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Abstract: The detection of early stages of caries is still one of the major challenges in preservative
dentistry. Since it is known from polarized light microscopy (PLM) that intrinsic enamel birefringence
is affected by demineralization, polarization-sensitive optical coherence tomography (PSOCT) could
facilitate the noninvasive detection and assessment of early carious lesions. The present study
aims to correlate enamel lesion progression and depolarization measurements based on PSOCT
in an artificial demineralization model. A total of 18 enamel slabs were prepared from bovine
incisor teeth and demineralized in an acetic buffer solution for up to 49 days. The degree of
polarization (DOP)—indicating depolarization and thus, demineralization—was calculated from
PSOCT measurements and compared to lesion depth which was measured from PLM images.
Artificial lesions showed characteristic zones of natural enamel demineralization in PLM images.
DOP representations showed no depolarization for sound, nondemineralized enamel, whereas
significant changes were found after 15 days of acid-exposition. The linear regression analysis of
the DOP and the measured lesion depth showed a substantial correlation (R2 = 0.71). The results
indicate that PSOCT-based depolarization imaging provides an unambiguous contrast for initial
enamel demineralization which is correlated to the lesion progression.

Keywords: caries detection; artificial caries; demineralization; optical coherence tomography;
depolarization; polarized light microscopy

1. Introduction

The interpretation of polarization changes at dental hard tissue with polarized light microscopy
(PLM) represents a milestone in caries research that has provided significant contributions to the
understanding of the histopathological nature of the caries process [1]. In 1958, it was shown
that demineralization of enamel is accompanied by distinct changes of polarization properties [2].
Polarization-sensitive optical coherence tomography (PSOCT) obtains depth-resolved images of
polarization properties noninvasively with high resolution (typically 5–20 µm) and, as it is based on
near-infrared light, without the hazards of ionizing radiation. In 2000, Baumgartner et al. presented
the first PSOCT measurements of dental structures [3] and characterized the birefringence of the
enamel, which is due to the anisotropy of hydroxyapatite crystals, organized in rodlike structures.
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The depolarizing effect of initial enamel lesions observed in PSOCT measurements was reported by
Everett et al. [4] and has been documented for natural and artificial lesions [5,6]. In the context
of dental PSOCT applications, depolarization has usually been detected by evaluating co- and
cross-polarization intensities, and previous work demonstrated the potential of the cross-polarization
signal for quantifying enamel demineralization and remineralization [7]. In particular, calculating
the integrated cross-polarization reflectivity of near-surface signals showed significant results [8,9].
However, both native enamel birefringence and demineralization-induced depolarization contribute
to an increased cross-polarization signal [5], which can be especially detrimental to the assessment
of hidden caries, i.e., sound birefringent enamel with underlying depolarizing caries. In recent
studies, we concluded that the representation of the degree of polarization (DOP) as a PSOCT-based
measure of depolarization seems to be the most appropriate representation for the detection of early
carious lesions in comparison with other measures such as co- and cross-polarization intensities, total
reflectivity, retardation, and optic axis orientation [10,11]. Furthermore, we improved this approach by
noise-immune processing, as introduced by Makita et al. [12], and demonstrated that the DOP also
supports the assessment of suspect occlusal enamel lesions [13]. Hence, the feasibility of DOP-based
caries detection has been demonstrated, but not yet its potential in the distinction of stages.

Most in vitro studies for caries research involve extracted teeth, representing very heterogeneous
specimens with differences in tooth morphology, caries progression stage, age, and dietary-dependent
alterations that cause varying optical properties. The application of a controlled, standardized
demineralization model at comparable specimens allows a more coherent investigation of consecutive
stages of the caries process and related changes of optical properties [14]. As an appropriate dental
substrate for these models, bovine enamel specimens with artificial carious lesions show a mineral
distribution and structure that resembles lesions at human teeth, and that can be considered as a
comparable alternative to human teeth in caries research [6,15,16].

The presented study aims at assessing the stage of enamel demineralization by PSOCT-based
DOP measurements. Although studies on cross-polarization OCT indicate a correlation due to the
presumably same source of contrast, i.e., depolarization, the correlation of demineralization stages and
the DOP has not yet been presented. Therefore, we analyze the DOP at bovine enamel specimens in
an artificial demineralization model with consecutive stages of lesion progression and compare those
findings with the lesion depth measured at thin cross sections with PLM.

2. Materials and Methods

The general workflow for demineralization analysis is illustrated in Figure 1 and involves the
following procedure steps:
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Figure 1. Workflow of the preparation and artificial demineralization of bovine enamel slabs,
polarization-sensitive optical coherence tomography (PSOCT) imaging, cross-sectioning and polarized
light microscopy (PLM) measurements, and data analysis.
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2.1. Specimen Preparation

A number of 18 bovine enamel slabs (4.5 mm diameter, approximately 2 mm thickness) were
prepared from incisor teeth of 2-year-old cattle. After wet-grinding and polishing of the remaining
enamel surface with up to 4000 grit abrasive paper, the resulting smear layer was removed by steam jet
and ultrasonification with 3% NaOCl for 3 min [17]. The slabs were washed twice for 5 min in distilled
water activated by ultrasound, disinfected in 70% ethanol for 10 min (ultrasound), then washed and
stored in distilled water [18,19].

2.2. Artificial Demineralization Model

The demineralization procedure followed a simplified model that has been used in numerous
studies for caries research [20–24]. The prepared enamel slabs were stored at 37 °C in an acidic buffer
solution according to Buskes et al. [25]. The solution was prepared by mixing 5 L distilled water,
2.205 g CaCl2 + 2H2O (3.0 mM), 2.041 g KH2PO4 (3.0 mM), 10 mL MHDP-solution (6 µM; prepared
from 100 mL distilled water with 0.0528 g methylenediphosphoric acid), 14.3 mL CH3COOH (50 mM),
and 10 M KOH to titrate the solution at pH 4.95. The pH value was controlled every day and adjusted
if necessary. In order to ensure constant composition of the solvents, the solution was exchanged every
week. The 18 slabs were stored in the solution for up to 49 days. Every 3rd to 4th day, one slab was
removed for analysis, providing an even distribution of the 18 samples over the exposition time of up
to 49 days. Thus, each of the slabs represents a specific duration of acid exposition and, presumably,
demineralization stage.

2.3. Polarization-Sensitive OCT Imaging

A detailed description of the PSOCT system used in this study can be found in a previously
published paper [10]. In brief, it consists of a 1310 nm swept laser source with 110 nm spectral
bandwidth and 50 kHz sweep rate, a Michelson interferometer with a single circularly polarized
illumination of the sample, and a polarization-diverse balanced detection. PSOCT imaging was done
utilizing custom acquisition software and took about 30 s per volume. The underlying concept of
polarization and image formation for PSOCT based on the Jones and Stokes formalism has been
widely described, e.g., by de Boer et al. [26]. The DOP was calculated from spatially averaged and
noise-corrected Stokes components [13], and covers values in a range from 0 (complete depolarization,
yellow) to 1 (no depolarization, blue). For the analysis of DOP values, a region of interest (ROI) of
approximately 2 mm × 2 mm at the center of the slabs was selected and the mean DOP to a depth
of 300 µm (thinnest enamel layer thickness of the slabs, assuming a refractive index at 1300 nm of
1.631 [27]) was calculated. Cross-sectional images (B-scans) of the color-encoded DOP with intensity
overlay of 45 dB dynamic range above the determined noise level [11,13] and depth projections
(en-face) of the mean DOP to a depth of 300 µm were used for representation. In order to ensure
constant measurement conditions and to prevent hydration-related variations of the scattering in
porous enamel [28], the PSOCT measurements were performed with a water drop on top of the slabs,
covered by a cover slip.

2.4. Polarized Light Microscopy of Thin Sections

After the demineralization process, the slabs were embedded in a plastic polymerization system
(Technovit 9100, Kulzer GmbH, Hanau, Germany) and cut into thin cross sections of about 50 µm
to 80 µm thickness. The thin sections were analyzed with a light microscope (Leica DMRB, Leica
Microsystems GmbH, Wetzlar, Germany), equipped with a perpendicularly adjusted polarizer and
analyzer in the beam path and objectives with 10× and 40× magnification, and without utilizing an
immersion medium. For PLM evaluation, the thin section at the center of the slab was used, and lesion
depth was measured with the open-source image analysis software Fiji/ImageJ [29]. Lesion depth
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measurements, which evaluated the lesion extent up to the translucent zone if present, were compared
with the obtained mean DOP values at the central ROI by linear regression analysis.

3. Results

An overview of the results by means of specific time points and samples of the demineralization
protocol is shown in Figure 2. With increasing exposition time in the acetic buffer solution, i.e., samples
representing the specific duration, changes of the enamel translucency were visible in the photographs.
The slabs developed a brighter surface with increased scattering and partly adhesion of the dissolved
minerals (Figure 2C). The photographs also show irregularly distributed demineralization areas at
the enamel surface, causing a marmorizing effect of the slab (Figure 2D). In sound enamel, the PLM
images at Figure 1A reveal the ordered, diagonal-aligned structure of the hydroxyapatite crystal that
reaches to the surface of the enamel layer. After 15 days of exposition in the acetic buffer solution,
the slabs developed characteristic zones of demineralization (Figure 3) [30,31]. This includes the
surface zone of high mineral content, similar to sound enamel due to the redeposition of dissolved
material—i.e., reprecipitations; the body of the lesion with greatest demineralization and porosity;
an intermediate dark zone with altered birefringence and structure of the enamel; and a translucent
zone of less large pores and initial demineralization.

Figure 2. Overview of the results: Photographs of the demineralized enamel slabs, PLM images of the
thin cross sections with two different magnifications, degree of polarization (DOP) representations of the
PSOCT measurements as en-face projections and B-scans, including samples with a demineralization
time of 0 (A), 15 (B), 32 (C), and 49 (D) days. EDJ: Enamel dentin junction. Scale bars PLM: 400 µm
(10×), 80 µm (40×); Scale bar PSOCT: 400 µm.
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Figure 3. PLM image (40× magnification) of an enamel slab at 25 days of demineralization with
characteristic zones of lesion formation. Scale bar: 80 µm.

In the further course, the demineralization layer was predominantly defined by the body of
the lesion (Figure 2C,D; PLM). The measured thickness of the demineralization layer increased over
time (Figure 4A) whereas the maximum lesion depth was 419 µm at day 49. The general increase
of lesion depth over time also showed a high variability with an outlier at day 34 (Figure 4A; lesion
depth: 62 µm). PSOCT en-face representations of DOP values showed no depolarizing effect at
the sound enamel layer at day 0, which can be confirmed by the cross-sectional B-scan (Figure 2A;
PSOCT). A slightly higher depolarization was observed at day 15 (Figure 2B; PSOCT en-face), which
became more pronounced in the corresponding B-scan where a subsurface layer with decreased DOP
is present (zoom view of PSOCT B-scan at Figure 2B). With further demineralization, an increased
depolarization is visible, indicated by decreasing DOP values in the en-face projections at Figure 2C,D.
The corresponding B-scans show a strong depolarization (low DOP values). The linear regression
between lesion depth measured with PLM and the mean DOP values at the central region of interest
showed a substantial linear correlation (Figure 4B; R2 = 0.7118).

A B

Figure 4. (A) Measured lesion depth by PLM over the duration of acid exposition, i.e., stage of
demineralization. (B) Scatter plot of the measured lesion depth by PLM and mean DOP at the central
region of interest (ROI) of the slab. Linear regression (red line) shows a coefficient of determination of
R2 = 0.7118.

4. Discussion

PSOCT-based representations of depolarization were presented for imaging enamel
demineralization induced by an artificial lesion model and compared with PLM images of
corresponding thin sections. Even though optical coherence tomography is not capable of resolving
histological features as represented by microscopy, previous work has demonstrated the potential of
assessing the related intrinsic characteristics from the scattering and attenuating properties [32]. Here,
PSOCT enables the nondestructive detection of scattering and polarization properties linked to early
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demineralization, which typically cannot be detected in bitewing radiographs. For this purpose, we
adapted the noise-immune DOP as proposed by Makita et al. [12] and found a visible depolarization
contrast at DOP representations for early demineralization stages that were confirmed by PLM images.
Besides the common B-scan representation providing a section plane similar to PLM, en-face imaging
provided an overview of the extent of the demineralization area. These sample-specific variations,
resulting in variations of the measured lesion depth over the investigated time period (Figure 4A),
could be due to variations of the surface and sample morphology, i.e., microcracks or surface roughness.
In addition, flattening and polishing during the manual preparation process of the slabs presumably
made the surface more susceptible to dissolution compared to clinical conditions [33]. The simplified
demineralization model produced characteristic zones of demineralization (see Figure 3) that can be
found in natural enamel lesions [30,31]. It should be noted that this model did not aim to simulate
in situ conditions considering remineralization and cycle-based processes, but rather to assess the
suitability of DOP imaging for monitoring the initial caries process under constant conditions and the
relation to progression stage. Hereby, the regression analysis shows a clear linear correlation between
the lesion depth and the calculated mean DOP values. However, high DOP values were associated
with a high variation of lesion depths, whereas this relationship was more consistent with a linear
decrease of the DOP at demineralization depths >150 µm.

Since the results of PLM showed that those demineralizations were dominated by the
body of the lesion, we hypothesize that changes of polarization that contributes to the DOP
representations are mainly determined by structures that exhibit a pore volume of 5%–25% (sound
enamel: 0.1%) [2]. This hypothesis is supported by depolarization measurements based on
polarization-resolved Raman microscopy at initial enamel caries that showed that the depolarization
ratio of a hydroxyapatite-associated band intensity is also primarily determined by the body of the
lesion [34]. A further demineralization with an increased exposition time to the acetic buffer solution
could expand the correlation to lower depolarization values and higher lesion depths. Based on the
observed heterogeneous demineralization process, it should be considered that this correlation could
be impaired by an inaccurate matching of the selected thin section for PLM and the analyzed DOP
region. In order to minimize specimen-specific variations, DOP analysis of the same specimen for the
entire demineralization protocol will be part of further investigations. Since such a longitudinal study
design does not allow destructive imaging with PLM, X-ray microcomputed tomography could be
used as a complementary reference method during the study and supported by conclusive PLM and
histological examination of the samples.

Overall, the results indicate that assessing the demineralization stage by means of the DOP is
feasible. As this investigation showed the correlation of near-surface demineralization and DOP
measurements, it is in mutual correspondence with cross-polarization OCT-based studies [5,8,9], but
did not yet prove the DOP’s decisive advantages in the presence of various polarization alterations,
e.g., a layered structure of sound birefringent enamel and underlying depolarizing caries. Lippok et al.
demonstrated that PSOCT-based quantitative depolarization measurements are possible for retinal
pigment epithelium imaging, even in the presence of additional polarization changes, i.e., sample and
system birefringence [35]. Further studies are supposed to leverage this approach towards quantitative
assessment of enamel demineralization independent of ambient conditions.

There are different optical and nonoptical techniques for the detection and diagnosis of early caries
lesions available, e.g., Raman spectroscopy and hyperspectral imaging [36] for in vitro research, or
transillumination and fluorescence imaging for clinical and preclinical applications [37]. Our long-term
goal is the clinical application of the DOP-based caries assessment, thus, integrating PSOCT in
an intraoral probe setup is needed for an in-depth analysis of the proposed capabilities and the
comparison with currently available modalities. Due to its noninvasive and nonionizing properties,
PSOCT can be used in short intervals. Therefore, such a probe will potentially support the concept of
minimally invasive dentistry by enabling the assessment of noncavitated lesions regarding their stage
and progression.
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5. Conclusions

In this study, PSOCT-based depolarization imaging at early stages of enamel demineralization
was compared with lesion progression assessed by PLM. Despite the limitations of the simplified
demineralization model, we found that the degree of polarization provides an intuitive contrast
that showed good correlation with lesion progression. The additional en-face representation further
enhances the spatial extension of the demineralization area. The implementation of the presented
method in miniaturized dental probes could allow the in vivo evaluation of the DOP representation as
a potential imaging modality for early caries detection.
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