set-up consisting of the values of conductivity, relative permeability, and
relative permittivity of materials at 10 kHz of working frequency. The values of Passive Electrical
Properties (PEP) are referred, for all material excluding calcium oxalate, from The Foundation for
Research on Information Technologies in Society (IT'IS) [27] and the Italian National Research Council
[28]. Both values of relative permittivity and relative permeability of materials were calculated based on

Equation (3) [29];

where,

0 = standard depth of penetration
f = test frequency

M = magnetic permeability

o = electrical conductivity

©)

For calcium oxalate, [30] estimated that the conductivity of calcium oxalate is 7.5 ySm-1 at 10000Hz.
After the ‘parameter set-up’ step completed, ‘meshing’ step is enabled to fraction the elements into
smaller parts. Next, ‘parametric sweep’ step was done to repeat multiple simulations with different
variables. Finally, ‘post-processing’ analysis is carried out to evaluate the sensitivity performance of each

coil.
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Results and discussion

Simulation study of sensitivity performance of MIT system was executed by exciting one coil at a time,
while the remaining coils detect and measure the magnetic flux values. Each coil is in-turn assign to
excite and receive magnetic flux to complete a full scan that consists of eight projection cycles. This
simulation studied the performance of coil sensor towards various system frequencies, which are 50 kHz,
100 kHz, 500 kHz, 1000 kHz, 1.5 MHz and 2 MHz. In previous research done by B. Gowry et al. had
used system frequency below than 50 kHz, which were from 100 Hz to 10 kHz, for tomography of rectum
and breast [31]. Biological tissues which are in hydration state, are well reflected by their high conductivity
values [32]. In this research, aims to distinguish the presence of calcium oxalate in renal. Different from
biological tissue, calcium oxalate has relatively low conductivity value compared to other materials (refer
Table 1). High system frequency is required so that the presence of calcium oxalate can be projected in
the tomography.

Table 1. Passive electrical properties (PEP) of materials at working frequency of 10 kHz [27,28]

Type of Material Conductivity (S/m) Relative Permittivity Relative Permeability

Air 0 1 1

Renal Cortex 0.13774 38748 0.855434635

Renal Medulla 0.13774 38748 0.855434635

Stomach 0.52973 8698.7 0.990639627

Perirenal Fat 0.02383 1085.3 0.974741105

Body Fluid 1.5 98.919 0.999693244

Skin 0.00020408 1133.6 0.157741333
Calcium Oxalate ~0.0000075 ~13 ~1

Table 2 and Figure 6 show the sensitivity value and sensitivity performance at excitation of coil 3 with
fixed radius of 0.018m calcium oxalate, respectively. Based from Figure 6, it was observed that coil 4
and coil 2 have the highest sensitivity values compared to other coils. This is due to position of coil 4 and
coil 2 which are closest to the excitation coil 3, thus received greatest total magnetic flux without the
effect of eddy current. Even though, coil 2 and coil 4 were not located in parallel direction (180°) to the
magnetic field, however, high intensity of magnetic fields which was excited from coil 3 were significant
for coil 2 and coil 4.

In Figure 6, there was a slight spike in sensitivity value at receiving coil 6 compared to coil 1, coil 5, coil
7 and coil 8. Meanwhile, the sensitivity value of coil 8 is lower compared to coil 6, even though both were
located at same distance from exciting coil 3. By referring from Figure 5, calcium oxalates were only
located at right kidney (left from reader’s view). The presence of calcium oxalates had induced greater
eddy current, which consequently induced greater secondary magnetic field. The greater secondary
magnetic field which is in opposite direction of primary magnetic field produced less total magnetic flux
[33]. Coil 5 had lower sensitivity value compared to coil 6 despite its distance which is closer to exciting
coil 3. This condition was due to unparalleled direction of magnetic field which was excited from coil 3 to
coil 5. Meanwhile, direction of magnetic field which was excited from coil 3 to coil 5 was more parallel.
Thus, coil 5 had lower sensitivity value compared to coil 6. Besides, coil 7 had lower sensitivity value
compared to coil 6 despite its parallel direction from coil 3 compared to coil 6. This was due to eddy
current effect. The location of coil 7 was nearer to the location of calcium oxalate compared to coil 6 thus
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it received greater eddy current effect. Received of eddy current led to greater secondary magnetic field
and less total magnetic flux [33]. Thus, sensitivity value of coil 7 was lesser compared coil 6.

Graph Pattern of Sensor Value of Coil 3 on Calcium Oxalate (r = 0.018m), based on Frequency Setup from 50KHz to 2MHz
T T T T T

SOKHz
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MKz |
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Magnetic Flux Density (T)
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Receiver Electrode (Rx)

Figure 6. Graph of sensitivity performance at excitation coil 3, with radius of 0.018m of calcium oxalate

This simulation also studied the performance of coil sensor towards various radii of calcium oxalate,
which is 0.000m, 0.003m, 0.006m, 0.009m, 0.012m, 0.015m, 0.018m, 0.021m, 0.024m, 0.027m, and
0.030m. Table 3 and Figure 7 presented the tabulated sensor values of each respective coil at an
operating frequency of 1 MHz and the plotted sensor values, respectively. Meanwhile, Figure 8 shows
the magnified view of Figure 6, revealing the plotted sensor values for every radius of calcium oxalate.
By referring to Figure 7, the differences in sensitivity performances between different sizes are not too
significant. However, when the graph was magnified as shown in Figure 8, it was observed that radii of
calcium oxalate were inversely proportional to sensitivity performance of coils.

Table 2. Sensitivity values at excitation of coil 3, with radius of 0.018 m of calcium oxalate

Frequency Coil 4 Coil 5 Coil 6 Coil 7 Coil 8 Coil 1 Coil 2
50 kHz 1.2712E-07 4.6914E-08 7.2259E-08 3.2425E-08 3.3792E-08 2.8409E-08 1.2681E-07
(log10)
100 kHz 6.3600E-08 2.3465E-08 3.6171E-08 1.6219E-08 1.6912E-08 1.4218E-08 6.3462E-08
500 kHz 1.2824E-08 4.7415E-09 7.3067E-09 3.2716E-09 3.4119E-09 2.8687E-09 1.2781E-08
1 MHz 6.5780E-09 2.4492E-09 3.7674E-09 1.6803E-09 1.7526E-09 1.4738E-09 6.5279E-09
1.5 MHz 4.5824E-09 1.7263E-09 2.6472E-09 1.1729E-09 1.2234E-09 1.0290E-09 4.5137E-09
2 MHz 3.6666E-09 1.4041E-09 2.1437E-09 9.4085E-10 9.8121E-10 8.2547E-10 3.5710E-09

From Figure 8 also, the sensitivity value was the highest when the radius of calcium oxalate was 0.000m,
while the sensitivity values started to decrease when the radii of calcium oxalate became bigger. Overall,
it could be explained that, the presence of calcium oxalate would increase the induction intensity of eddy
current, and eventually yielded greater secondary magnetic field which was in opposite direction with
primary magnetic field, thus reduced the total magnetic flux.
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Table 3. Sensitivity values at exciting coil 5 under 1 MHz frequency

Radius Coil2 Coil3 Coil4 Coil5 Coil6 Coil7 Coil8

0.000 8.3500E-08 6.0289E-09 4.2464E-09 2.8989E-09 6.9933E-09 8.9008E-09 7.1553E-08
0.003 8.3496E-08 6.0251E-09 4.2446E-09 2.8979E-09 6.9916E-09 8.9001E-09 7.1554E-08
0.006 8.3484E-08 6.0135E-09 4.2394E-09 2.8950E-09 6.9862E-09 8.8980E-09 7.1557E-08
0.009 8.3463E-08 5.9943E-09 4.2307E-09 2.8902E-09 6.9774E-09 8.8946E-09 7.1562E-08
0.012 8.3433E-08 5.9676E-09 4.2186E-09 2.8835E-09 6.9650E-09 8.8898E-09 7.1570E-08
0.015 8.3391E-08 5.9336E-09 4.2031E-09 2.8749E-09 6.9491E-09 8.8836E-09 7.1579E-08
0.018 8.3337E-08 5.8925E-09 4.1845E-09 2.8646E-09 6.9299E-09 8.8759E-09 7.1591E-08
0.021 8.3266E-08 5.8448E-09 4.1627E-09 2.8524E-09 6.9072E-09 8.8668E-09 7.1605E-08
0.024 8.3180E-08 5.7950E-09 4.1396E-09 2.8394E-09 6.8828E-09 8.8567E-09 7.1621E-08
0.027 8.3074E-08 5.7484E-09 4.1172E-09 2.8266E-09 6.8584E-09 8.8458E-09 7.1637E-08
0.030 8.2944E-08 5.7025E-09 4.0943E-09 2.8134E-09 6.8329E-09 8.8340E-09 7.1653E-08

Magnetic Flux Density (T}

. 10-2Graph Pattern of Sensor Value of Coil 5 with Set Frequency = 1MHz, based on different size of Calcium Oxalate from r=0.000m to r = 0.030m
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Figure 7 Graph of sensitivity performance at excitation coil 3, with radius of 0.018m of calcium oxalate
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Conclusions

Despite the status of ongoing research in MIT, this technique appears to have the potential in current-
radiation base imaging due to its superior advantage as a contactless and non-radioactive imaging
technique. This research found out that system frequency and radius of calcium oxalate have an inverse
relationship with the sensitivity performance of magnetic induction tomography (MIT) system.
Theoretically, higher system frequency would yield higher sensitivity value and performance of MIT. This
research proved that B-dispersion range below 1 MHz is the appropriate measurement range as many
pathological processes are reflected within this range. Other than that, all sensitivity performance graphs
exhibit a U-shape pattern, where both neighbouring coils from the exciting coil show the highest
sensitivity values. It is also crucial to highlight the importance of setting up the correct geometry and
parameter to closely imitates the real environment of a kidney for simulation due to each’s distinctive
passive electrical properties (PEP), especially conductivity value, which gives a significant impact on the
result.
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