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Abstract—This preliminary study proposes the use of
impedance spectroscopy as additional diagnostic method in clin-
ical practice to assess carious lesions. The carious process leads
to a characteristic loss of mineral and a subsequent increased
porosity, which results in a higher liquid content than sound
tissue. The absorbed liquid contains different ions coming from
the oral environment which, together with the increased porosity,
contribute to change the impedance of the tissue. Impedance
measurement is able to detect such tissue modifications and,
therefore, it can be a suitable approach for assessing the presence
and the status of carious processes on teeth. Moreover, compared
to other diagnostic techniques it is more promising, also for
the development of in-vivo measurements, owing to its safety,
reliability, simplicity, rapid response, cost-effective, robust, and
adequate detection limit. This study compares impedance spec-
troscopy measurements collected by using two different types of
probes for monitoring teeth with and without carious lesions.
The authors used a Ni-Cr wire electrode with a diameter of
0.5 mm, and a hydrogel agar probe with a diameter of 5 mm.
Impedance measurements were carried out in-vitro by means
of the Ivium-n-Stat potentiostat with a two-electrode setup, on
the occlusal surfaces of teeth with and without carious lesions;
then, the impedance spectra were recorded and analyzed. The
preliminary results highlight that both experimental probes allow
detecting a shift in impedance phase spectra, which happens at
different frequencies and can be correlated to healthy teeth and
the carious lesions, respectively.

Index Terms—Impedance spectroscopy, caries detection, non-
invasive measurements, biomedical measurements.

I. INTRODUCTION

Dental caries may be defined as a tooth damage that
can occur when decay-causing bacteria, within the bacterial
biofilm (dental plaque), come into contact with sugars and
starches from foods and drinks, they form an acid. This acid

can attack different parts of the tooth, including the tooth’s
surface or enamel, the dentine immediately underneath the
enamel, and the cementum, the thin layer which covers the
root, causing minerals lost and leading, over time, to a small
hole in the tooth, called cavity [1]. If the dental caries is not
treated it can cause pain, anxiety, stress, functional limitations,
social handicap and disfigurement by tooth loss, infection and
even death.

Dental caries is considered one of the most prevalent chronic
disease whose outcome is the dental decay. According to the
Global Burden of Disease Study 2017 [2], oral diseases affect
nearly 3.5 billion people, hence, the dental caries which afflict
2.4 billion people, is considered the most important global oral
health burden.

People of all ages can get tooth decay once they have teeth,
from childhood through the senior years; indeed, untreated
caries in primary teeth affect more than 530 million people
worldwide [3].

Dental caries is a chronic disease whose evolution is slow
in most people. In early tooth decay, there are not usually any
symptoms. As tooth decay advances, usually when the carious
lesion reaches the dentine, it may provoke a toothache or tooth
sensitivity [4].

Tooth decay can be found during a regular dental check-
up, by accurate visual inspection of clean teeth made by
trained examiner [5]. In order to reduce the operator-dependent
variability, a standardized visual detection procedure with a
clinical scoring system, International Caries Detection and
Assessment System (ICDAS), is commonly used for caries
detection and caries status assessment, not only in clinical
practice but also in dental education, epidemiology, and re-



search [6].

During the clinical detection of caries, sharp dental explor-
ers are often used on diagnosis of fissures caries, causing
damage to the enamel already weakened due to the carious
attack [7] [8]. Dental caries detection and classification are
complex tasks, hence, additional diagnostic method are re-
quired in clinical practice to assess lesions that are invisible at
the visual examination, especially if located on the proximal
tooth surfaces [9].

The assessment of the dynamic process of caries devel-
opment, is crucial to properly manage the dental diseases,
to establish the prognosis and any preventive intervention.
In particular, non-cavitated caries lesions, which are more
widespread in developed countries than the cavitated ones, are
particularly difficult to detect since a non-cavitated lesion is
not visible to the unaided eye. However, false positives and
false negatives may occur in the early detection of a lesion
mainly due to not so effective detect methods.

Since the assessment of dental caries is strongly operator-
dependent, clinical tools are very useful to help make such
decisions. The optimal caries detection method should be
minimally-invasive, accurate, reliable, easy to apply, suitable
for all types of teeth surfaces, which enable targeted and cost-
effective management of dental caries in order to improve
patients compliance [10].

Several new technologies are nowadays employed by den-
tal practitioners to reduce inter-subjects variability, increase
the sensitivity and assess the early carious lesions. Among
them, laser or light fluorescence are suitable methods for the
quantitative assessment of early enamel lesions in visually in-
accessible areas thanks to the change in the light characteristic
due to the difference in fluorescence observed between healthy
and demineralized enamel [11]. Other devices exploit Near-
Infrared Light Transillumination (NILT); these techniques are
suitable for enamel caries detection and monitoring by using
different wavelengths. Nevertheless, they cannot precisely de-
termine the depth of the lesion in dentin [12].

Some of the most promising approaches are based on
Electrical Conductance Measurements (ECM) and Impedance
Spectroscopy (IS) [13]. In particular, Impedance Spectroscopy
is a fast and non-invasive technique already consolidated
in different applications and scientific areas for electrical
impedance measurements, such as characterisation of pro-
tective coatings and biomaterials, [14] [15] including dental
alloys [16], physiological molecules monitoring and drug
delivery [17].

The use of impedance spectroscopy techniques in medi-
cal field is very promising also for the development of in-
vivo measurements, representing a safe alternative to ionizing
radiography to detect caries, therefore, suitable for young
patients and pregnant women [18]. Moreover, this technique
could bring the additional advantage to enable the use of
portable and low-cost instrumentation [19].

Despite the technological development, the visual and ra-
diographic examinations remain the most common choices,
among dental practitioners, owing to their reliability, sim-

plicity, and adequate validity, although they are unable to
detect caries lesions at a very early stage [20]. One of such
techniques is the bitewing radiography (BWR), regardless of
such limitations, it assesses caries extensions into dentin in
relation to the dental pulp [21].

Impedance Spectroscopy, as other X-ray-free diagnostic
methods, may fit the urgent need to reduce the potential
health risk of ionizing radiations exposure, since the electri-
cal measure detects the variation of electrical resistance or
impedance due to the change in teeth structure or composition.
The carious process leads to a characteristic loss of mineral
and a subsequent increased porosity, which results in a higher
liquid content than sound tissue. The absorbed liquid contains
different ions coming from the oral environment which, to-
gether with the increased porosity, contribute to change the
impedance of the tissue [22].

Impedance Spectroscopy is also employed to evaluate root
canal length, as well as to characterize the enamel and dentin
structures owing to the appreciable higher conductivity of the
dentine than the enamel. Moreover, impedance measurements
have been employed to investigate microleakage between tooth
and filling materials [23] [24] and to investigate the effect of
smear layer [25] and dentine conditioners [26].

Nowadays, some devices which exploit alternating cur-
rent impedance spectroscopy technique, are available on the
market, such as CarieScan Pro™ (Orangedental, Biberach,
Germany) that is one of the most popular. This device is made
of a bundle of wires, which makes the measurement process
not straight forward in small teeth area [27] [28].

Caries process may be stopped or reversed, resulting in
conservation of the damaged tissue or in a restoration of the
demineralized dental tissue. Therefore, it is crucial to take
action as early as possible to preserve damaged tissue and to
avoid further invasive interventions [29] [30]. The impedance
measurements may represents a valuable solution to early
caries detection allowing to personalize the treatments and
improve patients compliance.

This work deals with the use of Impedance Spectroscopy
as a non-invasive method for caries detection, using two
different probes, a Ni-Cr wire electrode with a diameter of
0.5 mm, and a hydrogel agar probe with a diameter of 5 mm.
Indeed, hydrogels are widely used in impedance measurements
in different scientific fields, since they represent a simple
and affordable way to prepare reliable, easy to handle, and
personalized electrodes [31] [32].

This work is organized as follows: the preliminary study and
the measurement procedure is describes in section II together
with the description of sample preparation: II-A, and the
experimental set up: II-B. Meanwhile, the results are presented
and discussed in section III.

II. MATERIALS AND METHODS

A. Teeth Preparation

In this preliminary study, decayed and healthy teeth are
used: two un-erupted human third molars and two decayed
canines, extracted within one year for periodontal reasons. All
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Fig. 1. Impedance measurements experimental setup: the measuring cell
include a tooth, placed in 3D-printed PLA support, partially immersed in the
Ringer’s solution; the working electrode on the tooth surface while the counter
electrode is in the solution; a computer controlled Potentiostat is connected
to the two electrodes.

teeth were collected with informed consent in the Department
of Cariology and Operative Dentistry, University of Turin
(Italy). The ethical committee of the University of Turin
approved the study protocol (DS_00071_2018).

After extraction, the teeth, examined and classified by an
expert dentist, were cleaned and soft tissue debris and bone
fragments were removed. Then, the extracted teeth were stored
in hermetically sealed vials containing 0.5% w/v sodium
hypochlorite (NaClO) solution at 4 °C', with the aim to avoid
dehydration. All measurements were performed promptly after
taking out the specimens from the hypochlorite solution and
externally drying with tissue paper. A dedicated 3D-printed
PLA support, fixed into the measuring cell, was used as
teeth sample-holder, to guarantee the proper measurements
execution without damage the tooth.

In order to prevent drying of wet samples and offer good
sample visibility during the measurement, almost two-thirds
to three-quarters of the tooth root was soaked in Ringer’s
solution. Among the many different available fluids which
simulates the inner environment of a living body, the authors
decided to employ the Ringer’s solution. This fluid is isotonic
with both the blood and artificial saliva, and it simulates very
well the oral environment and the aggressiveness of body
fluids. Therefore, it is an optimal choice in many in-vitro
tests and in the characterisation of the interaction between
biomaterials and physiological environments [33] [34]. A great
benefit of immersion of soaking the samples in artificial
body fluids is the possibility to easily and quickly perform
experiments without involving animals in the initial stages of
research.

B. Impedance Measurements

Impedance measurements were carried out in-vitro, on the
occlusal surfaces of both healthy teeth and with carious
lesion previously visually examined, using the Ivium-n-Stat

potentiostat (Ivium Technologies BV, Netherlands) with a two-
electrode setup. Then data obtained with the different methods
were processed using the Iviumsoft software.

The first measurements configuration includes two Ni-Cr
wire electrodes with a diameter of 0.5 mm; the counter-
electrode was dipped in the Ringer’s solution, while the
working electrode was positioned on the coronal access cavity
of the tooth.

In the second measurement setup, two different probes were
used as electrodes. A Ni-Cr wire is used as counter electrode,
while the other Ni-Cr wire (the working electrode) was em-
bedded with a hydrogel hemisphere of agar with a diameter
of 5 mm. The agar hydrogel was used to improve the electric
contact with tooth surface and to make the measurement setup
more stable. The hydrogel probe was realized by mixing 10 g
of dehydrated agar powder (Sigma-Aldrich) in 100 c¢m? of
distilled water. Then, the solution was brought to the boil
while stirring, until the powder was fully dissolved. Finally,
the solution was placed in a special mold and allowed to cool
until the solidification.

A schematic representation of the experimental setup, used
during both the measurement configurations, is shown in
Fig. 1. All impedance measurements were carried out in the
frequency range from 10! Hz to 10* Hz, using a sinusoidal
stimulus of 10 mV, collecting 5 points per frequency decade.

Thereupon, all the teeth samples were analyzed, and consec-
utive impedance spectroscopy measurements were carried out
on the tooth surfaces in different points; subsequently, values
at each investigation site were recorded and processed.

III. RESULTS AND DISCUSSION

Four teeth were analyzed in this study: two without carious
lesions and two with carious lesions. All measurements were
performed first using a Ni-Cr wire as working electrode and
then using the agar hydrogel setup. The impedance measure-
ments carried out with a Ni-Cr wire electrode are presented as
Bode diagrams in Fig. 2, where multiple impedance spectra
were collected on distinct parts of different teeth, both healthy
and decayed.

All spectra show a capacitive-like behaviour at low frequen-
cies and a resistive behaviour at higher frequencies. The former
can be associated to the double layer capacitance established
at the interface between the probe and the tooth surface. The
latter is related partly to the solution resistance and, in a
certain extent, to the tooth interface. As far as carious teeth are
concerned, the phase reaches its maximum at about —70° and
then decreases to about —50° in the last part of the spectrum.
In the case of healthy teeth, the phase maximum reaches about
—60° and then decreases reaching values close to —40°.

Measurements carried out using the hydrogel agar probe are
reported in Fig. 3. As it can be seen, in this case lower values
are measured for the impedance magnitude. Moreover, phase
values remain close to 0° for a longer part of the spectrum
and, comparing with measurements presented in Fig. 2, these
spectra appear less noisy.
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Fig. 2. Red lines: measurements collected on multiple points of different

decayed teeth. Blue lines: measurements collected on multiple points of

different sound teeth. Measurements performed using Ni-Cr wire electrodes.
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Fig. 3. Red lines: measurements collected on multiple points of different
decayed teeth. Blue lines: measurements collected on multiple points of
different healthy teeth. Measurements performed using the agar probe.

Also using the agar probe the experiments show a sig-

nificant difference between sound and carious teeth. Teeth
without caries show a longer resistive behaviour compared to
decayed teeth. Actually, the behaviour change, from resistive
to capacitive-like, occurs at different frequencies depending
whether the impedance measurements are performed on sound
or decayed teeth. For this reason, the frequency at which the
phase reaches —45° was used as threshold value to classify
sound and carious teeth.
Fig. 4 reports the frequency value at which the phase reaches
—45° for different carious and non-carious teeth, measured
with Ni-Cr wire electrodes. The same information is reported
in Fig. 5, referred to measurements performed with the hydro-
gel agar probe.

As can be seen, in both cases this parameter is able to
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Fig. 4. Frequency at which the impedance phase reaches—45° both for
carious teeth (in red) and for sound teeth (in blue) previously shown in Fig.
2. Measurements performed using Ni-Cr electrodes.
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Fig. 5. Frequency at which the impedance phase reaches —45° both for
carious teeth (in red) and for sound teeth (in blue) shown in the previous
Bode diagram Fig. 3. Measurements performed using the agar probe.

discriminate samples in two different clusters. Carious teeth,
represented by red symbols, group in the upper part of the
graph, as they reach the —45° value for the phase at higher
frequencies. Conversely, sound teeth are in the lower part of
the plot, as in this case the phase value remains close to 0° for
a longer frequency range. It is worth to notice that in the case
of the agar probe the —45° value is not even reached, as can
be seen in the spectra presented in Fig. 3. For these samples,
the lowest measured frequency is reported (i.e. 10~! Hz).

This preliminary study shows the possibility to exploit
impedance spectroscopy to monitor sound teeth and carious
lesions, and that two different probes, a Ni-Cr wire electrodes
with a diameter of 0.5 mm, and an agar probe, can be used
to detect a variation in dental tissue electrical characteristics
when a carious lesion occurs.



IV. CONCLUSIONS

The scientific technological breakthrough of the last century
have deeply revolutionized dental diseases management and
dental practice. Nevertheless, dental caries still represents the
principal chronic disease affecting people. This preliminary
study proposes the use of impedance spectroscopy as addi-
tional diagnostic method in clinical practice to assess carious
lesions.

The preliminary results highlight that both the proposed
experimental probes allow detecting a shift in impedance phase
spectra, that can be correlated to sound teeth and teeth with
carious lesions.

Future works will evaluate the proposed methodology in
different solutions such as the artificial saliva, or using differ-
ent probes. Moreover, other studies will include more samples
with the purpose to assess the method accuracy by improving
the statistics.

In addition, statistical analysis and more elaborate algo-
rithms will be tested, above all machine learning tools or
multivariate analysis [35]-[37]. Furthermore, once validated,
the proposed method may be used also to assess the deminer-
alization status of human dentine and a new probe may be
developed.
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