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Evaluation of caries-affected dentin
with optical coherence tomography

Abstract: The purpose of this study was to evaluate the degree of demin-
eralization of artificially induced caries-affected human dentin by an in
vitro microbiological method. The occlusal surfaces of 6 human molar
teeth were abraded until a flat surface was obtained, and the enamel was
removed to expose the occlusal dentin surface. These teeth were sectioned
in 12 halves in the vestibular-lingual direction and divided into 3 groups
according to the period length of the microbiological essay (n = 4): G1, 7
days; G2, 14 days; and G3, 21 days. The surfaces of all specimens were
protected by an acid-resistant nail varnish, except for a window where
the caries lesion was induced by a Streptoccocus mutans biofilm in a
batch-culture model supplemented with 5% sucrose. The specimens were
then analyzed by optical coherence tomography (OCT) with a super-lu-
minescent light diode (A = 930 nm) with 6.0-um lateral and longitudinal
resolution (in the air). Qualitative and quantitative results (images and
average dentin demineralization, respectively) were obtained. The mean
demineralization depths were (wm) 235 + 31.4, 279 £ 14, and 271 £ 8.3
in groups 1, 2, and 3, respectively. In addition, no significant change was
observed in the lesion mean depth from 7 days of cariogenic challenge
on. In conclusion, OCT was shown to be an efficient and non-invasive
method to detect the depths of lesions caused by demineralization. Fur-
ther, a seven-day demineralization time was considered sufficient for car-
ies-affected dentin to be obtained.

Descriptors: Tomography; Dental Caries; Microbiology.

Introduction

Dental caries is one of the most prevalent chronic diseases. Its treat-
ment has changed significantly in recent years, since the current man-
agement of caries involves non-invasive techniques and partial removal
of carious dentin.! Therefore, adhesive restorations are widely indicat-
ed, and adhesives must adequately interact with caries-affected dentin,
which is demineralized but prone to remineralization.

It is important to point out that most bond strength tests are per-
formed on healthy dental tissue, which is not considered a clinically rel-
evant substrate. Since the characteristics of caries-affected dentin are
different from those of healthy dentin, the hybrid layer associated with
it will also be different.? Also, contradictory results have been obtained
from bond strength tests performed on natural caries-affected dentin.*
Therefore, studies in which standardized caries-affected dentin is used
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contribute significantly to this area of knowledge.

Numerous in vitro caries models have been re-
ported.’ In the chemical method, the acidified gel
technique and pH-cycling method are included; in
contrast, microorganism strains with known cario-
genicity are used in the microbiological method in a
way whereby the acid product of their metabolism
demineralizes the dental structure.” More elaborate
systems involving chemostats, flowcells, artificial
mouths, and constant-depth film fermentors have
been developed in an attempt to better mimic the
environment of the oral cavity.” However, their high
cost and complex apparatus requirements are often
limiting factors.’ Some authors® believe that the bac-
terial model is the closest to the conditions found
in vivo. In the present study, the microbiological
method modified by Gama-Teixeira et al.” was used
to obtain caries-affected dentin, but the amount of
time necessary to produce it has not yet been estab-
lished.

Since the artificially obtained substrate will
be used in future laboratory tests, demineraliza-
tion depth must be measured by a non-destructive
method. Image diagnosis modalities such as ultraso-
nography, computerized tomography, and magnetic
resonance are technologies that had a significant im-
pact on medical research and clinical practice, since
new tools are needed for the non-destructive assess-
ment of the depth and severity of caries lesions.® In
optical coherence tomography (OCT), spatial reso-
lution can be as high as 10 times that obtained by
the ultrasound technique.” OCT is based on low-
coherence laser interference principles, and is simi-
lar to the ultrasound technique in various respects,
although electromagnetic radiation is used instead
of sound waves."”

OCT is a non-invasive technique for caries detec-
tion that allows for both following the process of
dental tissue demineralization'' and premature de-
tection of the presence of caries. In addition, it has
the potential to determine the locations and depths
of lesions, as well as to detect hidden and second-
ary caries that occurs at the tooth-restoration inter-
face.!! The use of electromagnetic radiation in the
near-infrared region, instead of ionizing radiation
(x-rays), which is potentially mutagenic, is among its
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advantages.

The aim of this study was to evaluate the degree
of demineralization of artificially induced caries-af-
fected human dentin by an in vitro microbiological
method.

Methodology
Artificial occlusal caries

Healthy human molar teeth were cleaned with
periodontal curettes and a rubber cup with pumice
paste and water, and were stored in distilled water
(4 °C) until use. Approval was obtained from the
Ethics Committee (University of Sio Paulo, Dental
School, FOUSP, protocol #115/2010).

The occlusal surfaces of 6 human molar teeth
were abraded with a sandpaper disc until a flat sur-
face was obtained and the occlusal dentin surface
was exposed. These teeth were sectioned in half in
the buccal-lingual direction, and the 12 resulting
halves were randomized and distributed among 3
experimental groups (n = 4).

Half the area of the prepared teeth was covered
with acid-resistant nail varnish (Colorama, CEIL
Coml Exp Ind Ltda., Sio Paulo, Brazil). The den-
tal halves were sterilized with gamma ray irradia-
tion (25 kGy). Caries lesions were then induced in
vitro with the use of a bacterial system, following
the method modified by Gama-Teixeira et al.”

S. mutans (ATCC 25175) was incubated in Tryp-
tic Soy Broth media (TSB, Difco-Becton, Dickinson
and Company-Sparks, Detroit, USA) supplemented
with 5% sucrose (37 °C, 24 h) to obtain bacterial
growth. Bacteria were spread on the surface of
Tryptic Soy Agar (TSA, Difco-Becton, Dickinson
and Company-Sparks, Detroit, USA) solid culture
medium to obtain isolated colonies, which were re-
incubated (37 °C, 48 h). After growth, the colonies
were transferred into tubes containing TSB (with
5% sucrose) to initiate microorganism precondition-
ing with sucrose (6 days). The dental halves of the
same group were immersed in a solution (300 mL of
TSB with 5% sucrose and 3 mL of inoculum broth)
and were maintained therein for 7 (group 1), 14
(group 2), and 21 (group 3) days, being transferred
to a fresh tube every 24 h. During the incubation pe-
riods, tests were performed to check for the presence
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of bacterial contaminants, and after the specified
time periods, the dental halves were removed from
the bacterial system.

At the end of the cariogenic challenge, the bio-
film adhering to the surface was carefully removed,
and the specimens were washed with deionized wa-
ter. Immediately before the demineralization depth
was read, the acid-resistant nail varnish was me-
chanically removed from the surfaces of all speci-

mens.

OCT imaging

System configuration

In the most common OCT systems, a Michelson
interferometer is used to provide a cross-section im-
age of the scattering specimens, with non-invasive
evaluation and without contact with their surfaces.
In this system, the light is conducted by an optical
fiber as far as a 2 x 2 coupler, where the light is split
into 2 beams, one of which is sent to a reference
mirror and the other to the sample.

In this OCT system (SR930 Thorlabs Inc., New-
ton, USA), a SLED (super-luminescent light-emitting
diode; A = 930 nm) provided A and B scans with 4.0-
and 6.0-um resolution, respectively. The system was
able to produce up to 4 frames per sec, thus provid-
ing real-time images (2000 x 512 pixels; equivalent
to a width X height area of 6000 x 1581 um?).

The images were acquired from the central re-
gions of the exposed windows, generating images

from both exposed and varnish-protected (control)
surfaces. The images of the caries-affected dentin
were obtained by OCT for different exposure peri-
ods (7, 14, and 21 days) and were compared accord-
ing to demineralization depth (described above). If
any tissue loss occurred due to the demineralization
process, the amount of lost tissue was included in
the calculation, with the adjacent sound dentin as
the initial reference.

Results
Quantitative analysis

Depth values (in wm) of minimum, maximum,
and mean demineralization are shown in Table 1.
Regarding the mean demineralization depth, the
values calculated for all groups were similar, when
demineralization depths for 7, 14, and 21 days were
compared.

Qualitative analysis

OCT renders 3 types of image: traditional (simi-
lar to that generated by ultrasound equipment), col-
ored, and inverted (white, with the demineralized
region/line in gray or black). In the present study,
traditional and inverted images were obtained for
each of the 12 specimens. Representative images of
each experimental group were selected to illustrate
the OCT characteristics of the specimens subjected
to cariogenic challenge (Figures 1A, 1B, 2A, 2B, 3A,
and 3B). All Figures present a vertical bar that di-

) ) TCIb|e 1 -.V0|ues.for Group Specimen # Min-max (um) Mean (um) + SD Mean (um) £ SD per Group
demineralization depth in function
of different exposure periods of ! 225 - 231 228+ 3
cariogenic challenge, according to 2 188 - 200 194+ 6
i 1 235+ 31.4
experimental groups. 3 244 - 269 256+ 125
4 256 - 269 263+ 6.5
5 275 - 306 291 +£15.5
6 225 - 300 263+ 37.5
2 279 £ 14
7 263 - 281 272+ 9
8 238 - 344 291+ 53
9 188 - 363 275+ 87.5
10 269 - 288 278+ 9.5
3 271+8.3
11 256 - 263 259+ 3.5
12 269 - 275 272+ 3
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Figures 1A and 1B - OCT image after 7 days of cariogenic challenge. A slight loss of structure is observed on the surface.
Higher demineralization and loss of structure are observed at the tooth-varnish interface, due to a higher accumulation of bac-
terial plaque at both the center and the right of the image. In the images, demineralization is observed in white (1A) and dark
gray/black (1B) (arrows). Bar = 500 um.

LA s
500 pm B o

Figures 2A and 2B - OCT image after 14 days of cariogenic challenge. The loss of structure is more pronounced, and a step
can be observed between the exposed surface and that protected by the acid-resistant varnish. In the images, demineralization
is observed in white (2A) and dark gray/black (2B) (arrows). Bar = 500 um.

Figures 3A and 3B - OCT image after 21 days of cariogenic challenge. Significant variation was not observed in dentin de-
mineralization in the period between 14 and 21 days. Loss of structure (step between the exposed surface and that protected
by acid-resistant varnish) is observed. In the images, demineralization is observed in white (3A) and dark gray/black (3B) (ar-
rows). The regions where higher loss of structure is observed are directly related to the higher accumulation of bacterial plaque.

Bar = 500 um.

vides the dentin surface into demineralized (right)
and non-demineralized (left) sides. Demineraliza-
tion depth is indicated by the presence of arrows.

The severity of demineralization could be detect-
ed by OCT and is indicated by the amount of light
gray in the traditional image (Figures 1A, 2A, 3A)
and dark gray (Figures 1B, 2B, 3B) in the inverted
image mode. Much severe demineralization could
be detected at 14 and 21 days, when compared with
that at 7 days of cariogenic challenge.

Discussion

Caries-affected substrate obtained in vitro by the
microbiological method contributes significantly to
the field of dentin adhesion, because it will allow
laboratory tests to be performed on standard caries-
affected dentin, which is a clinically relevant sub-
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strate.'””'* The microbiological method allowed us to
artificially produce caries-affected dentin effectively
induced from 7 days on.

The achievement of artificial caries lesions that
are morphologically similar to natural caries le-
sions'* was a relevant factor in the choice of the mi-
crobiological method, although caries lesions thus
obtained show low hardness levels compared with
those obtained by chemical or pH-cycling meth-
ods.”” However, the same authors state that the mi-
crobiological method is more adequate for obtaining
lesions with an evident infected dentin layer, which
can be removed.

OCT has already been shown to be effective in
detecting premature and secondary caries,'>!" and
was chosen as the diagnostic method for the evalu-
ation of demineralization depth. The images ob-
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tained by OCT confirm that this method is effective
in evaluating the depth of demineralization caused
by induction of caries in vitro from 7 days on. The
images clearly show that the demineralization pro-
cess is occurring in the specimens after different pe-
riods of exposure to the bacterial challenge. Associ-
ating qualitative and quantitative results, we could
observe that the demineralization depth was almost
the same when the 3 periods of challenge were com-
pared. However, a close examination of the images
allows for the identification of a more severe and
uniform demineralization at 14 and 21 days, when
compared with samples demineralized for only 7
days.

Freitas et al.'® evaluated the demineralization
process up to 11 days, and observed exponential
bacterial growth until about 9 days. These authors
relate this fact to the exhaustion of nutrients avail-
able in the culture, accumulation of inhibitory me-
tabolites and metabolic end-products, or lack of
biological space.'® This result was confirmed in the
present study, because an increase in the deminer-
alization depth was not observed from 7 days on.
We believe that the nutrient exhaustion hypothesis
does not apply to our conditions, since the nutrients
were supplied every 24 h. However, accumulation
of metabolites and end-products as well as lack of
biological space could be the causes for the non-pro-
gression in lesion depth from 7 days on.

Such findings can be explained: The biofilm
that naturally accumulates on tooth surfaces is a
complex community comprised of more than 500
bacterial species.'”?* The early colonizers are pre-
dominantly streptococci. To initiate heterogeneous
bacterial interactions, diffusible signals may play
important roles, and processes of co-adhesion and
co-aggregation of distinct microorganisms contrib-
ute to biofilm maturation. In the presence of sucrose,
glucosyltransferase enzymes produce water-insol-
uble glucan polysaccharides and may contribute to
S. mutans colonization.? It is likely that the initial
colonizing bacteria create a favorable environment
for new invaders, due to the presence of metabolites
inhibitory to those bacteria. This would favor the
survival of other species more able to adapt to the
new habitat and replace the initial species. In this

study, the biofilm consisted of only S. mutans, and,
consequently, there was no competitive or inhibitory
substance produced by other species. Moreover, the
bacterial deposition that occurred during the cario-
genic challenge days rendered the biofilm thicker.
Nevertheless, the development of a biofilm having
a high bacterial cell density increases the concentra-
tion of signaling molecules, increasing the possibili-
ties of expression of mechanisms for biofilm control,
such as quorum sensing or production of surface
proteins.?>»?* Although no biomass measurements
were made in this study, the results show a non-
deepening of demineralization in the period up to
21 days, which would be explained because a too-
thick layer of bacterial deposit was formed in the
caries induction process.

S. mutans, used in the present study, is an initial
colonizer, and has a recognition system that allows
the bacterial surface to connect with the acquired
dental biofilm. S. mutans has characteristics, espe-
cially in the presence of sucrose (the source of nutri-
ents used in this study), which trigger its adhesion
to the tooth and allow other bacterial cells to co-
aggregate therein. In the accumulation phase, mul-
tiplication of the initial colonizers and their volume
increase occur, and adhesion of different colonizers
is likely to occur. Thus, microbial succession is the
next phase in the development of dental caries. This
last process did not occur because our study used
a mono-species biofilm. Perhaps additional studies
using different strains of S. mutans with known car-
iogenicity would be important for comparing results
obtained with ATCC 25175.

The light beam scan in OCT generates a back-
scattering signal according to the depth of that
specimen region. The images obtained by OCT
show that the signal in the sample regions affected
by demineralization is deeper than in the healthy
regions. As a consequence, the backscattering is
lower in demineralized regions, allowing for deeper
penetration of the laser beam into the sample. The
equipment can render different types of images for
the same reading. In the traditional image, the white
and black colors represent high- and low-intensity
signals, respectively, with intermediate gray levels
which are not visible to the naked eye. Other maps
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with false (inverted) colors of the same image were
generated, which can improve tenuous color varia-
tions present in the traditional image to be differen-
tiated. In all images, the demineralization depth is
the same, although it differs in severity.

OCT is a method that allows qualitative and
quantitative information,** such as demineralization
depth and size, to be obtained through 3D images,?’
and shows great potential for future use in vivo.
Also, as a non-invasive method, it provides a signifi-
cant contribution to the achievement of standard,
artificially produced caries-affected dentin that can
be used in laboratory tests performed over a more
clinically relevant substrate. Additional studies are
required to validate this laboratory technique as a
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