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Abstract. Caries diagnosis by the measurement of electrical 
resistance is hampered by polarization effects when dc or 
single-low -frequency ac cu rren ts  are  used . E lectrical 
impedance spectroscopy, measuring impedance over a large 
range of freq u enc ies , w ill p ro v id e  m ore  d e ta iled  
information about the electrical characteristics of teeth. It 
was the aim of this study (a) to characterize the complex 
impedance behavior of whole extracted teeth, measured at 
the approximal surface, and (b) to identify parameters of the 
complex impedance behavior of the teeth which would be 
useful in  d is t in g u ish in g  b e tw e en  d eg rees  of carious 
involvement, Thirty-nine extracted premolar teeth with 59 
unrestored and undamaged (excepting caries) approximal 
surfaces were selected. The tooth surfaces were divided into 
three groups according to their macroscopic appearance: 
sound (group S, n = 16), white- or brown-spot lesion present 
(group L, n = 33), or cavitated (group C, n = 10). The teeth 
were inserted into a jig which allowed for counter-electrode 
contact via a c o n d u c tin g  gel. The w o rk in g  e lec trode  
consisted  of a c a rb o n a te d  fiber m a te ria l.  E lectrical 
impedance measurements were performed over a maximum 
range of about 1 MHz to 0.1 Hz. We analyzed electrical 
impedance data by fitting  equ iva len t circuits. Fit was 
evaluated  n u m e ric a lly  and  v isu a lly . The com plex 
impedance spectra d iv ided  naturally  into three groups 
which corresponded almost perfectly with the classifications 
of S, L, and C. The groups differed most in the dc resistance 
(Rdc), as calculated from the impedance parameters. Mean 
Rdc for groups S, L, and C were 68 MQ, 5.9 M£i, and 321 kQ, 
respectively. These means were significantly different from 
each other (log-transformed data, ANOVA, p < 0.001; Tukey 
multiple comparisons, p <0.001), It is concluded that the in 
vitro performance of electrical impedance spectroscopy in 
differentiating among sound, non-cavitated carious, and 
cavitated approximal tooth surfaces is excellent.

Key w ords: d en ta l caries, caries d iagnosis , electrical 
impedance spectroscopy, diagnostic systems»
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Introduction

Caries diagnosis by electrical measurement was introduced 
into dentistry about 40 years ago. The method is based on 
the phenomenon that dental enamel, consisting largely of 
h y d ro x y ap a tite , has a high electrical resistivity. This 
resistivity is reduced after demineralization, because this 
increases the size of the pores, which are filled with more 
conductive fluids. Once the enamel has been lost locally and 
a cavity exists, the resistance of a tooth is determined by the 
dentin , w hich  contains many fluid-filled tubules, and 
thereby has a relatively low resistivity.

In the first investigations into the caries-diagnostic use of 
electrical resistance measurements, dc currents were used, 
giving rise to polarization artefacts where the electrodes 
came into contact with the teeth (Pincus, 1951; Mumford, 
1956; N o m u ra  et al., 1971). To avo id  this problem , 
investigators later used ac currents but at certain fixed 
frequencies, selected for experimental convenience rather 
than diagnostic significance (White et al, 1978; Sawada et al, 
1986). A few commercial instruments were marketed, of 
which only the most recently developed is now available. 
The frequencies chosen for these instruments lie between 20 
and 400 Hz, and beca Lise of polarization effects, these may 
be too low. The performance of these instrum ents for 
occlusal caries diagnosis has, in several in vitro and in vivo 
studies, been shown to be comparable with or better than 
that of existing methods of caries diagnosis (Rock and Kidd,
1988; Pieper et al, 1990; Verdonschot et al, 1992; Ricketts et
a l ., 1995). H ow ever, the m ethod has several major 
lim ita tions. In vivo , only occlusal surfaces have been 
m e a su re d  u n til  now , since the in s tru m en ts  used by 
themselves are not suited for use on other surfaces. [There is 
only one in vitro report relating to approximal surfaces 
(L ongbottom  et al,, 1993).] M oreover, the diagnostic 
performance was generally best for the detection of dentinal 
caries (associated with advanced decay), and no correlation 
of m easurem ents w ith lesion depth in enamel could be 
show n (M atsum oto  and Fearnhead , 1980). Many 
improvements in the method itself and its practical use are 
necessary before it will be ready for wide and reliable
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application as a diagnostic tool.
In most fields of research where ac impedance has been  

studied, fixed frequency methods were quickly replaced by  
measurements over w ide frequency ranges. Measurements 
at a fixed frequency can contain contributions from many  
different electrical processes, both within the sample being  
studied and at the point of contact with the electrodes; hence 
very few conclusions can be drawn from them concerning 
specific physical phenomena (Macdonald, 1987). Kumasaki 
first performed ac im pedance m easurem ents on hum an  
d e n tin  sec tio n s  (K um asaki, 1975). Later s tu d ie s  w e re  
con cern ed  w ith  the ac im p ed a n ce  behavior of en am el  
m em branes (Scholberg et a l ,  1982; 1984), of tooth hem i- 
sections (Hoppenbrouwers et a l ,  1986), and of enamel and 
dentin sections (Levinkind et a l ,  1990, 1992). Some authors 
su g g e ste d  equ iva len t electrical circuits to describe the  
resu lts they found, and proposed  physical m odels  that 
w ould  explain these results (Scholberg et a l , 1987; Levinkind 
e t  a l.,  1990). The m e a su r e m e n ts  w ere ta rg eted  at 
fundam ental studies of the electrical behavior of dental 
m aterial. The experim ental cond itions in these s tu d ies  
w ould  be impossible to reproduce even partially in a clinical 
setting. In some studies, it did not prove possible to cover 
the entire impedance spectrum. With the exception of a brief 
preliminary report of part of this study (Longbottom et a l ,  
1996), the effect of the presence of a caries lesion in enamel 
or dentin on the impedance characteristics of a whole tooth 
has not yet been reported.

It was the aim of our study (a) to characterize the complex 
impedance behavior of whole extracted teeth, measured at 
one or both of their smooth approximal surfaces, in a set-up 
w hich  could be reproduced in its basic form in a clinical 
situation, and (b) to identify parameters of the com plex  
impedance behavior of the teeth, which would be useful in 
distinguishing between degrees of carious involvement.

Materials and methods

Study material

For the study, we selected unrestored extracted premolar teeth, 
w hich  show ed no signs of non-carious damage, such as 
fractures or abrasions, on their approximal surfaces. The teeth 
w ere obtained for research purposes w ith  w ritten  
parental/patient consent, and the protocol complied with the 
conditions set out by the Tayside Committee on Medical 
Research Ethics. A total of 59 tooth surfaces from 39 teeth was 
in c lu d ed . The teeth had been stored in thym olized  
physiological saline for a minimum of 3 months before being 
tested. Approximal surfaces were assigned to one of three 
groups according to their macroscopic condition viewed with 
the naked eye: S (sound), if no sign of carious involvement was 
detected (n. = 16); L (lesion), if a brown- or white-spot lesion was 
present with no or superficial enamel loss (n = 33); and C 
(cavity), if all enamel was lost locally (n = 10). In the following, 
the word ’surface' is used to indicate the experimental unit, 
where the impedance of a tooth is measured at a particular site 
(approximal surface). It does not imply that only surface 
characteristics were measured.

Figure 1. Drawing of electrical cell with tooth specimen secured by 
perspex screws.

After all measurements were made, the teeth were serially 
sectioned in the mesio-distal plane to give 120-j.tm-thick sections. 
The sections were viewed dry under a stereo-microscope, so that 
the presence and extent of caries could be determined. Surfaces 
which showed microscopic evidence of non-cariologic damage 
w ere rem oved from the study, Caries extent was scored  
histologically as: 0 (caries not present); 1 (caries present in 
enamel up to and including the amelo-dentinal junction); or 2 
(caries present in dentin).

Experiment

A perspex chamber was constructed in which the teeth could be 
secured by locating the root tip in a layer of wax placed on the 
bottom of the chamber, the crown being secured with perspex 
screws. A layer of conducting gel (KY Jelly, Johnson & Johnson) 
was applied over the wax, in contact with the tooth root. A 
tooth was positioned in such a way that one of its approximal 
surfaces was facing a hole in the chamber, through which an 
electrode could be inserted to touch the surface (Fig. 1). This 
working electrode consisted of a stainless steel rod, 4 mm in 
diameter, covered at the tip by a carbonated fiber (patent 
pending, University of Dundee, 1995), which made direct 
contact with the tooth. The counter-electrode consisted of a 
platinum foil strip suspended from one side of the chamber and 
dipped in the conducting gel at the bottom. The other end 
emerged from beneath the lid of the chamber, to be gripped by 
an electric clip. The enclosed  perspex chamber served to 
minimize evaporation, thus delaying drying of the tooth. All 
measurements were carried out at room temperature.

Measurements and analysis

The electrical measurements were performed with a Solartron 
1255 Frequency Response Analyzer (Solartron Instruments Ltd., 
Hampshire, UK) under the control of an ESCOM 486DX40 
microcomputer. Connection to the two-electrode cell was made



] Dent Res 75(11) 1996 Impedance Spectroscopy of Carious and Non-carious Teeth 1873

Working electrode Counter electrode

IEEE 488

Figure 2, Schematic representation of measuring set-up with 
amplifier. GE = generator, V = voltage, I = current.

through either a Solartron 1286 potentiostat or an EG&G 181 
amplifier (EG&G Parc, Princeton, NJ, USA)—the latter was used 
for the most resistive teeth (Bruce et a!., 1994). The amplitude of 
the ac potential was 10 mV rms. In view  of future clinical 
application of the method, sending such a voltage through a 
resistance of about 1 MQ before applying it to a tooth would 
ensure that the current is much less than 1 pA, and therefore 
well below the pain threshold. A schematic representation of 
the measurement apparatus with the amplifier can be seen in 
Fig. 2. The frequency response analyzer applies a sinusoidally 
varying voltage (V) and measures the fundamental-harmonic 
component of the response, from which can be obtained the real 
and imaginary parts of the system impedance. The impedance 
data were analyzed by means of the commercially available 
software Zplot and Zview (Solartron Instruments Ltd.), which 
included a complex non-linear least-squares fitting routine 
originally developed by Macdonald cl al. (1982), from which the 
experimental parameters were determined. Spearman rank 
correlation coefficients of the experimental parameters with the 
histologic caries grouping were calculated. Differences between 
the experim ental groups for the parameter with highest 
correlation with caries grouping were statistically compared by 
A NOV A (after log-transformation if appropriate), and Tu key's 
post hoc test. Sensitivity and specificity values for detecting 
on a m e I a n d d e n t i n c a r ies w er e c a lc u 1 a te d .

Prior to carrying out m easurem ents on the teeth, we 
determined the electrical response of the experim ental 
apparatus. First, the capacitance of the leads was measured and 
found to be less than 0.5 pF. A cell consisting of the counter
electrode and the fiber-tipped electrode immersed in the gel
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Figure 3. Examples of complex impedance plots for surfaces from 
each of the three groups. Low-impedance section of graph is shown 
in detail in the upper right comer. Low frequencies on the right, high 
frequencies on the left. A = example from S; □ = example from L; O = 
example from C. Z' = real impedance; Z " -  imaginary impedance.

was constructed. The impedance of this cell increased with  
decreasing frequency but did not exceed 4 kQ. at 1 Hz. These 
measurements confirm that die set-up m akes a negligible  
contribution to the measured tooth impedance, since the teeth 
w ere found to exhibit im p ed an ces w hich  were usually  
considerably in excess of 65 k£L

The teeth were kept in closed  vials w ith  th ym olized  
physio log ica l saline before and between m easurem ents. 
Immediately before a measurement, they were taken from the 
saline and blotted dry w ith  tissue paper. They were then 
positioned  in the chamber and the m easuring electrode  
inserted. This procedure took less than 1 min. The complex 
impedance spectrum was then measured, from 1 MHz to 0.1 
Hz, or from the frequency of the start of the complex impedance 
spectrum to the frequency where electrical noise im peded  
accurate measurements.

To determine reproducibility of the data obtained for each 
tooth, where variation would include the placement of the tooth 
and the contact of the measuring electrode, the same operator 
repeated placement and measurement six times for two surfaces 
(from L). Five surfaces (IS, 2L, 2C) were measured by a second 
operator using the same chamber in an identical measurement 
apparatus, and the proportional difference of the parameter 
values was calculated as ( I operator 1 - operator 2 I) /  opera tor 1.

Results
Histologic validation showed that 5 surfaces, 3 from group S 
and 2 from group L, should be excluded because of cracks. 
N o n e  of the rem aining 13 surfaces in group  S sh o w ed  
microscopic signs of caries. In group L, enamel caries only was 
present in 16 surfaces, and dentin caries in 15 surfaces.
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Figure 4. Proposed equivalent circuit. Rb = bulk resistance; Cg = 
geometric capacitance; CPE = constant-phase element; R -  resistance.

Lozalized loss of all enamel and presence of dentin caries were 
confirmed for all 10 surfaces in group C. The complex 
impedance plots (plots with the imaginary [Z", conventionally 
plotted as -Z"] and real [Z'] components of the impedance 
plotted on the Y- and X-axis, respectively) of the tooth surfaces 
d iv ided natu rally  into three groups according to the 
magnitude of the impedance, which corresponded almost 
perfecdy with the main visual classification of the surface (S, L, 
or C). An example from each group is shown in Fig. 3. For all 
three groups, the equivalent circuit with the smallest number 
of components which best fit the experimental data is shown 
in Fig. 4. It consists of a series of two parallel elements: a 
resistor (R^ in parallel with a capacitor (C ), and a resistor (R) 
in parallel with a constant-phase element (CPE), The two 
parallel elements in the circuit give rise to two (overlapping) 
semi-circles in the complex plane which model the half-oval 
shape of the complex im pedance plots. A t very  low 
frequencies, ie., less than 100 Hz, the complex impedance plots 
showed the start of a third semi-circle which was considered to 
represent interface properties and was not analyzed fully.

The quality of the fit of the proposed equivalent circuit 
was evaluated  for each surface by statistics including 
standard deviations of the parameter estimates, which were 
always less than 10% of the parameter values. Fit was also 
evaluated visually from graphs of the experimental data and 
fitted curves. For two of the study groups, examples are 
shown in Figs. 5 and 6 for the complex impedance plots (a) as 
well as for the spectroscopic plots of real (b) and imaginary (c) 
impedance as a function of frequency. Fig, 5 shows these 
results for an approximal surface with a brown-spot lesion, 
and Fig. 6 for an approximal surface with a cavity. The graphs 
show that the fit of the calculated data is very good.

The values for the components of the equivalent circuit as 
found by the fitting procedures are summarized in Table 1, 
show ing m ean, s tand ard  deviation, and coefficient of 
variation for each component. A CPE is characterized by two 
parameters: a capacitative factor CcpE and the phase angle a. 
Parameter CcpE varies markedly with a, and it would be 
inappropriate to give mean values for it. Instead, the range of 
results is given. Dc resistance, Rdc, which cannot be measured 
with dc current because of polarization, is calculated from the 
results by adding Rb and R. Table 2 shows die results for the 
repeated  m easurem ents  of the two teeth by the sam e 
operator, and the comparison of resul ts from two operators.

Spearman rank correlation calculation showed that the 
experimental parameter with the highest correlation with

Figure 5* Example of fit of values calculated from the equivalent 
circuit of Fig. 4 (drawn line) to experimental data ( 0  ) from a 
surface from group L: (a) complex impedance plot, (b) real (Z'), and 
(c) imaginary (Z") impedance as a function of frequency.

caries status was Rdc (r = 0.69). Mean Rdc for macroscopic 
g roups S, L, and C was 68 M Cl, 5,9 MQ, and 321 kQ, 
respectively. Mean Rdc for histologic groups 0, 1, and 2 was 
68 MQ, 7.2 MQ, and 2.8 MQ, respectively. Fig. 7 shows the 
ranges of log(Rdc) for g roups S, L, and C, and also for 
histologic groups 0,1, and 2, Logarithmic transformation of 
Rdc served to let the parameter value distribution approach 
normal distribution. Mean values of Rdc of groups S, L, and 
C w ere  s ign ifican tly  d iffe ren t from each other (log- 
transform ed data, ANOVA, p < 0.001; Tukey m ultiple 
comparisons, p < 0.001). For caries diagnosis at the level of 
the enamel (histology score 0 us. 1 and 2 or group S vs. L and 
C, w ith  a diagnostic cut-off of 30 MQ), sensitivity and 
specificity of the method were 1.00 and 1.00. For diagnosis 
of den tin  caries (h isto logy score 0 and 1 vs. 2, w ith a 
diagnostic cut-off of 4 MQ), sensitivity and specificity of the
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Table 1. Parameter values obtained by curve fitting for the components of the equivalent circuit shown in Fig. 4

Ru/Mfl® Cg/pF R/MQ a/- Rdc/MQ

S (n = 13)
meanb 13 11.5 55 10- 421 0.77 68
SD 6 4,2 29 0.08 29
CoV 45% 36% 52% 11% 43%

L (n = 31)
mean 1.2 20.3 4.9 48 - 9017 0.67 5.9
SD 1.2 13.6 4.6 0.09 4.8
CoV 96% 67% 98% 13% 80%

C (n = 10) k a kQ kn
mean 66 45.4 255 1732 - 46830 0.57 321
SD 65 45.3 150 0.06 195
CoV 98% 100% 59% 11% 61%

0 Resistors (R. and R), capacitor (C ), and constant-phase element (CPE, two parameters Crpp and a). Total estimated dc resistance (RHJ is 
calculated by adding Rb and R.
Mean, standard deviation (SD), and coefficient of variation (CoV) or range of results is given.

method were 0.64 and 0.83. Cavitation (groups S and L vs. C, 
with a diagnostic cut-off of 600 k£2) was detected with a 
sensitivity of 1.00 and a specificity of 0.98.

Discussion.
Previous research on the ac impedance of tooth materials 
has been performed almost exclusively on sections of non- 
carious tooth material. This study aimed at relating the 
complex impedance spectra of whole teeth to the presence 
and extent of caries in the measured surface of the tooth as 
determined by histologic validation. Approximal surfaces 
were investigated because these smooth surfaces can be 
visually assessed in extracted teeth. Clinically/ these surfaces 
are not readily accessible visually. Bite-wing radiography is 
the accepted standard  m ethod for caries diagnosis, bu t 
a lte rn a tive  m ethods are being in ves tiga ted  to reduce 
exposure to ionizing radiation  and  improve diagnostic 
performance (Pitts, 1991).

This study used complex impedance spectroscopy in a 
set-up which could , in its basic form, be rep ro d u ced

clinically. The gel in which the tooth rested represents the 
p a r t  of the b o d y  betw een  the tooth  and  the c o u n te r
electrode, which may be hand-held or lying against the oral 
mucosa. The total impedance of the counter-electrode and 
gel was shown to be negligible compared with that of the 
teeth, unless cavitation had taken place; this is also likely to 
be the case clinically. The carbonated fiber was introduced 
because it is a material which may prove useful for making 
co n tac t w ith  the tee th  in  in vivo  m easu rem en ts . The 
approximal surfaces of teeth in a clinical situation are in 
contact with neighboring teeth, and the area of interest lies 
close to the gingivae. The fiber m aterial can be placed 
in terprox im ally  as a thin s tr ip / un like the p robe-type  
electrodes currently used, and will adap t to the curved 
surface better than a metal-coated plastic strip-wedge that 
has been previously used (Longbottom et al, 1993). It is also 
hydrophobic, which aids both in preventing the measured 
surface from drying and in preventing contamination of the 
surface with saliva, which would cause current leakage, 

Table 2 shows the variation in the parameters for the 
sam e teeth  rem o v ed  and rem o u n ted  be tw een  each

Table 2. Res til Ls o f there p r o ducibili ly m ea s u re men Is

One operator1 
surface a 
surface b

c

60%
18%

92%
22%

R

103%
15%

a

9%
8%

Rcic

97%
16%

Two opera torH 50-89% 4-81% 22-74% 2-26% 27-77%

¿1
h

: operator: coefficient of variation of repeated measurements by one operator on two tooth surfaces (number of repeats is 6). 
i) operators: range of proportional difference of results of operator 2 as compared with results of operator 1 (number of surfaces i

One
Two operators: range of proportional difference of results of operator 2 as compared with results of operator 1 (number of surfaces is 5). 
Components of equivalent circuit: resistors Rb and R, capacitor CR/ and phase angle a  of constant-phase element. Total estimated dc
resistance (R u.) is calculated by adding Rb and R.
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Z'/kn

Figure 6. Example of fit of values calculated from the equivalent 
circuit of Fig. 4 (drawn line) to experimental data ( O ) from a 
surface from group C: (a) complex impedance plot, (b) real (Z'), and 
(c) imaginary (Z") impedance as a function of frequency.

measurement. There are several sources of variation in the 
m easured  param eters  for each experim ent. First, the 
variation of the accuracy of the electrical measurements 
them selves may be estim ated  at less than 1% in the 
magnitude and phase angle, based on the specifications 
provided by Solartron Instruments. In general, fitting of the 
equivalent circuit described here to the data yielded an error 
of < 10% in all parameter values. The major source of the 
variation probably arises from the repositioning of the tooth 
between each experiment which results in a change in the 
area of contact between the tooth and the carbonated fiber 
tip of the working electrode. The surface with the highest 
variation had a caries lesion which was relatively large and 
could therefore be contacted at different parts. The lesion of 
the second tooth was small, and repositioning the electrode 
contact was therefore easier. The level of variation of this 
second surface therefore reflects the reproducibility of the 
measuring technique more accurately. Slight variations in 
tem perature may also have contributed to the overall

x
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Histology score

o o c  o ooo ox> oo o ooco <oo o
O O <X><D O  O 0  0

oox»»
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Figure 7. Graphic presentation of the calculated Rdc (after 
logarithmic transformation), in relation to the macroscopic 
grouping (bottom) and in relation to the histologic score (top). 
Histology score: 0 = sound, 1 = enamel caries, 2 = dentin caries.

variation of the parameters, The variations, however, are 
sm all com pared  w ith  the differences in resis tance , 
particularly Rdc, among the three categories. Duplicate 
measurements by a second operator using an identical 
experim ental arrangem ent show ed results in the same 
range, This indicates that the technique will be reproducible 
in its in vitro diagnostic capabilities. It can be concluded that 
the method of impedance spectroscopy holds promise for 
application in a clinical situation.

The shape of the complex impedance plots suggests 
suitable components for the equivalent circuit to be used. 
For instance, a pure resistor would yield a point on the x- 
axis, and a resistor and capacitor in series would yield a line 
parallel to the y-axis. The least number of components to 
model a semi-circular complex impedance plot would be a 
resistor and a capacitor in parallel. Most complex impedance 
plots in this study appeared to be stretched horizontally (see 
Fig. 5). This was modeled most simply by assuming 2 more 
or less overlapping semi-circles, that is, two such parallel 
elements in series. The presence of a CPE is related to the 
fact th a t teeth  are no t a hom ogeneous m aterial. Any 
heterogeneous solid will exhibit a d istribution  in the 
electrical processes. These distributions are commonly 
represented by a CPE, i.e., an impedance with a power-law 
dependence on the frequency.

It is interesting to consider whether the values extracted 
for the electrical properties of the teeth correspond to those 
expected for the bulk properties of tooth material. Teeth are 
heterogeneous, consisting of two principal mineralized 
materials, dentin covered with a layer of enamel, together 
enclosing the soft pulp tissue. Theoretical calculations based 
on extreme values reported  relatively  recently for the 
intrinsic electrical parameters, i.e., dielectric constant and 
resistivity (Friedman and Grayson, 1970; Hoppenbrouwers 
et al, 1986), and approximate values for the dimensions of 
enamel and dentin showed that the expected dc resistance of 
sound teeth in our set-up would lie between 1 and 70 M£X 
The major part of this resistance, around 95%, is attributable 
to the enamel. Our experimental results for the sound group 
are in the expected order of magnitude.

Similar calculations, with hydroxy apatite as the main 
constituent of a tooth, yielded an estimated '1 to 5 pF for the



J Dent Res 75(11) 1996 impedance Spectroscopy of Carious and Non-carious Teeth 1877

capacitance of a sound tooth. From the results in Table 1, it 
is obvious that, for the sound surfaces, the capacitance 
values w hich we have ob ta ined  relate  to the bu lk  
properties of the sound teeth. Replacing the liydroxyapatite 
with an increasing volume of air or fluid electrolyte, as 
would be the case in a caries lesion, should have only a 
small effect on the capacitance. This is exactly what can be 
observed in Table 1.

Identification of the specific electrical p roperties  of 
different regions of the teeth with the ac response is outside 
the scope of this study. However, we may speculate that the 
much lower impedance of the teeth with caries lesions arises 
from the presence of many fluid-filled pores in the enamel 
which effectively 'short-circuit' the resistive hydroxyapatite 
material, resulting in conductive pathways to the dentin. 
The contribution of the dentin to the overall spectrum is 
negligible for the sound teeth but becomes increasingly 
important as the caries process progresses.

It is e v id e n t  from  Fig. 7 that the su r fa c e s  m ay  be 
classified according to their macroscopic caries status by the 
dc resistance obtained from ac im pedance spectroscopy. 
There w as an order of magnitude difference between each of 
the groups, with values of the average R,k. of sound surfaces 
equal to 68 ± 29 MU, of surfaces with spot lesions 5.9 ± 4.8 
M Q f and of macroscopic cavities 321 ± 195 k i l .  This explains 
the p artia l s u c c e s s  o f  the fixed  freq u en cy  m e a su r in g  
instruments, since they essentially try to measure RtU.. The 
h is to lo g y  sco re  g r o u p in g  w a s  used  to d e te r m in e  the  
s e n s it iv ity  and sp e c if ic ity  o f the e lectr ica l im p ed a n ce  
m e a su r em en ts  w h en  the ca lcu la ted  Rtk. w a s  used  as a 
diagnostic  criterion. For early caries d iagnosis including  
enamel caries, sensitivity and specificity are perfect. If only  
diagnosis of dentin caries is considered, they are 0.64 and
0.83, respectively. These values ore higher for enamel caries 
and s l ig h t ly  lo w er  for d en tin  caries  d ia g n o s is  than  
previously reported for electrical methods (Rock and Kidd, 

Pioper el al. 1990; Verdonschot et nl,, 1992; Ricketts el 
at., 1995). Additional research should be aimed at verifying 
these results and im proving the differentiation betw een  
enamel and dentin lesions.

Although we have shown that the dc resistance of the tooth 
as found by fitting I he ac impedance data is a reliable measure 
of the level of caries decay, oilier parameters of the equivalent 
circuit may also prove valuable. However, this will require 
further work which must first be directed to explaining in 
more detail the equivalent circuit and its physical origin.
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