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Abstract. This is the first study of dentin-enamel zone (DEZ) identification with tooth structure characterization
based on the optical Stokes—Mueller measurement. Stokes vectors of a cross-sectional tooth slice were measured
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1 Introduction

The dentin-enamel junction (DEJ) is an interface that joins two
distinct calcified tissues, enamel and dentin.' Biomechanically,
enamel is hard and brittle, and is located at the outer portion of a
tooth. Enamel is composed of defective carbonate-rich apatite
crystals that are arranged in enamel rods (4 to 5 ym in diameter)
or prisms that lie nearly perpendicular to the DEJ. Dentin is
tougher and similar in many respects to bone. Dentin consists
of dentinal tubules (approximately 1 ym in diameter) containing
odontoblastic processes. The recently introduced description,
“dentin-enamel zone” (DEZ), provides a more appropriate
description than the DEJ, because it describes the unique
architecture between the dentin and enamel. Lin et al.? reported
that the functional width of the DEZ is approximately 50 to
100 pym. From the point of view of the composite structure,
the interpenetrating structure at the DEZ is expected to provide
mechanical coupling that reduces multi-axial interfacial stress.
Therefore, a load transfers through the hard enamel, toward
the DEZ into the tough dentin; this results in the relief of stress.
The width and micromechanical properties of the DEZ are
associated with the relief of stress and the ability to prevent
the propagation of cracks.>?

In addition, the DEZ has been associated with oral problems
such as dentin hypersensitivity.* Dentin hypersensitivity is one
of the most common clinical problems that causes patient
distress.’ Individuals with dentin hypersensitivity feel pain
that is triggered by hot, cold, sour, or sweet food or beverages,
forceful brushing or flossing, or even by cold air.* One possible
cause of dentin hypersensitivity is the exposure of dentin,
ie., the dentinal tubules, in the DEZ.*° Although dentin

Address all correspondence to: Chia-Wei Sun, National Chiao Tung University,
Department of Photonics, Institute of Electro-Optical Engineering and Biomedical
Optical Imaging Lab, Hsinchu, Taiwan. Tel: +886-3-5712121 EXT 56383; E-mail:
chiaweisun@nctu.edu.tw

Journal of Biomedical Optics

116026-1

hypersensitivity has not been associated with inflammation or
an infection, it is an important problem that affects many people.
Therefore, the structure of the DEZ is important to understand.
The clinical diagnosis in oral medicine requires dentists to
take a history, as well as percussion, periodontal probing, and
checking for occlusion; radiographs are used to confirm the
diagnosis. However, there has been no tool available that could
be used to quantitatively assess the structure of the DEZ.
Previous studies reported the mechanical properties of the
DEZ using atomic force microscopy (AFM), synchrotron
micro-computed tomography (SRCT), and scanning electron
microscopy (SEM).'% These techniques are difficult to apply
clinically because of physical limitations. An optical assessment
is noninvasive, nondestructive, and nonradioactive that could
provide a good assessment for scanning/imaging. The DEZ has
a distinct orientation different from enamel and dentin;'!'~!?
therefore, the optical birefringence could be analyzed with a
polarization discrimination method. The purpose of this study
was to characterize the DEZ in vitro using Stokes—Mueller
measurements. A cross-sectional slice of a tooth was optically
measured using Stokes—Mueller polarimetry. By measuring the
Stokes elements and Mueller matrices, the one-dimensional
Stokes vector distribution that indicates the DEZ characteristics
anisotropically, and the equivalent retardance of each tooth
layer, can be obtained. The results of this study show that a
dentin-enamel zone exists with its own birefringent properties.

2 Materials and Methods

2.1 Experiments

The optical polarimetry system was constructed with a polariza-
tion analyzer (Thorlabs PAX 5710IR1). A near-infrared laser
diode (LD), 780 nm, was employed as a light source. The Stokes
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Fig. 1 Experimental setup. 4/2 WP and 4/4 WP represent half- and
quarter-waveplates. LD is a laser diode, and the header is an optical
detector.

Fig. 2 Tooth slice sample. The boundary between enamel and dentin
indicates the DEZ. Dashed arrow indicates the optical one-dimensional
scanning path of the sample tooth in the experiment.

parameters were determined by utilizing a polarization state
analyzer (PSA) PAX 5710IR1. Figure 1 shows the experimental
setup for the optical polarization measurements. The polariza-
tion state of the incident light was controlled by half- and
quarter-waveplates (WPs). The measurement data were col-
lected and analyzed using computer software (Thorlabs
TXP5000). The tooth sample and light source were put on
moving stages for optical scanning and calibration. For one-
dimensional optical scanning, the stage was moved at 0.5 mm
per step from the left of the sample, and the Stokes components
were measured as Stokes 0, Stokes 1, Stokes 2, and Stokes 3.
The scanning path was 15 mm as shown in Fig. 2. All the Stokes
parameters were spatially plotted as the experimental results.
The institutional review board (IRB) at National Yang-Ming
University (IRB no. 100104) approved this research.

2.2 System Calibration

Before optical measurement of the tooth sample, the quarter-
and half-WPs were experimentally calibrated and the Stokes
elements were recorded after rotating the waveplates 10 deg.
The optical attenuation from the WPs was <0.2 dB. The error
with regard to sample thickness was controlled to <10 um.
Figure 3 shows the spatial distribution of Stokes O in the hor-
izontal plane, 445 deg and righthand circular polarization
inputs. Because Stokes 0 indicates the measured optical power,
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Fig. 3 Spatial distributions of Stokes O in the horizontal plane,
+45 deg, and righthand circular polarization inputs. G: glass, E:
enamel, Z: DEZ, D: dentin.

the result implies the thickness distribution of each tooth layer
of the sample.

3 Results and Discussion

3.1 DEZ Evidence

The change from enamel to dentin is illustrated in Figs. 4-6.
Unlike the traditional concept of a junction interface between
dentin and enamel, the DEZ description offers more objective
and accurate information. This technique, DEZ optical proper-
ties determined by birefringence, can be used for diagnosing
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Fig. 4 Stokes 1 of three input states (horizontal, +45 deg, right circular
polarization).

dentin hypersensitivity. This technique can also be applied to
diagnose and treat other abnormalities of the tooth. For example,
this measurement can be used for monitoring the enamel and/or
dentin damage after bleaching teeth; the composition of the
changes of chemical materials, noted in the birefringence, can
be determined.'*

Clinicians can assess the pathogenic risk of dentin hypersen-
sitivity and efficacy of surgery by comparing polarization states.
Previous studies used AFM and SEM®'° to determine the char-
acteristics of the DEZ. Although they demonstrate the scallop
structure of the DEZ, these tools are difficult to use clinically
because of physical limitations. Optical polarization probing
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Fig. 5 Stokes 2 of three input states (horizontal, +45 deg, right circular
polarization).

is a convenient and portable optical scanning technique for
the characterization of tooth structure.

3.2 Polarization Probing of Tooth Structure

The Mueller matrix is a method used to calculate the optical
properties of transmitted material for manipulating Stokes vec-
tors, which represent the polarization of incoherent light. By
analyzing the Mueller matrix, the optical properties of transmis-
sion such as diattenuation and retardance can be determined
mathematically.'> According to classic optical theory, every
optical element can be treated as a linear matrix.'® If the incident
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Fig. 6 Stokes 3 of three input states (horizontal, +45 deg, right circular
polarization).

Stokes parameter is S, the output result after transmitted through
a sample is S’, the relationship between S and S’ is:

S’ = MS, 6]

where M is a 4 X 4 linear matrix that describes the optical prop-
erties of the experimental sample. The Mueller matrix can be
used to obtain an optical analysis of a variety of input polariza-
tion states so that the properties and the structure of the sample
can be determined. There are two modes, transmittance and
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back-reflection modes, used for measurement of polarization
that can be adopted for Stokes—Mueller calculation. Figure 7
illustrates the two experimental conditions. The transmission
and reflection of the Mueller matrices (M; and My) can be
defined as

1 0 0 O
4n 01 0 O
Mr=—"
T (n—|—1)2 0 01 0 )
0 0 0 1
incident angle 0 = e
incid gled =0 deg
and
1 0 0 O
n—=1\2l0 1 0 0
Mp=|—
K <n+1) 0010 3)
0 0 0 1

(incident angle @ = 0 deg),

where 7 is the refractive index of the contact material.'>!® The
transmission Mueller matrix can be regarded as transparent in
free space. Therefore, the only difference between the two mea-
surements is the term of M. When the refractive index of the
sample is studied, My can be reduced as a constant matrix.
Furthermore, because the refractive index can be observed from
many optical measurement methods,'>!7 M can be regarded
as a given parameter. Hence, the transmittance and back-
reflection modes show equivalent results in the measurement
of polarization properties.

Direct comparison of the histological structure was per-
formed by measuring the tooth sample with transmittance mode
probing. In the experiment, the horizontal plane, +45 deg, and
right circular polarized light were used to illuminate the tooth
sample. Figures 4-6 show the Stokes 1-3 spatial distributions
via input polarization states, using 0.5-mm step scanning. In
a previous study,'! enamel and dentin showed different retar-
dance that originated from their different microstructure direc-
tion. A gradient change of birefringent properties was observed
between 6.5 and 8.5 mm via different input polarization. The
Mueller matrix of glass was nearly transparent without diatte-
nuation or retardance according to the measurements [Eq. (4)].
Equations (5)—(7) show the measured Mueller matrices of
enamel, dentin and DEZ.

Mueller matrix of glass:

0.99 0.01 0 -0.01 1 0 0 O
0.01 099 0.01 0 10 1.0 0], @)
0 0.01 0.99 0 Y10 01 0
0.01 0.01 -0.01 0.99 0 0 0 1
Mueller matrix of enamel:
099 008 0.08 0.01
001 094 -0.1 -0.29 ©)

001 —0.07 097 028 |’
0 014 015 087

Mueller matrix of dentin:
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Furthermore, the total retardance R can be addressed as"
a1
R = cos™ ¢ —[my + my + my3
2a

= b(mygmgy + mygmgy + magmgs) — a]}

®)

a:\/l—(m(z)1+m(2)2+m%3)
l-a

(mgy + mgy + mgy)”

where m,, is an element of the Mueller matrix and xx indicates
the index. Table 1 lists the calculated total retardance of enamel,
dentin, DEZ and glass, which were each measured as 25.84 deg,
14391 deg, 26.97 deg, and 0 deg. The retardance gradient
changed from enamel to dentin. Figure 8 shows the retardance
angles of a tooth section. Similar results can be estimated for the
DEZ. As reported previously,>’ the DEZ effective width (work-
ing width, around 200 to 300 xm) is larger then the mechanical
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Table 1 Retardance of each tooth layer.

Layer Retardance (deg)
Glass 0

Enamel 25.84
Dentin 143.91

DEZ 26.97

Fig. 8 Characterization of tooth structure. The structural directions
of enamel and dentin are plotted based on the Stokes—Mueller calcu-
lation. The DEZ is indicated by characterization of the enamel-dentin
structure.

width (physical width, ~20 pm) and can be evaluated according
to micro-hardness profiles obtained from stress tests.”!8-%!
However, AFM and SEM measurements have no in vivo clinical
applications. For in vivo measurements, optical evaluation may
provide an effective screening method.

The gradient retardance angle change in the DEZ of a healthy
tooth is illustrated in Fig. 8. In this paper, the minimum spatial
resolution of the polarimater was around 500 ym. When a
patient has a critical fracture, it destroys the DEZ structure and
changes the retardance angle. Although the spatial resolution
is limited, the fractured tooth DEZ can still be assessed because
it usually occurs within several millimeters. This additional
information can help dentists evaluate the risk of tooth fracture
at the region where the retardance angle is noted to be changing.
With high-spatial-resolution (around 20 um) polarization optical
coherence tomography (PS-OCT), it is possible to meticulously
define the DEZ working width with in vivo optical testing.

Furthermore, the odontoblast process, as noted in Fig. 8§,
affects the estimation of the DEZ retardance angle; this illu-
strated the odontoblast process of dentin. The odontoblast pro-
cess is an extension of a cell called an odontoblast, which forms
the dentin in a tooth. It also extends into the enamel of a healthy
tooth.!! The odontoblast process can be observed in Fig. 8 chan-
ging from dentin to enamel. It resides in the dentinal tubules, is
approximately 1 um in diameter, is embedded in a collagen
matrix—apatite reinforced composite.!'>!* Because the tubular
structure is oriented from dentin to enamel, the odontoblast
process effects the final polarization calculation. Moreover, a
copious thickness is observed around these tubular structures.
The transmittance is affected, as are the measurements of accu-
mulated polarizing effects, which can lead to the retardance
angle being overestimated. Correction of this deviation, to
obtain uniform thickness of samples, can be obtained.

Such results can be used to establish a dental clinical
application database. A complete database of a patient’s DEZ
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retardance can be used by clinics to compare the variation of the
DEZ. A comparison can help clinics to clarify and distinguish
dentin hypersensitivity from other oral problems because of the
confirmation of a relationship between the DEZ and this com-
mon problem.“ Moreover, an early, more accurate diagnosis
will benefit patients.

4 Conclusions

The DEZ provides an important biomimetic model for joining
two dissimilar structures.> Comprehensive understanding of
DEZ structures can lead to many useful clinical applications,
such as a restorative dental interface or ceramic—dentin interface.
Consistent with previous studies,?>?* characterization of the
DEZ was described in this paper. The DEZ has birefringent
properties that connect enamel and dentin. The measurements
can be applied to determine a preliminary DEZ working
width that can be used for tooth fracture prevention. The
working width was related to the ability to achieve stress relief.
With a well-estimated critical fracture risk, early fracture pre-
vention and treatment can be provided. This might reduce
the loss of teeth. Moreover, it can be used for the diagnosis
of dentin hypersensitivity and tracing. Because the Stokes
calculation depends on the tooth structure orientation, tissue
variations, caused by treatments or diseases, can be correlated
with polarization changes. By recognizing these variations and
distributions, improved postoperative care might be possible.
Furthermore, dentin hypersensitivity can be estimated; clinics
might be able to provide improved therapy for this troublesome
oral disease. In addition, the results of this study show a poten-
tial for distinguishing mantle dentine. It is well known that the
DEZ is less well mineralized than enamel but that it contains a
higher organic matrix; it is probably associated with the first
formed mantle dentin.' The mantle dentin is difficult to observe
by radiography because of the similar properties of primary and
secondary dentin. It provides an average effect of the experimen-
tal results and increases the width measurement results of the
DEZ or produces a different change in the curve, as in Fig. 4
at 6 mm. The method reported in this study may provide a tech-
nique that can distinguish it from other dentin.

This is the first study to demonstrate a method based on the
Stokes—Mueller calculation that can be applied to the identifica-
tion of the DEZ. A cross-section of a tooth slice was optically
scanned for polarization analysis. The one-dimensional Stokes
distribution indicated the location and thickness of the DEZ.
Different from the traditional methods used for diagnosis,
this optical method could be used to diagnose dentin hypersen-
sitivity without invasive surgery. By tracking the changes of
birefringence distribution, dentin hypersensitivity can be diag-
nosed. Moreover, this method has the potential to be used for the
diagnosis of other clinical diseases and postoperative monitor-
ing. PS-OCT with ~20 pm is currently being developed to over-
come the poor spatial resolution for bulk tooth measurements.
Moreover, with high spatial resolution, it might be possible to
define the DEZ working width in vivo.
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