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Abstract

This study aims to design Multifrequency Electrical Impedance Tomography (MfEIT)
based on Analog Discovery to detect breast cancer. The MfEIT was built from
27 iy Analog Discovery which can be used as a signal generator, power supply, voltage
T control and measuring voltage and phase difference. Other complementary

J
‘ [ vees ciraut | modules are Mulfiplexer, Instrument ampilifier, Voltage Constant Current Source
(VCCS), and High Pass Filter (HPF). The MfEIT performance test was carried out on a

phantom object made of agar with a certain conductivity that represents breast
and cancer tissue. The MfEIT performance testing at a frequency of 10 kHz, 40 kHz,
nstrument and 80 kHz. The reconstruction from both potential and phase difference data, it

Amplifier

shown that are in accordance with the phantom condition, both in number, size
and position of anomalies. The reconstruction from the voltage data shown fine at
all frequencies, but the phase data produces a good reconstruction image when
frequencies was less than 80 kHz.

Keywords: Multi frequency, electrical impedance, fomography, analog discovery,
breast cancer

Abstrak

Penelitian ini bertujuan untuk merancang Multifrequency Electrical Impedance
Tomography (MfEIT) berbasis Analog Discovery untuk mendeteksi kanker
payudara. MfEIT dibangun dari Analog Discovery yang dapat digunakan sebagai
pembangkit isyarat, catu daya, konitrol fegangan dan pengukur tfegangan dan
beda fasa. Modul pelengkap lainnya adalah Multiplexer, penguat instrumen,
Voltage Constant Current Source (VCCS), dan High Pass Filter (HPF). Pengujian
kinerja MfEIT dilakukan pada objek phantom yang terbuat dari jeli dengan
konduktivitas tertentu yang merepresentasikan jaringan payudara dan kanker.
Penguijian kinerja MfEIT dilakukan pada frekuensi 10 kHz, 40 kHz, dan 80 kHz. Hasil
rekonstruksi dari data potensial dan beda fasa, menunjukkan bahwa hasil
rekonstruksi sesuai dengan kondisi phantom, baik jumlah, ukuran maupun posisi
anomali. Rekonstruksi dari data tegangan menunjukkan hasil yang baik pada
semua frekuensi, namun data fase menghasikan gambar rekonstruksi yang baik
pada frekuensi kurang dari 80 kHz.

Kata kunci: frequenci ganda, tomografi, impedansi elektrik, analog discovery,
kanker payudara
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1.0 INTRODUCTION

Cancer is an abnormal growth of body fissue cells that
become malignant, with its incidence rising. These
cells can grow and spread to other body parts,
potentially leading to death[1], [2]. One feared type
of cancer among women is breast cancer, often
detected at advanced stages [3]. According to
WHO's Globocan data for 2022, the total number of
breast cancer cases in Indonesia reached 68,858
(16.6%) out of 396,914 cancer cases, with 22,430
deaths (9.6%) attributed to breast cancer. Breast
cancer ranks first as of the most prevalent cancer type
and the leading cause of cancer-related deaths in
Indonesia. Moreover, 70% of breast cancer cases are
detected at advanced stages[4].

Early detection remains pivotal in improving survival
rates and facilitating less invasive tfreatment options for
breast cancer patients [1], [3]. Traditional screening
methods, like mammography and ultrasound, have
been instrumental in early detection efforts. However,
they are not without limitations, particularly in women
with dense breast fissue, where sensitivity can be
reduced. Hence, there is an ongoing quest for novel
and complementary diagnostic tools to enhance
breast cancer detection[5]. Moreover, early detection
has a significant impact on patient prognosis and
recovery.

Currently, several tools using medical imaging
technology have played a crucial role in the early
detection of breast cancer, including
ultrasonography, CT scans, X-ray mammography,
ductography, xerodiography, thermography, and MRI
are used for breast cancer detection (USG) [6], [7]. [8].
However, mammography is the most commonly used
tool for breast cancer detection and serves as the
standard [8]. Nevertheless, due fo its use of X-rays,
mammography has limitations like ionizing radiation,
patient discomfort due to breast compression, and
reduced detection capabilities in dense breast
fissue[?]. X-ray mammography is also not
recommended for patients under 45 and pregnant
women[10]. X-ray mammography is expensive and
only available in major urban areas. Therefore, tools
with several advantages compared to other imaging
techniques, such as non-invasive, radiation-free
techniques, long-term safe monitoring, portability,
cost-effectiveness, and rapid imaging capability and
become one emerging technology like Electrical
Impedance Tomography (EIT) for breast cancer
detection are more widely accepted [8], [11], [12].

EIT is an imaging technique based on changes in
electrical impedance within the body's tissues [12]. The
fundamental principle of EIT involves injecting small
electrical current and measuring electrical potential
simultaneously on the body's surface using electrodes
placed on the skin [13]. By reconstructing the
electrical potential properties like conductivity and
permittivity  [12], [14], three-dimensional images
representing the electrical impedance composition of
the body's tissues can be generated [12], [15], [16].

Therefore, EIT imaging is a modality with potential
applications in various medical fields [17], including
breast cancer diagnostics [7]. [18], [19]. EIT operates
by measuring the electrical impedance within
biological fissues. These properties can significantly
differ between healthy and cancerous tissues due to
disparities in cell density, water confenf, and
vascularization [13].

The development of EIT for breast cancer
detection offers significant potential because it is non-
invasive, safe, and relatively affordable. By utilizing the
Analog Discovery module, which has the capability to
generate multifrequency signals within a specific
spectrum and measure signal phase [20], [21], EIT
based on Analog Discovery can enhance its
accuracy and sensitivity in breast cancer detection.

However, conventional EIT systems predominantly
rely on single-frequency measurements, which have
inherent limitations in spatial resolution and the ability
to distinguish between various tissue types effectively
[22]. Multifrequency Electrical Impedance
Tomography (mfEIT) presents a promising avenue to
address these challenges. MIEIT involves using multiple
frequencies during measurements, offering more
comprehensive information about tissue properties
and potentially enhancing sensitivity and specificity in
detecting breast cancer [23], [24].

To date, the application of EIT in breast cancer
detection has faced technical obstacles related to
system design, data acquisition, and image
reconstruction. While various studies, have showcased
the potential of EIT in breast cancer diagnostics [7], [8],
[?]. [18]. the practical implementation of MfEIT systems
based on readily accessible and cost-effective
platforms like Analog Discovery remains an area ripe
for exploration [23]. Our research seeks to bridge this
gap by proposing the design and development of a
Multifrequency Electrical Impedance Tomography
(MFEIT) system centered around Analog Discovery,
offering a unique opportunity fo enhance the
accuracy and accessibility of breast cancer detection
through advanced electrical impedance imaging
[24]. Then, the image was created using Eidors
software [25], [26].

By harnessing this technology, it is hoped that a
more effective imaging system for early breast cancer
detection can be developed. This can help minimize
patient risks, reduce freatment costs, and improve
survival rates. Therefore, this research has the potential
to make a significant contribution to the global effort
fo combat breast cancer through the use of
innovative medical technology

Based on the aforementioned descripfion,
research has been conducted to design an Electrical
Impedance Tomography (EIT) device for breast
cancer detection, which is expected to be a more
accessible and portable alternative for breast cancer
detection. The study used the Analog Discovery, a
breast-shaped agar phantom with  anomalies.
Measurements were performed at 10 kHz, 40 kHz, and
80 kHz, obtaining voltage (V) and phase (6) data.
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Based on this data, image reconstruction results were
obtained using EIDORS software.

2.0 METHODOLOGY

Activities of research include: design of the MfEIT
device, components that make up the MfEIT device
which include generator, VCCS, multiplexer-
demultiplexer, instrument amplifier, high pass filter,
making breast phantoms, EIDORS, data collection and
analysis.

The Digilent Waveform software driver was used fo
operate the Analog Discovery-based MfEIT through a
USB 2.0 connection. Meanwhile, the reconstruction
was carried out using EIDORS, which is based on
Matlab. The schematic design of the MfEIT system
based on Analog Discovery is shown

Figure 1.

Analog discovery is useful for generating sinusoidal
AC signals via a USB connection. Generator testing
was carried out to determine its ability to generate
signals from a frequency of 1 Hz to 1 MHz, the results
were observed by an oscilloscope. The confrol
flowchat is shown in Figure 2.

Demultiplexer
Demultiplexer

‘ Multiplexer ‘ Multiplexer

Instrument
Amplifier

Figure 1 MfEIT design scheme to Detect Breast Cancer

Define some variables

Wavegen initiation (frequency,
voltage, amplitude, offset,
signal type)

Initiate and turn on
the power supply

True
MUX3 = MUX3 - 16
m *
Data logging

Tumning off the scope
and Wavegen

False

True

MUX1 =i
MUX2 = i+1

Figure 2 MfEIT control flowchart based on Analog Discovery

The VCCS is a current source circuit by controlling the
input voltage. The resulting current depends on the
input voltage, according to equation (1) [27]. The
VCCS circuit is built from IC OPA2134 and four 1 kQ
resistors, as shown in Figure 3. The VCCS test was
carried out to determine its performance in
maintaining the current generated against the given
load. Testing VCCS was carried out at frequencies of
500 Hz, 1 kHz, 10 kHz, 40 kHz, 80 kHz and 100 kHz with
loads of 100 Q, 1 kQ, 2kQ, 4 kQ and 6 kQ.

R3 R4
J‘j 1
+
R1 R2 R5
Vin O—D
Vout
lout
RL
Figure 3 The VCCS circuit
1 Rg
loue = L TR 1
out R_,,,R oy ( )

The MIFEIT device uses a multiplexer and
demultiplexer of the IC74HC4067 module. Multiplexer
and demultiplexer testing is carried out to identify
whether the components are working according to
the truth table. The multiplexer and demultiplexer in
the MFEIT system to regulate the current, ground, and
signal meter inputs.

The AD620 was used as an instrument amplifier
which is useful for amplifying the differential signal
measuring voltage between electrodes. The AD620
can amplify 1 fo 10000 fimes by adding a resistor on
the Rc pin according to Equation (2). The test was
carried out by connecting a gain resistor (Rg) with a
50 kQ potentiometer. The R was varied at 10 kQ, 2
kQ, 1 kQ with frequencies at 500 Hz, 10 kHz, 20 kHz, 40
kHz and 80 kHz. The MfEIT system uses a high pass filter
to pass high frequencies and remove low frequency
signals from both DC signals and low frequency AC
signals.

45,5k
+
R

The phantom was used as a fest object to know
the performance of MfEIT in detecting breast
anomalies. The breast phantom is from agar with a
height of 4 cm, a diameter of 10.5 cm, and has a
half-spherical shape. The phantom confains a
cancer made of agar with a diameter of 1.4 cm. The
phantom created has a conductivity of 0.06 S/m for
breast fissue and 0.16 S/m for cancer tissue based on
Equation 3 [28].
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The waveforms software control the Analog
Discovery module to generate voltage signals, set up
the  multiplexer to measure voltage and
demultiplexer to inject current, power supply as a
resource for AD6é20, VCCS, multiplexer and
demultiplexer.

Data collection was carried out with 16
electrodes from copper plates coded E-1, E-2, E-3 to
E-16. All electrodes from E-1 to E-16 are connected to
2 demultiplexers and 2 multiplexers. The first
demultiplexer is programmed to regulate the current
injection position while the second demultiplexer is to
regulate the ground position. The first and second
multiplexers are used to set up voltage
measurements on two adjacent electrodes.

Image reconstruction is carried out on voltage
and phase data to produce the image being the
distribution of the object's conductivity and its
phases. Image reconstruction was carried out with
EIDORS software using the relative imaging method
of homogeneous and non-homogeneous data.
EIDORS-V3.10 software was used for reconstruction
image from voltage and phase measurement data.
EIDORS is a MATLAB-based toolkit which includes
several reconstruction methods and object
shapes[26]. In this study, homogeneous data was
obtained from the average of non-homogeneous
data.

Analysis was carried out by comparing the
reconstructed image on the phantom with anomalies
and their placement and without anomalies
between the image results with the phantom and the
location of the anomalies. The correctness of the
reconstruction results and how good the resulfs
obtained by the system created are by making visual
observations between the location of the object, the
number of anomalies in the phantom and the image
reconstfruction results of the program.

3.0 RESULT

All modules that make up the MfEIT device were
carried out performance fests which included
analog discovery, VCCS, multiplexer-demultiplexer,
high pass filter, instrument amplifier, phantom, device
intfegration, EIDORS reconstruction program, and
data retrieval with phantom.

Analog Discovery's performance was tested for its
ability fo generate AC sine signals.

Figure 4 is the resulting Vrms voltage, which is
stable at 700 mV at a frequency of 1 Hz fo 1 MHz.
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0,1 1 10 100 1.000 le+04 le+05 1le+06
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Figure 4 Graph of Generator Signal Test

VCCS performance is stable at 0.3 mA, 0.29 mA,
0.284 mA, and 0.21 mA when given a load of 100 Q,
1 kQ, 4 kQ and 6 kQ, shown in Figure 5. Based on
these results it can be said that the current value
obtained is within safe limits if injected into the
human body

0,32 1 1 -

1’/—7—;‘__._ o

Current (mA)
_ =)
u

0 ¥ =60000
O r=40000
r = 20000
a4 r=1000Q
v or=100Q
0,16 T T T
0 20.000 10.000 00 0

Frequency (Hz)

T T
00 80.000 100.000

Figure 5 Graph of VCCS Test

Multiplexer and demultiplexer testing is carried out
tfo ensure that the components used work properly
according to the fruth table. Tests were carried out
on the IC 74HC4067 module and obtained the same
results as in Table 1 which shows that all components
are working well.

Table 1 The measurement results of IC 74HC40067 module

OOOOOOOOO%

DIO DIO DIO Output DIO DIO DIO DIO Output
1 2 3 Active 0 1 2 3 Active
0 0 0 co 1 0 0 0 c8
0 0 1 C1 1 0 0 1 Cc9
0 1 0 Cc2 1 0 1 0 c10
0 1 1 C3 1 0 1 1 C11
1 0 0 C4 1 1 0 0 Ci12
1 0 1 C5 1 1 0 1 C13
1 1 0 Cé 1 1 1 0 Cl4
1 1 1 Cc7 1 1 1 1 Cl15
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The performance of the high pass filter is shown in
Figure 6. This filter design has a cut-off frequency of
159.15 Hz using a resistor of 1 kQ and a capacitor of 1

uF.
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Figure 6 Graph of High Pass Filter Test

Instrument amplifier testing is carried out by
providing a potentiometer load of 50 kQ. The test
was carried out 4 times, namely without loading, and
varying loads of 10 kQ, 2 kQ, and 1 kQ, by using
equation 2, the respective Gains are G=1, G=5.94,
G=25.7 and G=50.4. Tests were also carried out with
frequency variations of 500 Hz, 10 kHz, 20 kHz, 40 kHz
and 80 kHz. The results can be seen in Figure 7. The
Gain is in accordance with the calculation in
equation 2. However, the Gain calculation of 50.4
produces a smaller Gain. This shows the gain limit that
can be obtained from the amplifier instrument. The
gain used must be adjusted to the resistance of the
phantom used, in this study it was found that the gain
was 9.3 with a resistance of 6 kQ.

50 L L
L G=1
G=5.94
G=25.7
G=504 | |

>Coo

0]

304 r

Gain

20 [

———g

oL = s < 4 L
10.000 100.000

Frequency (Hz)

r— ——

T
1.000

Figure 7 Graph of Instrument Amplifier Test

The breast phantom used in this study was made
of agar with a height of 4 cm and a diameter of 10.5
cm, in the shape of a half ball. On the Phantom there
is an artificial cancer which is also made of agar with
a diameter of 1.4 cm. The phantom created has a
conductivity value of 0.06 S/m for breast fissue and
0.16 S/m for cancer tissue. The phantoms is used by
mixing 300 ml of water, 2.5 grams of agar and 0.15
grams of NaCl which is then heated for 1 minute
while stirring, then poured into a mold. When it has

hardened it is cut into pieces with a diameter of 1.4
cm as cancer anomaly. Next, the same process is
carried out but using 0.01 grams of NaCl, and
pouring 200 ml info the mold and allowing it to
harden, then placing the anomaly in the desired
location and pouring 100 ml again as a second layer,
this is done so that the anomaly can blend into the
whole so that it resembles cancerous fissue in the
breast. The phantom was created in two conditions,
namely one anomaly and two anomalies as in Figure

Figure 8 The phantom (a) one anomaly (b) two anomalies

After testing each module, a Printed Circuit Board
(PCB) was then made to create Mullifrequency
Electrical Impedance Tomography (MfEIT).

Figure 9 shows the results of infegrating all circuits
on the PCB.

Figure 9 The MfEIT module system

EIDORS is a toolbox in the Matlab application that
is used to reconstruct potential and phase data into
images. EIDORS will read the data obtained in the
form of .csv data which is then averaged as
reference data. The FEM function program uses the
size g2dic, namely 3136 tfriangular elements and 1
distmesh. The GN_one_step method is used with
hyperparameters of 0.005.

Data collection was carried out on a phantom
with 16 electrodes with a current of 0.29 mA. Data
collection was carried out once for each phantom
with 3 different frequencies, namely at frequencies of
10 kHz, 40 kHz and 80 kHz, so that a total of 6 data
were obfained with details of 3 voltage data and 3
phase data for each phantom. Figure 10 is one of the
potential and phase raw data produced by this MfEIT
device.
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Figure 10 The raw data produced by MfEIT (a) Potential (b)
Phase

The reconstruction of potential and phase data
from one and two anomalies was shown in Table 2
and Table 3 respectively. Table 2 show the phantom
one anomaly with a hyperparameter of 0.005 which
shows that there is an anomaly in the form of a red
color with high contrast o its surroundings. The red
color is an anomaly because in the EIDORS program
the blue area shows a lower conductivity distribution
value and red for the area greater conductivity,
because cancer has higher conductivity so it
appears red compared to the surrounding area [16].
When compared with the original placement, both
the voltage data and phase data both show
anomalies with the same location on the phantom,
namely around the 14th and 15th electrodes af
frequencies of 10 kHz, 40 kHz and 80 kHz. However, at
a frequency of 80 kHz, the location of the anomaly
appears to be slightly shiffted compared to other
frequencies.

Table 3 shows the results of image reconstruction
on a phantom with two anomalies. Just like in the
phantom with one anomaly, two red anomalies were
found in both the voltage data and the phase data.
The location of the anomaly also looks exactly like
the location of the original anomaly at both
frequencies of 10 kHz and 40 kHz. However, at 80 kHz
it appears that the location of the anomaly has
shifted slightly and in the phase data only one
anomaly can be detected. The other anomaly is less
readable due to the process of making the anomaly,
the solution was not stirred evenly so that anomalies 1
and 2 are not compositionally symmetrical, so that
anomaly 2 is less readable.

Table 2 The one anomaly phantom and reconstruction
image

Phantom Frequency Voltage Data

Phase Difference Data
10 kHz -~

40 kHz

80 kHz

Table 3 The two anomaly phantom and reconstruction
image

Phantom Freguency Voltage Data
o

Phase Difference Data
10 kHz -

40 kHz

80 kHz

The reconsfructed image contains noise in the
form of blue which should not be there, but this can
be adjusted by increasing/decreasing the
hyperparameter value. The blue to red color in other
areas, especially in the edge areas, is noise from the
measurement results caused by electrodes that are
too close and can also be caused by other
substances mixed in the phantom or because the
phantom was not stited enough during the
manufacturing process, as well as due to
reconstruction.

Based on the results of the reconstfruction that has
been carried out, it can be seen that the
Multifrequency Electrical Impedance Tomography
(MFEIT) that has been built is capable of detecting
anomalies in phantoms made with either one
anomaly or two anomalies. The reconstructed image
looks better when using a hyperparameter of 0.005.
From the results obtfained, it can be seen that the
image results can be seen clearly and in confrast,
both in the voltage data and in the phase difference
data, with the position corresponding fo the original
anomaly placement. The image results also show
that the image looks better at frequencies less than
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80 kHz for phase difference data because at high
frequencies there are deviations in the locatfion of
anomalies.

5.0 CONCLUSION

Multifrequency Electrical Impedance Tomography
(MFEIT) can be built from Analog Discovery which
can be used as a signal generator, power supply,
voltage control and data acquisition resulting from
measurements of voltage and phase difference data
from a breast phantfom made of agar. This device
can produce a stable electric current of 0.29 mA.

Image reconstruction using EIDORS software from
the Electrical Impedance Tomography (EIT) system
which is made capable of detecting anomalies in
both voltage data and phase difference data, with
a hyperparameter of 0.005 to detect anomalies. The
reconstructed image shows that there is an anomaly
that has higher conductivity which is represented in
red and the surrounding area ftends to be colored
blue. The image reconstruction results appear clear
in the frequency range of 10 kHz to 80 kHz for voltage
data, and at frequencies of 10 kHz to 40 kHz for
phase difference data.
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