
Received 5 June 2024, accepted 2 July 2024, date of publication 4 July 2024, date of current version 12 July 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3423653

Frequency-Difference Electrical Impedance
Imaging of Cervical Specimens
TAWEECHAI OUYPORNKOCHAGORN 1, (Senior Member, IEEE), NAPATSAWAN NGAMDI 1,
SAIROONG OUYPORNKOCHAGORN 2, JARUWAN SRIWILAI 3,
AND THERDKIAT TRONGWONGSA 3
1Faculty of Engineering, Srinakharinwirot University, Nakhon Nayok 26120, Thailand
2Faculty of Science, Naresuan University, Phitsanulok 65000, Thailand
3Faculty of Medicine, Srinakharinwirot University, Nakhon Nayok 26120, Thailand

Corresponding author: Taweechai Ouypornkochagorn (taweechai@g.swu.ac.th)

This work was supported by the Research Fund from Srinakharinwirot University.

This work involved human subjects or animals in its research. Approval of all ethical and experimental procedures and protocols
was granted by the Human Research Ethical Committee of Srinakharinwirot University under Reference No. SWUEC-097/2563.

ABSTRACT Screening for cervical abnormalities is crucial to reduce the risk of developing abnormal cells
in the cervix. Several pathological methods have been proposed to date, however, they require exhaustive
histological examination and time. In this paper, we proposed a method to localize the abnormality by using
reconstruction images. The weighted frequency-difference Electrical Impedance Tomography (WfdEIT)
method was implemented on three cervical specimens: one normal, one with Cervical intraepithelial
neoplasia (CIN) grade 2, and one cancer specimen. A 16-electrode probe was developed to work with an EIT
system operated at 2-125 kHz excitation frequencies. Experimental results have shown that the abnormalities
in the specimens could be identified in most cases, represented by the positive conductivity changes. The
localization of the CIN2 specimen was more accurate than that of the cancer specimen. The conductivities
of the transformation zone (TZ) part and the cancer region of the specimens were significantly higher than
those of the ectocervical part by 1.5-2.2 times. Interestingly, the tissue in the TZ part had a similar frequency
spectrum of conductivity to the tissue with cancer and this caused difficulty to distinguish between them.
The TZ region of the specimens in the reconstruction images was always positive in conductivity change
in a similar manner to cancer. The abnormality imaging for identifying cancer in the TZ region is then still
challenging.

INDEX TERMS Cervix, cervical specimens, loop electrosurgical excision procedure (LEEP), weighted
frequency-difference electrical impedance tomography (WfdEIT), conductivity, reconstruction.

I. INTRODUCTION
Cervical cancer is an abnormal growth of cells on the surface
of the cervix. The abnormality could be specific to different
stages of Cervical intraepithelial neoplasia (CIN) or the most
severe stage i.e. cancer. CIN development can be categorized
into three grades: grade 1 (CIN1), grade 2 (CIN2), and grade 3
(CIN3) which is the most severe one. The cervix could be
divided into three parts. The Endocervix is the inner part of
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the cervix. The epithelium in this part consists of columnar
cells lining from the external orifice (the cervical canal) to the
uterus. The Ectocervix is the outer part covered by a stratified
squamous epithelium. The last part is the region where the
squamous epithelium transforms to the columnar epithelium
which is called the transformation zone (TZ) residing near the
orifice. The epithelium is themixture of squamous, columnar,
or cuboidal cells. The abnormal cells usually arise in this TZ
part [1], [2].

Screening for cervical abnormalities could be in vivo or
in vitro. Colposcopy is a visual inspection method using an
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endoscope. The detectability of this method was reported at
30-70% [3]. The inspected cervices need to be washed with
the acetic acid solution first to turn the abnormal tissue into
white. Papanicolaou (Pap) smear test is the most popular
pre-screening method by taking some epithelium cells into
a certain pathological process before investigating with a
microscope. This method is simple, but the detectability was
reported at only 55.4% [4]. Liquid-based cytology (LBC)
and human papillomavirus (HPV) DNA testing with reflex
cytology are methods that could increase the detectability to
89.5% and 94%, respectively [4]. Pathological cell suspen-
sion and HPV DNA detection process are required in these
methods. Investigating cervical specimens obtained from the
loop electrosurgical excision procedure (LEEP) method can
provide accurate pathological results. This method is brought
to verify the presence of abnormality that is usually conducted
during the treatment or at the late stage of investigation [5].
Sectioning and slide preparation processes are required for
examining LEEP specimens, and the experience of patholo-
gists is also essential with this method [6].
Cervical abnormalities cause changes in the shape of cer-

vical cells and the structure of the cell lining where the
significance of the change depends on the abnormality grade.
Due to the change of the cells, the presence of abnormality
could be reflected by the electrical conductivity of cervical
smears in suspension or cervices. Reference [7] reported that
the conductivity of abnormal smears was 166 times higher
than that of normal smears at the 10-kHz excitation frequency.
However, the in vivo conductivity of CIN1-CIN3-grade tis-
sues was only 4.7-5.2 [6] or 1.25-2.5 times [8] higher than the
conductivity of normal cervices at the same frequency –much
smaller than what was found in smears. These conductivities
were higher at the high frequencies [6], [7], [8], [9]. For exam-
ple, in the case of normal cervices/ smears, the conductivity
at 10 kHz increased by 5 [7], 6.25 [8], or 2.3 [9] times at
100 kHz. However, in the case of abnormal cervices/ smears,
it increased by 2 [7] or 1.8-5 times [8] – smaller than that
of normal cervices/ smears. These different characteristics
then have been used for distinguishing normal and abnor-
mal cervices/ smears. Actually, the use of conductivity for
determining the changing state of measured objects/bodies
has been reported in other biomedical applications as well.
For example, [10] reported the use of conductivity to monitor
the porosity and the swelling ratio of tissue scaffolds. Refer-
ence [11] also proposed a similar way to monitor the change
of urine in bladders.

The conductivity measurement could be conducted by
using a well-chamber (for the smear case) [7], an electrode
probe [6], [8], [9], [12], [13], [14], [15], [16], a tube [17],
or a planar electrode plate [18]. Fixing excitation current of
2-219 µArms [6], [9], [12], [13] or fixing supply voltage
of 10 mVpeak−peak [7] at the frequency of 100 Hz-1 MHz
has been implemented. Principally, the four-electrodemethod
was used to estimate the conductivity. In the case of the
electrode probe, the number of electrodes in a probe could be

4-16 electrodes. References [6], [8], [12], and [9] proposed a
four-electrode probe with 5.5 mm in diameter of the electrode
array, that arranged into a square shape. The diameter of
each electrode was 1 mm in diameter. Eight measurement
sites were conducted to determine the conductivity. Refer-
ence [19] proposed a seven-electrode probe with a 3-mm
diameter electrode array. The diameter of electrodes was
0.9 mm. Reference [15] proposed an eight-electrode probe
arranged into two rings (3 mm in diameter for the inner ring
containing four 0.6 mm-diameter electrodes, and 5.5 mm in
diameter for the outer ring containing four 1.5 mm-diameter
electrodes.) References [13] and [14] proposed a 16-electrode
probe arranged into two rings with 0.9-1 mm diameter elec-
trodes. The diameter of the inner ring was 4.2 mm for [13]
and 6.67 mm for [14], while that of the outer ring was 7 mm
for [13] and 10 mm for [14].
Apart from determining the existence of abnormality in a

cervix with conductivity, imaging conductivity distribution is
another method that can be used for addressing the abnormal-
ity. The image could provide more information that helps in
diagnosis, planning the treatment, or pathological examina-
tion. Electrical Impedance Tomography (EIT) is a potential
technique for creating an image of conductivity distribution
by using the voltage information obtained from the surface of
a measuring tissue after applying a small excitation current.
This technique is fast and simple for measurement. EIT has
been used in many medical applications e.g. lung and brain
applications [20], [21]. Traditional EIT is a time-difference
basis (tdEIT) that requires measurement at a reference period
first. This is practically difficult in many medical applica-
tions, including the cervix application, as measurements on
healthy cervices must be conducted beforehand. Frequency-
difference EIT is later proposed based on the fact that each
tissue has its own frequency spectrum of conductivity [22].
Measurement data at high and low frequencies, at the same
measurement time, are chosen for reconstruction. The con-
ductivity difference of the selected frequencies is displayed
in the reconstruction image, and the abnormality will show
up in the image if the frequency spectrums of conductivity
are different from that of normal tissues. The measurement
data at the healthy state is then not necessary. Several devised
frequency-difference EIT methods were proposed in the past,
however, they are generally based on two methods [16], [23].
First, the simple frequency-difference EIT method (called
here ‘‘fdEIT method’’) is the most basic one that uses the
high-frequency measurement data as the reference state. The
conductivity difference of tissues is imaged. However, since
the conductivity change (between the high- and the low-
frequency) occurs in the whole volume, the fdEIT method is
then suitable only in a homogeneous condition. Second, the
weighted-fdEIT method (called here ‘‘WfdEIT method’’) is
a modified version that creates new reference data by pro-
jecting the vector of the low-frequency measurement to that
of the high-frequency measurement [16], [23], [24]. The con-
ductivity change of the background volume could be reduced,
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FIGURE 1. Measurement system.

and then it could improve the reconstruction performance.
However, the abnormality to be reconstructed should not be
too large in volume.

EIT has not been reported often for reconstructing the
conductivity distribution within a small volume that is com-
patible with the size of cervices or cervical specimens.
Reference [25] reported to use of 15-mm diameter-well
chambers with a 16-electrode configuration for localizing
cell-loaded hydrogel in liquid solution. The fdEIT method
was implemented based on a pair of 10 kHz and 100 kHz.
The hydrogel could be clearly detected in this study. Refer-
ence [16] proposed to use a 16-electrode probe of 20 mm in
electrode array diameter to reconstruct for abnormality of a
whole cervical specimen. The simulation and the phantom
experiment were conducted with this probe, and the result
showed that both the fdEIT and the WfdEIT methods could
localize the abnormality even though the noise was present.

In this study, the conductivities of cervical specimens
in different parts were investigated. The conductivity dis-
tribution of cervical specimens was also imaged with the
frequency-difference EIT technique. A small 16-electrode
probe was developed for these purposes. Three cervical
specimens were carefully selected in the investigation. The
pathological examination reports were used for verification
of the reconstruction results. To our knowledge, this is the
first report of the frequency-difference image of the con-
ductivity distribution of cervix specimens. This could reveal
the possibility of using the image to address the abnor-
mality of cervical specimens. This paper is organized as
follows: the next section explains the method to measure the
boundary voltages, calculate the conductivity, reconstruction,
and experiment with cervical specimens. The results of the
reconstruction algorithm investigation, measured conductiv-
ities, and reconstruction images of cervical specimens are in
Section III. The discussion is made in Section IV, and the
final section is devoted to the conclusion.

II. METHODS
A. MEASURING SYSTEM
The Clementine EIT system was used in this study [26]
(Fig. 1). A series of five stimulation currents of 2, 10, 25,
50, and 125 kHz was injected at the same moment, and
the measurement data of each frequency was simultaneously
collected. Due to the small size of the measured specimens,

FIGURE 2. Measurement probe (a) and the electrode layout (b). The
radial lines presented in the layout are the position markers used in
Fig. 12-Fig. 14.

FIGURE 3. Current patterns (a) and the selection composite
measurements used for determining tissue conductivity (in the blue
rectangle boxes).

FIGURE 4. Chamber used for measuring the conductivity of formalin.

the amplitudes were programmed to 50 µArms at 2 kHz,
200µArms at 10 kHz, and 400µArms at 25, 50, and 125 kHz.
The recording speed was 20 frames/s. The signal-to-noise
(SNR) ratio of the system was reported at 91.7 dB for the
voltage measurement unit and 78.5 dB for the current source
unit. The system was supported to measure with 32 channels,
but only 16 channels were used in this study. A 16-electrode
probe with a 20 mm-diameter head was developed (Fig. 2a).
The pin electrodes were arranged into two rings: 3.6 mm and
6.8 mm in diameter for the inner ring and the outer ring,
respectively (Fig. 2b). The number of electrodes for the inner
and the outer ring was 6 and 10, respectively. Each electrode
was with a support spring helping in firm contact with the
measured specimens. Twenty excitation current patterns were
programmed as in Fig. 3a. The adjacent voltage measure-
ment scheme was selected. For example, when the current is
injected from Electrode#14 to #7, the voltage measurement
will be performed on Electrode#1 and #2, #2 and #3, and so
on. The total number of composite measurements then was
240. Five measurements were selected for determining the
local conductivity of measured tissues as shown in Fig. 3b
i.e. Electrode#10-#16: #1-#2, #8-#11:#2-#3, #9-#13:#3-#4,
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FIGURE 5. Cervix model that was used for determining the correction
factor in (1) and for image reconstruction.

#11-#15:#4-#5, and #13-#16:#5-#6 (displayed in a format
of ‘‘current electrode pair:voltage measurement electrode
pair’’.)

The measurement voltages obtained from the probe were
used for imaging the abnormality in the specimens and for
determining the conductivity of the different parts of the cer-
vical specimens. However, since the specimens were fixated
in 10% neutral buffered formalin beforehand, the conductiv-
ity of formalin was investigated in this study as well. A plastic
chamber was developed with the size of 29 × 29 × 27 mm
(Fig. 4). Four copper bars were used as the electrodes. The
amplitudes of the excitation were the same as those used in
the measurement with the developed probe.

B. CONDUCTIVITY ESTIMATION OF TISSUES AND
FORMALIN
The conductivity estimation used in this study was based
on the four-point measurement. Ideally, the electrodes are
required to be equally separated by distance s and aligned
into a straight line. In the case of the measurement with
the probe where the electrodes have to be on the specimen
surface, the estimation can be estimated by (1) where σ is the
estimated conductivity, I is the excitation current, V is the
measurement voltage, and t is the specimen’s thickness [19],
[27]. The estimation in [27] assumes that the electrode dis-
tance is much larger than the electrode diameter, however,
this condition was not met in this study. The contact area
of electrodes could also affect the estimation, and then the
correction factor α was added into (1), following what was
proposed in [19]. Considering the selected fivemeasurements
mentioned in Section II-A, the inner electrode pair was not
straightly aligned to the outer electrode pair (Fig. 3b). The
correction factor was then not only used for compensating
the influence of the electrode area in this study but it also
was used for compensating the misaligned of the electrodes
in this study. To obtain α, a simulation situation was created.
A finite-element model of cervical specimens was created
with 10× 10× 4mm in size (Fig. 5). The number of elements
was 33,344. The contact impedance was set to 0.01 � and
the simulation current was 400 µArms. The conductivity
of the cervical tissue was set to 0.1, 0.2, 0.3, 0.4, and 0.5 S/m.
The electrode distance s, however, was determined by the dis-
tance between the outer electrodes divided by three. The value
of α in (1) that fit the estimation to the simulation conductiv-

ities over the selected five measurements was examined.

σ = α ·
I

Vπ t
·

(
ln

(
sinh
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t
s

)
·

(
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(
t
2s

))−1
))

(1)

In the case of formalin conductivity estimation, the estima-
tion was determined by (2) where A is the area of the copper
bars that contacted the formalin solution in the chamber.
Since the formalin solution was filled in the chamber with a
height of 9 mm, therefore, regarding the size of the chamber
and the copper bar (Fig. 4), the area A was 90 mm2.

σ =
I
V

·
A
s

(2)

C. IMAGE RECONSTRUCTION
Image reconstruction based on the frequency-difference EIT
(fdEIT) used in this study is a mathematical process to gener-
ate a tomographic image that displays the difference in tissue
conductivity (σ ) of two different frequencies. Two voltage
measurements operated at the different excitation frequencies
are required i.e. Vfreq−low and Vfreq−high, where Vfreq−low
is of low frequencies and Vfreq−high is of high frequencies.
Since the tissue conductivity of high frequencies is usually
higher than that of low conductivity and tends to have lower
sensitivity to the presence of tissue abnormality, Vfreq−high
is usually used as the reference frequency [16], [23], [24].
The conductivity distribution at the low frequency (freq-low)
is estimated by (3) where U is the discretization modeling
function. Tikhonov regularization method as in (4) is used
to solve (3) where 1σ̃ is the different distribution between
that of the low and the high frequency, J is the sensitivity
matrix, R is the prior information, and λ is the regularization
parameter [16], [23]. We called this reconstruction method
the ‘‘fdEIT’’ method (the simplest method.) This method
was reported that suitable for a homogeneous and frequency-
invariant background [16], [24].

σ̂ = argmin
σ

{∥∥Vfreq−low − U (σ )
∥∥2} (3)

1σ̃ =

(
JT J + λRTR

)−1
JT
(
Vfreq−low − Vfreq−high

)
(4)

The so-called weighted-fdEIT (called here the ‘‘WfdEIT’’
method) is an improved version of the fdEIT method. The
new reference voltage is generated by projecting Vfreq−low
to Vfreq−high as in (5) and (6) [19], [23]. The conductivity
distribution of the WfdEIT method is estimated by (7). The
WfdEIT method has been widely implemented with multifre-
quency EIT systems due to the high tolerance of background
variation.

Vfreq−low,proj = αVfreq−high (5)

α =
(
Vfreq−low · Vfreq−high

)
/
∥∥Vfreq−high∥∥2 (6)

1σ̃ =

(
JT J + λRTR

)−1
JT
(
Vfreq−low

−Vfreq−low,proj
)

(7)
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FIGURE 6. Forward cervix model (a) and inverse cervix model (b) that
were used for investigating the performance of the fdEIT and the WfdEIT
reconstruction methods.

In this study, the Regularized Newton-Krylov Generalized
Minimal Residual (GMRes) method was used for the recon-
struction shown in (4) and (7) [19], [23], [28]. The number
of Krylov subspaces was 200 and the smoothness prior was
selected for R. The regularization parameter was assigned to
1× 10−7. The modeling function was computed by using the
EIDORS software [29]. The fdEIT and the WfdEIT methods
were investigated by simulation first. Two dual cervix models
of the same size as the model mentioned in Section II-B were
created for this purpose (Fig. 6). The forward model con-
tained 9,777 elements having a cylindrical abnormality with
2mm in diameter. The homogeneous inversemodel contained
9,267 elements. The conductivity of the low-frequency and
that of the high-frequency of the normal region were set to
0.067 S/m and 0.213 S/m, respectively. The conductivity of
the low-frequency and the high-frequency of the abnormal
region were set to 0.347 S/m and 0.442 S/m, respectively.
These conductivities were based on the conductivity of nor-
mal cervical tissues and CIN2 tissues at 10 kHz and 50 kHz
reported in [6]. It is worth noting that only the WfdEIT
method was implemented for the image reconstruction of the
specimens (regarding the simulation result.) The fine model
used in Section II-B was used in this reconstruction task
(Fig. 5).

D. SPECIMENS AND INVESTIGATION PROCEDURE
Three cervical specimens obtained from three patients
obtained from the Loop Electrosurgical Excision Procedure
(LEEP) method were investigated in this study (Table 1).
The specimens were taken out and later kept in 10% neutral
buffered formalin for four hours before being brought into the
pathological examination. Gross examination was conducted
by a pathologist, and the measurements with the Clementine
EIT system were next performed. After the measurements,
a regular pathological examination was carried out. Each
specimen was cut at every 30 degrees where the orifice was
the center (Fig. 7). The number of section tissues was then
12. The section tissues were mounted in cassettes and later
brought to the process of making slides for microscopic
examination. The spreading region of abnormality (if it is
present) was investigated from these section tissues by a
microscope and by an experienced pathologist. The recon-
struction images of the un-sectioned specimens were created
first, and the pathological results were brought for validation

TABLE 1. Summary of cervical specimen diagnoses.

FIGURE 7. Cutting sites of cervical specimens.

FIGURE 8. The measurement on the surface of the cervical specimens.

FIGURE 9. The reconstruction images obtained with the fdEIT method.
The left image is the top view and the right image is the side view. The
magenta circle (in the left image) and the magenta rectangle (in the right
image) indicate the true location of the abnormality.

next. The experiment procedure has been prior approved by
the Human Research Ethical Committee of Srinakharinwirot
University (Ref. SWUEC-097/2563).

In the process of the cervical specimen measurement,
the probe was put on the surface of the cervical specimens
(Fig. 8). Pressure was applied to ensure the firm attachment
of the electrode tips. For Specimen A which the shape was
in a cup shape, the specimen was cut into two halves first
for ease of measurement. The probe was located as close as
possible to the orifice. The measurement lasted 60 s resulting
in 1200 samplings. All samplings were averaged to reduce the
measurement noise. Themeasurement data of 10 kHz and that
of 50 kHzwere used as the low-frequency and high-frequency
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FIGURE 10. The reconstruction images obtained with the WfdEIT method.
The left image is the top view and the right image is the side view. The
magenta circle (in the left image) and the magenta rectangle (in the right
image) indicate the true location of the abnormality.

TABLE 2. Formalin conductivity (S/m).

TABLE 3. Correction factor of different measurements.

voltage data, respectively. The selection was based on the
SNR performance reported in [26], the SNR at 10 kHz was
significantly higher than that of 2 kHz, the current amplitude
was also higher, and the SNR at 50 kHz was significantly
higher than that of 125 kHz.

III. RESULTS
A. PERFORMANCE OF THE RECONSTRUCTION METHODS
Reconstruction images using the fdEIT and the WfdEIT
methods are shown in Fig. 9 and Fig. 10. The abnormality
could not be seen with the fdEIT method, but it could be
with theWfdEITmethod. A positive conductivity changewas
observed at the region of the abnormality inclusion. The depth
of the positive change was ∼2-2.5 mm from the measured
surface.

B. FORMALIN CONDUCTIVITY
The conductivities of 10% neutral buffered formalin with the
developed chamber are shown in Table 2. The conductivity
was low at the low frequencies. The difference in conductivity
between the selected frequencies mentioned in Section III-D
i.e. 10 and 50 kHz was -0.283 S/m.

TABLE 4. Conductivity of the cervical specimens (S/m).

FIGURE 11. The conductivities of the cervical specimens at different
cervical parts and different abnormality grades. The bold lines represent
the conductivities found in this study and the dashed lines represent the
reported conductivities.

C. CORRECTION FACTOR FOR THE CONDUCTIVITY
ESTIMATION WITH THE DEVELOPED PROBE
Each chosen measurement for estimating conductivity with
the developed probe (mentioned in Section II-A) has its own
correction factor α. The correction factors at different tissue
conductivities are displayed in Table 3. The correction fac-
tors were slightly lower at high simulated conductivities, but
not significant (less than 0.3%.) The average values of the
factors were approximately 0.964 or 1.084 depending on the
measurements.

D. CERVICAL TISSUE CONDUCTIVITY
The conductivities of the cervical specimens in different
cervical parts are summarized in Table 4 and Fig. 11. The
conductivity of the high frequencies was higher than that of
the low frequencies. The conductivity of the transformation
zone (TZ) part of the cervical specimens was higher than
that of the ectocervix part by 1.5-2.2 times. The conductivity
of the CIN2 region, obtained from the hardest specimen
(Specimen B), was close to the conductivity of the ectocervix
part. Whereas the conductivity of the cancer region, obtained
from the softest specimen (Specimen A), was close to that
of the TZ part. It is noticeable that the reported conductivity
of normal cervices (in vivo) was close to the conductivity of
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FIGURE 12. Reconstruction images of specimen A. The green circles indicate the
measurement locations. The orange circles indicate the rough location of TZ (near the
orifice.) The red circular sectors presented on the specimen image and the red
pattern-filled areas in the reconstruction images indicate the location of cancer.

FIGURE 13. Reconstruction images of specimen B. The green circles
indicate the measurement locations. The orange circles indicate the rough
location of TZ (near the orifice.) The red circular sectors presented on the
specimen image and the red pattern-filled areas in the reconstruction
images indicate the location of CIN2.

the ectocervix found in this study. Meanwhile, the reported
conductivity of CIN2 cervices was close to the conductivity
of the cancer region in this study.

E. RECONSTRUCTION IMAGES OF CERVICAL SPECIMENS
The reconstruction images of the cervical specimens, created
by the WfdEIT method, are exhibited in Fig. 12-Fig.14. The
summary of the localization performance is also illustrated
in Table 5. In the case of Specimen A, in general, the can-
cer could be localized the cancer with positive changes in
conductivity. The cancer location was clearly revealed in the
A-Q1 section where the cancer spreading was almost the
half region of the measurement area. The cancer could be

FIGURE 14. Reconstruction images of specimen C. The green circles
indicate the measurement locations. The orange circles and the orange
pattern-filled areas in the reconstruction images indicate the rough
location of TZ (near the orifice).

partly detected in the A-Q2, A-Q3, and A-Q4 sections. How-
ever, irrelevant positive change was found in the non-cancer
regions in the case of the A-Q2 and A-Q3.

In the case of Specimen B, CIN2 could be localized for
all sections, but some irrelevant positive change was found in
the B-Q1,4 section. Noticeably, the amplitude of the change
in the B-Q2,3 section was significantly larger than that of the
B-Q1,4 section. In the case of Specimen C which was the
healthy specimen, the positive conductivity change belonged
to the region of the TZ part. It is also noticeable that the
amplitude of the change was even larger than that of the
images of Specimen B (the CIN2 case, hard specimen), but
close to that of the images of Specimen A (the cancer case,
soft specimen).
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TABLE 5. Summary of localization performance.

IV. DISCUSSION
A. CONDUCTIVITY OF THE CERVICAL SPECIMENS
An electrode probe was used for estimating the tissue con-
ductivities in this study. The electrodes were attached to
the surface of the specimens, without piercing into the
specimen matter (non-destructive), and therefore, with this
measurement configuration, the conductivity could not be
straightforwardly estimated by dividing the measured voltage
with the injected current. This is different from the estimation
for formalin conductivity that could be measured in a cham-
ber due to its liquid form. The conductivity estimation based
on the surface measurement was proposed in [19] and [27].
However, since the diameter of the electrode tips used in this
study was large compared to the electrode distances and also
the electrode alignment was not in a perfectly straight line, the
correction factor was then added to the estimation. The simu-
lation result showed that, with the proposed electrode layout,
when the current injection electrodes were placed apart at
54 degrees (e.g. Electrode#8 and #11), the correction factor
was 0.965. However, it was 1.084 with the current injection
electrodes were placed at 72 degrees apart (e.g. Electrode#10
and #16.) It is worth mentioning that the conductivity esti-
mation in the previous studies ([6], [8], [9], [12], [13], [14],
[15]) did not clearly explain how to calculate the conductivity.
References [6] and [12] mentioned that the estimation was
based on the proportion of the measurement voltage and the
injected current, however, the electrode size and the electrode
distance were not taken into account. Furthermore, the elec-
trode alignment was not in a straight line but it was aligned
in the least sensitive pattern. This may indicate a certain
estimation error in the reported conductivities.

The size of the probe developed in this study was com-
parable to the reported probes used for similar purposes as
the summary in Table 6. The diameter of the electrode array
was 6.8 mm, while it was 5.5 mm in [6] and [12] (used
for in vivo screening of the abnormality in cervices), 5.5-
12 mm in [9] and [15] (used for determining the preterm of
pregnancy and the outcome of induced labor), or 7-10 mm
in [13] and [14] (used for determining the conductivity of
tissues). The array size of 5-7 mm could be sufficiently large
when compared with the ordinary size of cervical specimens
which was approximately 12-15 mm in diameter (with the
orifice in the center.) The size of the cervical specimens could
be determined as the target measurement region of the cervix

TABLE 6. The summary of reported probe systems.

in the case of in vivo measurement as well. The number of
measurements with the probe was then approximately four
times to cover most cervix surface. However, the number of
in vivo measurements was reported to be eight in [6] and
[12] indicating that overlapping regions could exist or the
measuring area in the vivo case could be larger than the size
of ordinary specimens. Furthermore, the measured regions
could be the endocervix, the ectocervix, or the transformation
zone part where the cell morphology is different. Conducting
measurements without determining the part of the cervix
could then result in a large variation of conductivity and cause
difficulties in distinguishing normal and abnormal cervices.

The conductivity in different cervical parts of cervical
specimens was investigated in this study. Discrepancy in
conductivity was found among the reported conductivities
including those found in this study. The conductivities of
normal ectocervix found in this study were higher than those
reported in [6] (based on the eight-location measurement and
used the proportion of voltage and current for computing the
conductivity) by 1.4-2.2 times at 25 kHz and below, but they
were lower by 7-19% at 50-125 kHz.Meanwhile, the conduc-
tivities of the ectocervical part found in this study were lower
than those reported in [9] by 18-37% at 10 kHz and higher
(however, the method to compute the conductivity was not
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provided.) Furthermore, the conductivities of the CIN2 region
found in this study were significantly lower i.e. 33-57% than
those reported in [6]. The conductivity discrepancy could be
relevant to the conductivity estimationmethods. For example,
in the case of estimating with a chamber, the conductivity of
abnormal cervical tissues at 10 kHz was 166 times higher
than that of normal tissues [7]. However, when estimating
with a probe, the conductivity difference was only 1.6 times
reported in [6] and 1.3 times found in this study. The dis-
crepancy involves the measurement site on the cervix. The
conductivity of normal cervices in the previous studies could
be the average of the conductivity of the different cervical
parts that have different cell morphology. Careful selection
of the measurement site and the cervical parts should then be
conducted to obtain an accurate conductivity value.

References [6], [12], and [8] reported that the conductivity
of the high grades of abnormality (CIN2 and CIN3) was
higher than that of the lower grade (CIN1) and this is con-
sistent with what was found in this study. The conductivity
of the cancer region was also found that 1.4 times higher
than that of the CIN2 region. However, surprisingly, the
conductivity of the tissue in the TZ part was found highest
among that of the other cervical parts and even that of the
CIN2 region. The conductivity of the TZ part was very close
to that of the cancer region. The morphology of the TZ’s cells
which are a combination of columnar cells are squamous cells
and that of the cancer cells which are generally cuboidal or
columnar [1] are similar and result in high conductivity for
both of them. This could be also observable during the gross
examination of specimens since the TZ parts and the cancer
region were generally softer than the other regions. Since the
cervical abnormality tends to originate at the TZ part [30],
it will be difficult to detect the abnormality with conductivity
measurement if the abnormality resides only in the TZ part.
Additionally, [6] reported that the conductivity difference
between normal cervices (or the normal ectocervix in this
study) and the CIN2 cervices became smaller at the high
frequencies, however, this did not comply with the difference
between the conductivity of the normal TZ parts and the
cancer region. It is also worth noting that Specimen B had a
small exposed region of the TZ part and the CIN2 region had
already spread into the region of the ectocervix. This situation
is beneficial for reconstruction. The formalin fixation could
only slightly (or not) affect the conductivity estimation in
this study since the fixation time was limited to only four
hours. Furthermore, the measured conductivities of cervical
specimens were significantly different from the conductivity
of formalin (∼3 times smaller.)

B. RECONSTRUCTION IMAGES OF THE CERVICAL
SPECIMENS
The volume of the investigated specimens in this study was
considerably smaller and the volume of the abnormality was
even smaller. Compared to similar studies, [25] (measured
with a well-plate and with a 16-electrode configuration),

[16] (measured with a planar electrode plate and with a 16-
electrode configuration), and [19] (measured with a probe
and with a 7-electrode configuration) proposed systems to
image the conductivity distribution in a small volume as
well. The size of the electrode array in this study was
2.2-2.9 times smaller than most of the probes used in the
previous studies i.e. [16], [25], but only a half compared
to [19] and [25] achieved to implement frequency differ-
ence reconstruction for monitoring cell-loaded hydrogel in a
liquid-filled well, however, the hydrogel inclusion needing to
imagewas large i.e. one-fourth of the volume. The large probe
system proposed in [16]. Even though it had shown successful
reconstruction with the frequency difference method, it is
not practical for measuring with real cervical specimens
since the specimens could be in a cup or a cone shape,
rather than a flat shape (this work was also based on sim-
ulation.) In the case of the probe system proposed in [19],
the size of the electrode array was only 3 mm in diameter
and it could be too small. Furthermore, it had not been
implemented with a frequency difference setting as well.
The proposed 6.8 mm-diameter electrode array (in a 16-
electrode configuration) in this study is suitable compared
to the size of cervical specimens i.e. 12-15 mm in diameter.
The number of measurements of 2-4 times could cover the
most regions of specimens. The array size was also similar
to [14] (containing 8 electrodes with 7 mm in diameter of
the electrode array), but it has not been used for imaging
in this cervix application. Actually, the size of 5.5 mm in
diameter proposed in [6], [8], [9], [12], and [15] seems
suitable as well, but most of them had only four electrodes
that are unsuitable to use for image reconstruction. Only
the probe in [15] could be used since it contained eight
electrodes. The probe proposed in [13] could be too large
(10mm in diameter) when considering that the orifice is in the
center of the specimens. Note that the probes proposed in [13]
and [15] have not been used for imaging with the cervix to
date.

Even though reconstruction with the fdEIT method was
reported could be used for localized abnormality in medical
applications [16], [23], the simulation found that it could not
used with the cervix situation. This is possibly due to the
small volume and the larger difference in conductivity of the
low and the high frequencies of normal cervices compared
to that of abnormal cervices (∼1.5 times.) Projection is then
necessary in this case resulting in the WfdEIT method suc-
ceeding in the localization (in the simulation scenario.) The
positive conductivity change was observed since the differ-
ence in conductivity of normal cervices was −0.147 S.m, but
it was −0.095 S/m for that of abnormal cervices i.e. lesser
negative. However, small artifacts were still observable even
though the simulation was noiseless.

The abnormalities in the specimens were able to be local-
ized in most cases. For the specimen case of CIN2, the
abnormality was clear to address due to the small region
of the TZ part. The TZ part became troublesome since the
electrical property was similar to that of the cancer region
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as mentioned in Section IV-A. The conductivity change in
the reconstruction images in the region of the TZ part and
the cancer showed the same positive change and this caused
difficulty in distinguishing the cancer from the TZ tissue.
In the case of the normal cervical specimen, the positive
change was also observable, but this change belonged to the
TZ part rather than the cancer. This observation supports the
statement mentioned in Section IV-A and then the site to
measure the conductivity or to reconstruct must be a crucial
concern. Measuring the conductivity at the TZ part could lead
to misinterpretation in the presence of abnormality.

The artifacts in the images could be caused by difficulties
in the measurement process. This involved the curve of the
specimens and the uneven thicknesses at different measure-
ment sites. The softness at measurement sites was also an
issue of concern. The tip of some electrode pins could be
easily buried with the surrounding tissue at the very soft sites
of the cervix surface and this led to a complicated current
pathway. This could explain the poorer performance of the
case of Specimen A where the tissue was very soft at the TZ
part and the cancer region compared to the other cases. The
pressure applied to the probe could be relevant as well. This
could introduce the different amplitude in the images.

The image of conductivity distribution found in this study
could be used to help pathologists in the process of sectioning
LEEP specimens. Furthermore, the image is also benefi-
cial for obtaining prediagnosis information, particularly for
determining the spread of abnormality. However, since the
conductivity change in the TZ part is similar to the change
in the abnormality region, the image interpretation in the
TZ region still needs to do with care. It is worth noting
that implementing the probe in vivo with women could be
possible as well. Physiologists will have several benefits in
determining the necessity for a cervix biopsy.

V. CONCLUSION
In this work, the reconstruction images of cervical speci-
mens were constructed with the frequency-difference EIT
technique. An electrode probe was developed for this recon-
struction purpose and also for measuring the conductivity.
Experimental results found that the conductivity of the ecto-
cervix was the smallest compared to the abnormal cervical
regions and the tissue in the transformation zone (TZ) part.
The conductivity of the CIN2 region was smaller than that
of the cancer region and the TZ part. The frequency spec-
trum of conductivity of the TZ part and that of the cancer
region, however, was very similar. The weighted-frequency
difference EIT method was found to be suitable for imaging
the cervical abnormality. The abnormality could be localized
in most cases as positive conductivity changes. However, due
to the similarity of the tissue in the TZ part and the cancer
region, the conductivity change in the reconstruction images
in the TZ region was also the same i.e. positive conductivity
changes and this caused difficulties in distinguishing the nor-
mal tissue in the TZ part from the cancer. The measurement
site is then required to be selected with care or the region of

the TZ part should be investigated and addressed during the
measurement as well.
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