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Abstract. Cervical intraepithelial neoplasia (CIN) refers to the precancerous and abnormal changes of
the surface cells of the cervix, and the variants of electrical properties of CIN are associated with the
premalignant stages of cervical intraepithelial neoplasia. This provides the fundamental knowledge and
foundation of the feasibility of electrical impedance spectroscopy in the screening and diagnosis of
CIN. In this study, an electrical impedance spectroscopy-based multi-electrode probe was brought
forward to assist the screening of cervical intraepithelial neoplasia which is cost-effective, high
sensitivity, non-invasive, and real-time. The multi-electrode probe was designed to have 2 concentric
rings of 8 electrodes (16 in total) and enable the protocol flexibility of current injection and voltage
measurements. The conductivity will be recovered using the predesigned current-voltage protocol by
the embedded concentration algorithm, and the induced frequency spectrum will be presented to show
the frequency-dependent phenomenon of cervical cells when excited at various frequencies. The
electrical parameters R, S were extracted from frequency spectra of 141 subjects based on Cole model,
and receiver operator characteristic (ROC) curve generated by various variables was analyzed to
validate the performance.
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1. Introduction

Cervical cancer is one of the most common cancer among women worldwide, and it is regarded as
a treatable cancer through surgery if it is diagnosed at an early stage [1]. Unfortunately, current
screening and diagnosis techniques are hardly available to most of women in developing countries due
to the poor medical resources and low-quality healthcare system [1]. It has been investigated by several
researchers that the pathological and physiological condition of abnormal cervical tissues varies
discrepantly from the normal cervical tissues [2,3]. Therefore, the electrical impedance spectroscopy
(EIS) based device has been proposed as a supplementary technique to clinically assist the diagnosis of
cervical intraepithelial neoplasia in the early stages of cervical cancer due to the typical advantages of
cost-effectiveness, non-invasiveness, as well as real-time diagnosis [4].

The aim of this study is to put forward an EIS-based multi-electrode probe which can be exploited
to screen the ecarly stages of cervical cancers [5,6], and the proposed probe has 16 electrodes which
allows a flexible current-voltage pattern for current injection and voltage measurements. The
conductivity of the tissues below the proposed is recovered through the embedded concentration
localized algorithm [5,6]. Since the structures changes of cervical tissues start from the intracellular
space of deep cervical tissues, it is greatly required that the multi-electrode probe is able to pursue the
abnormal conductivity changes as deep as parabasal layer of cervical tissues. The dimension of the
probe is 10mm diameter which allows a broad current distribution. The results highlight the potential
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of the multi-electrode probe as a supplementary screening tool to early dragonize the stages of cervical
intraepithelial neoplasia with a high sensitivity and specificity.

2. Subjects and Methods

2.1 EIS-based Multi-electrode Probe

Figure 1 presents the overall structure of the multi-electrode impedance screening probe with 2
concentric rings of 8 electrodes for the current injection and voltage measurements, as well as one
central ground electrode. The multi-electrode probe is placed tightly on the surface of cervical tissues,
and current is applied through one pair of electrodes and the voltage is collected through another pair of
electrodes. The current-voltage protocol is predetermined which is embedded inside the algorithm of
the probe.
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Figure 1.  (a) The electrode configureation of the probe. (b) The overall veiw of the probe.

2.2 Impedance Measurements by the Probe

The multi-electrode probe is placed tightly on the surface of the cervical tissues. Then, the voltage
V¥ measured between the electrode pair E,, Eq, (p,q = 1,-+- ,16) associated with the current injection
via electrode pair Ex, E; can be approximated as
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Thereby, the goal of this work is to identify the conductivity distribution below the multi-electrode
probe by using the predesigned electrical protocol for current injection and voltage measurements. The
conductivity distribution can be recovered through a combination of localized energy concentration and
predesigned current-voltage protocol which optimizes the sensitivity of the measured voltages to the
region of interest beneath the multi-electrode probe
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2.3 Cole Model

The frequency dependent impedance measurements at different frequencies was fitted to a Cole
equation as below

Ry — R,
(I N ]I‘L;)lfu

where Ro is the impedance at low frequency, R is the impedance at high frequency, Fe is the

L — Ry, |

characteristic frequency, and O is a constant that increases with the heterogeneity of tissues. The
parameters of Cole model can be estimated through a nonlinear least square fitting algorithm. By the
estimated parameters, the resistance of extracellular space R, intracellular space S as well as the
capacitance C due to the tissue’s cell membranes can be calculated as shown in Figure 1 (a).
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Figure 2.  (a) The electrical parameters in cole model. (b) The extracted parameters baded on an example of
fitted Cole model using the impedance measurements of the multi-electrode probe.
3. Results

3.1 Estimated Parameters using Cole Model

The collected impedance measurements from the subjects whose CIN grade is 0, 1, 2/3
respectively are directly applied to the proposed Cole model, and the nonlinear fitting results of the
parameters are given in Figure 3.

Normal CINI CIN2/3

R 18.4167 6.5875 2.6998

S 4.1011 3.7543 11.9367

F.(kHz) 4.4533 5.5904 15.0000
R/S 4.4907 1.7547 0.2262
C(uF) 1.5871 2.7529 0.7249

Figure 3. The extracted parameters based on Cole model using the impedance measurements from subjects of

CIN stages normal, CIN 1 and CIN 2/3.

3.2 Receiver Operating characteristic (ROC) curves

non-CIN VS CIN 1

non-CIN VS CIN

B

;L»ﬁ‘“h..
Mgy

Sensilivity

0 02 04 08 08 1
1-specificity

(c) R AUC = 85%

0z 04 06 08
1-specificity

(a) R: AUC = 82%

04 06 08 1
1-specificity

(b) R: AUC = 87%

asaseemonasaansmeg gosereen: 1 gooasesse
# ’ poell F
08 E 0 M = 08 =
od® ,1’“]“
9 .
206 94 #: 208 P 206
£ ) s - €
g e g b 5
I s &oa s Boa
1 - e
b i .
0z ] 02 02
o o’ o
(] 0z 04 06 08 1 o 0z 04 a8 08 1 (! 02 04 08 08 1
1-specificity 1-specificity 1-spacificity

(d) §: AUC = 7% (e) §: AUC = 80% (f) S: AUC = 79%
Figure 4. ROC curves for the evaluated parameters through the multi-electrode screening device. First
column: ROC curves from the data for non-CIN and the CIN 1 subjects. Second column: ROC curves
from the data for non-CIN and the CIN 2/3 subjects. Third column: ROC curves from the data for non-
CIN and the CIN subjects. The area under curve (AUC) is presented at the bottom of each figure and
area under the dashed curve is 0.5.

To evaluate the feasibility of the proposed impedance probe as a cervical cancer screening device,
the receiver operating characteristic (ROC) curves [7] for the non-CIN subjects and CIN subjects are



presented in Figure 4. As implied in Figure 4, best discriminative performance (AUC=87\%) between
non-CIN and high grade CIN 2/3 tissues is achieved when the R is used as the discriminator of the
ROC curves.

4. Discussion

In this work, we proposed an EIS-based multi-electrode probe for the screening of cervical
intraepithelial neoplasia, and the proposed device is cost-effective, non-invasive, and real-time and
advantageous especially in developing countries. The frequency dependent impedance measurements
on cervical tissues provide insights into the electrical behavior of pathological cervical tissues. The
well dependency of R, S on the pathological condition of cervical tissues provides the insights into the
discrimination of CIN tissues by means of calculating the sensitivity and specificity and presenting the
ROC curves where the AUC is regarded as an indicator of separation accuracy. More clinical data is
required to test the performance of the probe.

5. Conclusions

In this work, we proposed an EIS-based multi-electrode probe for the screening of cervical
intraepithelial neoplasia, and the proposed device is cost-effective, non-invasive, and real-time and
advantageous especially in developing countries. The frequency dependent impedance measurements
on cervical tissues provide insights into the electrical behavior of pathological cervical tissues. The
well dependency of R, S on the pathological condition of cervical tissues provides the insights into the
discrimination of CIN tissues by means of calculating the sensitivity and specificity and presenting the
ROC curves where the AUC is regarded as an indicator of separation accuracy. More clinical data is
required to test the performance of the probe.
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