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Objective: The aim of this study was to determine the relationship between the amount of
calcium loss, lesion depth, and the accuracy of storage phosphor plate (SPP) and film
radiographs for the detection of artificial proximal demineralization.
Methods: Standard enamel windows of extracted premolars were exposed to a demineralizing
solution for 60 h, 80 h, 100 h and 120 h. Solutions were analysed for calcium concentration by
atomic absorption spectrometer and the lesion depths were calculated by a specific formula. All
teeth were radiographed with SPPs and F-speed films before and after acid application. Images
were evaluated by five observers. Stereomicroscopic and scanning electron microscopic (SEM)
observations were carried out to visualize enamel surfaces after acid exposure. Receiver
operating characteristic analysis was used for diagnostic accuracy (Az). Azs were compared
with factorial analysis of variance and t-tests. The relationship between Azs and lesion depths
was determined with Pearson’s correlation test.
Results: Strong positive correlation was found between Azs of both radiographic methods
and lesion depths. No difference was found between the Azs of two radiographic systems for
any of the demineralization durations (p . 0.05). Pair-wise comparisons revealed no
significant difference in Azs of SPPs (p . 0.05), while significant differences were obtained
for the Azs of films for different demineralization periods (p , 0.05). Stereomicroscopic and
SEM observations confirmed demineralizations from superficial to deeper layers of enamel.
Conclusion: Subsurface enamel demineralization was not accurately detectable with either
storage phosphor plates or F-speed films. The amount of calcium loss and the depth of
demineralization have a strong relationship with diagnostic accuracy with a significant effect
particularly on F-speed films.
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Introduction

Caries lesions should be detected as early as possible,
even before the non-cavitated stage of lesion forma-
tion, in order to accomplish successful preventative
intervention.1,2 The performance of different radio-
graphic methods for the early detection of approximal
caries has been tested in numerous studies.3,4 In addition,

the accuracy of alternative methods such as image
analysis and/or processing techniques has been tested in
an attempt to overcome some of the insufficiencies of
radiography for the early detection of enamel caries.5,6

In addition to the radiographic methods, the detection
capacity of some novel diagnostic techniques such as
fibre optic transillumination and quantitative light or
laser-induced fluorescence has been investigated.7

However, most of these studies reported the accuracy
of the method demonstrating one of the preferred
reporting metrics, namely sensitivity, specificity, area
under the receiver operating characteristic (ROC) curve
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and the correlation with the truth (true state of disease
established using a gold standard).7

Radiographic detection of dental caries is primarily
based on the fact that as the caries process proceeds, the
mineral content of enamel and dentine decreases with a
resultant decrease in the attenuation of the X-ray beam
passing through the teeth.8 The available information
in regard to the relationship between the amount of
mineral loss and accuracy of radiographic detection is
rare and inconsistent. Wenzel9 claimed that lesions
confined to enamel may not be evident radiographically
until approximately 30–40% enamel demineralization
has occurred. On the other hand, Yang and Dutra10

stated that 40–60% of tooth decalcification was
required for a lesion to be seen radiographically. In
their early study, Halse et al11 stated that original
radiographs were comparable with subtraction images
for the lesions presenting 5–10% mineral loss. The
performance of different radiographic methods for
the detection of enamel subsurface demineralization
was compared previously by many researchers.12–15

However, there is no study demonstrating the perfor-
mance of different intraoral radiographic methods for
the detection of artificial enamel demineralization in
correlation with the amount of calcium loss and lesion
depth. Therefore, the aim of this study was to determine
the relationship between the amount of calcium loss,
lesion depth and the diagnostic accuracy of the DigoraH
Optime (Soredex Corporation, Tuusula, Finland) image
plate system and F-speed film (Carestream Kodak,
Rochester, NY) for the detection of approximal enamel
subsurface demineralization.

Materials and methods

Tooth preparation and demineralization
60 extracted human permanent premolars without
fillings and with intact proximal surfaces were used in
the study. After the approximal areas of test teeth were
visually inspected to exclude any white or brown spot
lesions, they were radiographed to confirm and to
ensure that no approximal radiolucency could be seen
on the images in order to prevent any diagnostic error.

The teeth were mounted in blocks of silicone with
one test tooth and two non-test teeth in each block
(Figure 1a). The non-test teeth at either end created
natural contact points. Before the teeth were embedded
in silicone, both the crowns and roots of all teeth were
covered with acid-resistant varnish (Diamond Strength;
Sally Hansen, Morris Plains, NJ) except for a circular
window about 1.4 mm in diameter (area 5 1.54 mm2) on
one of the proximal surfaces. In order to produce
standard circular windows for acid application, stan-
dard circular rubbers were prepared with a rubber dam
punch and applied to the proximal surfaces of the test
teeth before varnish application (Figure 1b). After the
varnish was dried, the rubber was removed from the
surface.

The images of teeth with intact approximal areas
obtained prior to any acid application (demineraliza-
tion) were used as controls. This group of images was
named as ‘‘0 h group’’.

Acetic acid buffer with 0.34 M sodium acetate (pH 4)
was used for inducing enamel subsurface demineraliza-
tion.16 Pilot studies were carried out with five perma-
nent premolar teeth to decide the duration of acid
application in order to create lesions confined only to
enamel. After the images of five teeth were obtained
with both systems, they were evaluated by two
radiologists and one specialist in restorative dentistry
with clinical experience of at least 20 years. It was
observed that acid durations longer than 120 h
produced large lesions easily detectable with any
imaging modality. Therefore, longer durations were
not used in the study (Figure 2).

Each experimental tooth was de-mounted from its
individual block and immersed in 20 ml of acetic acid
buffer solution (pH 4.0) at 37 uC in individual bottles
(n 5 20). The immersion periods were 60 h, 80 h, 100 h and
120 h. By the end of each immersion period, each tooth was
removed from its bottle and replaced in its own block.
Then, each block was radiographed with two different
imaging modalities as explained below. Following radio-
graphy, the teeth were immersed in fresh acidic solutions in
new bottles for an additional 20 h. The prior solution in
each previous bottle was analysed for calcium amount by
an atomic absorption spectrometer (AAS) (wavelength
422.7 nm, slit 0.5 nm) (Spectra AA 10 plus, Varian,

a

b

Figure 1 (a) Test teeth in contact with non-test teeth on two sides
mounted in silicone blocks. (b) Test tooth covered with nail varnish
other than the area of acid application (white area) on proximal
surface
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Mulgrave, VIC, Australia). To prevent the interaction of
magnesium and phosphate ions, 50 000 mg l–1 of lantana
chlorine (LaCl2) was added in each sample and deminer-
alizing solution.

After measurement of calcium amount by AAS, it
was converted into the lesion depth through a specific
formula.17,18 Enamel has a density of 2.95 g ml21 19 and
calcium concentration in enamel is 37%.20,21 Enamel
volume was calculated using the amount of calcium
released into the solution and the density of enamel. It
was then divided by the area of the exposed window
(1.54 mm2) to determine the lesion depth.22,23

Radiographic method
Standardized exposures of all specimens were first done
before any acid treatment and on the last day of each
demineralization period. All teeth were radiographed
with two different imaging modalities—Digora Optime
storage phosphor plate (SPP) system (Soredex Corp.,
Tuusula, Finland) and F-speed film (Carestream Kodak,
Rochester, NY). F-speed films and SPPs were exposed
with a dental X-ray unit operating at 60 kVp, 7 mA and
1.5 mm Al equivalent filtration using bite-wing projec-
tion geometry at a focus–receptor distance of 25 cm
(Figure 3). With regards to the examinations with film
and image plates, vinyl polysiloxane putty was adapted
to the positioning device, and while the putty was still
soft, both the detector and silicone block were pressed
into it. Once hardened, the putty allowed quick re-
alignment of the specimen and the detector. This
assembly was made for each block (Figure 3). A 20 mm
thick soft-tissue equivalent material was placed close
to the blocks and facing the X-ray tube. Films and
SPPs were exposed for 0.20 s and 0.12 s, respectively,
to subjectively generate an optimal density for caries
detection.24–27 After the plates were scanned, the resulting

images were exported as eight-bit TIFF files for sub-
sequent display in a random order. Films were developed
using an AP-200 (PLH Medical Ltd, Watford, UK)
automatic processor with fresh solutions and with a
processing time of 6 min at 23.5 uC. The processed
radiographs were mounted in non-transparent frames.

Image evaluation
Three radiologists and two specialists in restorative
dentistry with a mean age of 39.8 years (range 31–59
years) and mean clinical experience of 18.0 years (range
8–40 years) acted as evaluators and independently rated
the presence/absence of proximal demineralization
using a five-graded scale:

1. definitely present
2. probably present
3. unsure
4. probably absent
5. definitely absent.

Observers were instructed to assess only proximal
surfaces coronal to the cemento-enamel junction. Any
sign of demineralization was to be considered enamel
subsurface demineralization, regardless of size and
degree of penetration into enamel.

5 independent observers assessed a total of 200
digital and film radiographs (2 systems620 teeth65
time periods). To simulate a clinical situation, observers
rated the one approximal surface of each test tooth and
the approximal surface of the adjacent tooth for the
presence/absence of demineralization. A total of 400
surfaces were rated by each observer. The images were
displayed to observers at full size, 1:1 on a 15.4 inch
high resolution (WXGA) colour liquid crystal monitor
with a resolution of 10246768 pixels and 256 grey

Figure 2 Images obtained before demineralization (0 h) and after four demineralization durations
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levels (HP Pavillion DV6000, Santa Clara, CA). Obser-
vation conditions were optimized through the use of the
same computer monitor when the images were dis-
played and the viewing distance was kept constant to
about 50 cm for all observers and the lights were
subdued during observations. For each image modality,
all images were presented in a randomized order. A
moderator presented each image for viewing and
maintained proper random sequence order. 4 separate
viewing sessions (50 films or images per session) were
held at intervals of at least 1 week to minimize viewer
fatigue and to decrease the chance of recalling previous
decisions on similar images. The observers were not
given the option to perform any image enhancements to
avoid the production of a variety of different digital
images. The film radiographs were assessed using a
light box and at 26magnification (RINN, Dentsply,
Elgin, IL). No time limit was set for the viewing
procedure.

Microscopic evaluations
Two extra premolar teeth for each time period were
prepared and demineralized in the above-mentioned
manner for stereomicroscopic (Leica S8APO, Heerbrugg,
Switzerland) and scanning electron microscopic (SEM)
(JSM-5200, JEOL, Tokyo, Japan) observations to visualize
enamel surfaces after acid exposure.

Data analysis
The diagnostic accuracy on images obtained after
different periods of demineralization was expressed as
the area under the ROC curves (Az). ROC analysis was
carried out for each observer, each demineralization
period and each image modality and then ROC areas for
all five observers were averaged to obtain a mean value.
GraphPad Instat (GraphPad Software, Inc., La Jolla,
CA) was used for statistical analysis. Comparison
of mean Azs was done with factorial analysis of variance
(ANOVA) as the imaging system, demineralization
period and observers were the factors. Pair-wise

comparisons were performed using post hoc t-tests
(p 5 0.05). Kappa (k) was used to measure the inter-
observer agreement. Pearson’s correlation test was used
to reveal any possible relationship between Az values and
lesion depths (p 5 0.05).

Results

The mean amount of calcium loss ¡ standard deviation
(SD) for four different demineralization durations
(60 h, 80 h, 100 h and 120 h) were 26.38¡14.18mg ml–1,
30.69¡18.68mg ml–1, 35.56¡18.83mg ml–1 and 50.08¡
23.18mg ml–1, respectively (Figure 4). Calcium loss was
slow and showed an almost linear increase with
increasing acid duration. The mean lesion depths ¡
SD for demineralization periods of 60 h, 80 h, 100 h
and 120 h were 15.71¡8.44mm, 18.27¡10.56mm, 21.12¡
11.41mm and 29.76¡16.05mm, respectively (Figure 4). A
significant difference in lesion depths was observed between
60 h vs 120 h (p , 0.01) and 80 h vs 120 h of demineraliza-
tion (p , 0.05).

The mean Az values for 60 h, 80 h, 100 h and 120 h of
demineralization were 0.592, 0.603, 0.604 and 0.717,
respectively, for SPPs and 0.538, 0.562, 0.727 and 0.797,
respectively, for F-speed films (Table 1). Pair-wise
comparisons revealed that the Azs of SPPs were not
significantly different for any demineralization period
(p . 0.05). On the contrary, significant differences were
obtained for the Azs of films for different periods of
demineralization (p , 0.05). The difference was signifi-
cant between 60 h vs 100 h (p , 0.05), 60 h vs 120 h
(p , 0.05), 80 h vs 100 h (p , 0.05) and 80 h vs 120 h
(p , 0.05). No difference was found between the corres-
ponding Azs of two imaging systems for any of the
demineralization periods (p . 0.05). The mean standard
deviations of the Az values were lower for the film
images than for storage phosphor plates (Table 1).

For both systems, the agreement was fair for 60 h
(range 0.28–0.37 h), 80 h (range 0.31–0.39 h) and 100 h

a b

Figure 3 Picture demonstrating the bite-wing projection geometry during exposures
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(range 0.33–0.40 h) of demineralization and substantial
(range 0.44–0.58 h) for 120 h demineralization.

Strong positive correlation was found between Az

values of both film and SPP images and lesion depths.
While this correlation was linear for SPPs (r 5 0.9579;
p 5 0.042), it was non-linear for films (r 5 0.9193;
p 5 0.08). Further analysis showed that the relationship
between film and lesion depth fit to a geometric model
(y 5 x20.496; r 5 0.97, p 5 0.03).

Stereomicroscopic and SEM observations revealed
lesions from superficial to deeper layers of enamel
(Figures 5 and 6). Acid application affected the ex-
posed enamel partially or totally in different samples
(Figures 5 and 6). After 120 h of demineralization, all
proximal areas showed clearly visible white spots
after air drying. This finding was confirmed by light
microscopic analysis (Figure 5). In some of the samples,
based on SEM images, erosions could be observed only
at the borders of the circular window after deminer-
alization (Figure 6d).

Discussion

It has been clearly stated in a radiology book9 and a
review article10 that enamel proximal caries lesions are
poorly detected by radiography since demineralization
must occur in excess of 30% for radiographic detection

to be possible. However, in both references, this
information was not cited to any scientific study and
remains vague. Although there was a single study that
might be related to the subject, the authors did not
actually measure the mineral loss in this study.11

In our present study, atomic absorption spectroscopy
was used for measurements of calcium levels after
various demineralization durations. The measured cal-
cium amounts were then used to calculate the mean
lesion depth from the surface. Although the determina-
tion of lesion depth by use of calcium loss is an indirect
method, it was shown to be a reliable method for ana-
lysing the progression of etch depth related to successive
acid exposures on the same enamel surfaces.28 It was also
demonstrated that this method was comparable to the
direct methods such as white light interferometry and
light profilometry.28 If one considers the definition of
caries as a demineralization/remineralization imbalance
leading to net mineral loss, mineral loss should be the
parameter of a carious lesion that should be measured.
However, considering the direction of progression and
the relationship between the defence reaction of the
tooth and depth of progression, depth of mineral loss
may be as relevant as volume of mineral loss.29

There are numerous studies in dental literature com-
paring the diagnostic accuracy of digital and conven-
tional radiography for the detection of either artificial
or natural proximal caries. Most of these studies have

Figure 4 Mean calcium amounts (mg l–1) ¡ standard deviation (SD) and calculated lesion depths (mm) ¡ SD for each demineralization duration.
* Indicates significance with depth obtained after 120 h of demineralization

Table 1 Accuracy ¡ standard deviation obtained with F-speed films and storage phosphor plate (SPP) images after 60 h, 80 h, 100 h and 120 h
of acid demineralization

60 h 80 h 100 h 120 h

SPP 0.59 ¡ 0.11 0.60 ¡ 0.05 0.60 ¡ 0.05 0.72 ¡ 0.05
Film 0.53 ¡ 0.09a,b 0.56 ¡ 0.05a,b 0.73 ¡ 0.04 0.79 ¡ 0.04

a Indicates significance with 100 h of demineralization.
b Indicates significance with 120 h of demineralization.
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included evaluation of lesions extending from enamel to
dentine by mainly focusing on lesion detection (present
or absent) using various imaging methods.6,30–32 How-
ever, the relationship between the depth of enamel
lesions and visual assessment of observers was inves-
tigated in few studies.33,34 The capacity of several
radiographic methods for the detection of different
degrees of enamel demineralization was investigated as
well. Nevertheless, they either used subtraction radio-
graphy to evaluate the resultant images for detection of
enamel demineralization12,14 or compared the perfor-
mance of advanced diagnostic methods such as digital
imaging fibre-optic transillumination or polarization-
sensitive optical coherence tomography for the evalua-
tion of the relationship between lesion depth and
diagnostic accuracy.35,36 Owing to the difficulties in
combining quantitative methods for mineral determi-
nation and methods for obtaining the radiographic
image of the same teeth for visual evaluation, no study
can be found correlating the amount of calcium loss,
lesion depth and the diagnostic accuracy of digital and
conventional radiography for the detection of artificial
enamel demineralization. In this context, the present
study is the first to demonstrate the relationship among

the amount of calcium loss, depth of demineralization
and the diagnostic accuracy of storage phosphor plates
and F-speed films.

According to our results, a strong relationship was
found between lesion depth and diagnostic accuracy of
enamel demineralization on both SPP and film images.
This result can already be anticipated because as the
demineralization proceeds, the mass difference between
the lesion and surrounding sound tissue gets larger,
contributing to a higher signal-to-noise ratio and higher
image contrast. Although this result is in accordance
with the results of Castro et al,33 it is contradictory to
the results of Pontual et al,34 who reported no increase
in detection with increasing depth of enamel lesions.
When the methods of the latter study were closely
evaluated, it was observed that they used double the
amount of exposure (0.25 s) than the exposure time
used in this study for blue Digora SPPs. In order to
extrapolate our results to clinical settings, the plates in
this study were exposed for 0.12 s as recommended for
patient exposure.37–39 As exposure is increased in the
SP systems, the signal-to-noise ratio is also increased
and the ability to visualize details is improved.40

Therefore, the insignificant relationship between the

a b

c d

Figure 5 Stereomicroscopic images obtained after 60 h (a), 80 h (b), 100 h (c) and 120 h (d) of demineralization (magnification 620)
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diagnostic accuracy and the depth of enamel caries
as reported by Pontual et al34 may be due to the
consequent reduction in image noise and increase in
image density with increased exposure time.

Diverging results from different studies must be
carefully investigated when directly compared, as
differences in the experimental design, the lesion type
and the number of scoring categories and observers
may influence the outcome.13 For example, different
demineralization models may lead to varying caries
patterns and progression rates. In addition, artificial
lesions created with burs may differ from chemically
created enamel demineralization.41–43 Accordingly,
another factor for the varying results in relationship
between diagnostic accuracy and depth of enamel
demineralization may be the performance of the
observers in accordance with the lesion type. It has
been clearly demonstrated that lesion type has an
influence on radiographic estimation of caries.44 In
addition, the depth of the lesion significantly affects the
performance of the observers.3 In the present study, the
highest amount of lesion depth with an average of

approximately 30 mm was calculated from the amount
of calcium loss after 120 h of acid demineralization.
In addition, SEM and stereomicroscopic observations
confirmed that enamel demineralization was confined
only to superficial layers of enamel tissue.45,46

Incipient enamel lesions deliberately selected to be
more difficult for visual perception may be a contribu-
ting factor for the significant relationship between
diagnostic accuracy and depth of enamel deminerali-
zation found in the present study. The increase in
agreement with increasing lesion depths for both systems
has further supported this assumption.

Diagnostic accuracy for relatively short demineraliza-
tion durations (60 h and 80 h) was close to guesswork for
both diagnostic systems. This finding is in agreement
with many previous studies.6,34,47 The diagnostic accu-
racy of the 120 h lesions (with an average depth of
around 30mm) was approximately 0.71 for SPPs and
0.80 for F-speed films. In two consecutive studies by the
same group,15,48 artificial demineralization depths ran-
ged between 230mm and 410mm while corresponding
accuracy (0.89) for SPPs was higher than the accuracy

a b

c d

Figure 6 Scanning electron microscopy images of demineralization areas (a) 60 h, (b) 80 h, (c) 100 h and (d) 120 h (magnification 635). Inserts in
images (a) and (d) show the 6200 magnification of the areas demonstrated by black arrows
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obtained in the present study. Higher diagnostic
accuracy for lesions approximately 8–14 times deeper
from the tooth surface towards the pulp can be
anticipated; nonetheless, any relationship between lesion
depth and diagnostic accuracy was not investigated in
either of the studies. On the other hand, Schmidlin et al13

produced both 0.1 mm deep chemical enamel deminer-
alization and artificial enamel lesions with burs having
sequentially increasing depths (0.1–0.5 mm). While a
significant relationship was reported between lesion
depth and sensitivity for artificial bur lesions, it was
shown that 0.1 mm deep chemically- created deminer-
alization was not detectable by visual radiographic
examination (sensitivity 5 0). Visual assessment of che-
mically created demineralization on SPP images in the
former study was made using a dichotomous scale — a
simple two-point scale (no lesion 5 1, lesion 5 2). It is
well known that the use of continuous scoring (five-
graded scale) increases discrimination, which may
explain the difference between the results of Schmidlin
et al13 and the present study with regards to the
diagnostic accuracy of enamel demineralization.

The results showed no significant difference between
the diagnostic accuracy of the two systems. However, F-
speed films showed a slightly higher level of diagnostic
accuracy than the digital images. Although none of
the systems performed significantly better or worse than
the other for any particular depth of demineralization,
the depth of enamel lesion seems to influence the accur-
acy of the films more than it did the accuracy of SPPs. A
significant difference was found in detection accuracy
of films between lower and relatively higher lesion

depths. The comparable accuracy of SPP and film
images for detection of proximal demineralization was in
accordance with many previous studies.3,49 On the other
hand, the significant increase in the accuracy of films
with increasing lesion depths may be due to its higher
spatial and contrast resolution characteristics since
detection of enamel lesions is strongly influenced by
resolution parameters.49

If the detection methods are accurate and objective
enough, the disease can be followed over time and the
rate of progress or reversal can be measured.50 If an
enamel lesion, as detected by the radiograph, is not
beyond the dentino-enamel junction, it can be arrested
or reversed by remineralization.46,51 Therefore, early
detection of demineralization is extremely important.51

However, it should be noted that the choice of imaging
system/receptor is only one of the many factors
affecting the relationship between lesion depth and
diagnostic accuracy of enamel demineralization.

A strong relationship was observed between the
amount of calcium loss, lesion depth and detectability
of artificial enamel demineralization on SPP and film
images. However, the low levels of accuracy along with
fair agreement for the lower demineralization durations
(60 h, 80 h and 100 h) reflect the difficulty examiners had
in deciding whether there had been demineralization or
not with both of the image receptors used in this study.
Therefore, it is possible to conclude that subsurface
enamel demineralization was not accurately detectable
with either SPPs or F-speed films and depth of enamel
demineralization had a significant effect, particularly on
the diagnostic accuracy of F-speed films.
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