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M

Characterization of dentin and enamel by use of
optical coherence tomography

Xiao-Jun Wang, Thomas E. Milner, Johannes F. de Boer, Yi Zhang, David H. Pashley,
and J. Stuart Nelson

Optical coherence tomographic images of human dentin and enamel are obtained by use of polarization-
sensitive optical coherence tomography. A birefringence effect in enamel ~l 5 856 nm! and light
propagation along dentinal tubules are observed. The group index of refraction for both dentin and
enamel was measured at 1.50 6 0.02 and 1.62 6 0.02, respectively. © 1999 Optical Society of America

OCIS codes: 170.1850, 170.4500, 260.1440, 290.3030.
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1. Introduction

Optical coherence tomography is an effective imaging
method for investigating the optical and structural
properties of dental tissues. Understanding the or-
igin of these properties will aid in the development of
new optical methods for diagnosis of caries, measure-
ment of tooth color, and therapeutic use of lasers.
For example, detailed studies of light propagation in
dental tissues are required for the development of
laser dental treatment procedures.

Optical coherence tomography ~OCT!, an interfero-
metric imaging technique to characterize the optical
properties of various materials, is based on coherent
cross-correlation detection of the interference fringe
intensity of light backscattered from a test sample.
This technique was initially introduced to identify and
characterize closely spaced reflections in optical com-
ponents used in the telecommunications industry.1–3

Over the past few years, OCT has been applied by
many investigators to image highly scattering biolog-
ical tissues4–7 with high spatial resolution ~,15 mm!.

ore recently, applications of polarization-sensitive
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CT ~PS-OCT! have also been reported. In con-
trast to conventional OCT, in which the magnitude of
backscattered light as a function of depth is imaged
without accounting for polarization effects in the sam-
ple, PS-OCT measures the interference fringe inten-
sity in two orthogonal polarization components of the
backscattered light at each position in the sample and
can be used to determine the magnitude of sample
birefringence as a function of depth. Polarization-
sensitive images of biological materials can reveal im-
portant structural information that is difficult to
resolve with conventional OCT or other imaging tech-
niques. In this paper we present optical low-
coherence images of dentin and enamel in human
teeth obtained with PS-OCT. Strong birefringence in
enamel and anisotropic light propagation through den-
tinal tubules is observed. A group index of refraction
for both dentin and enamel is determined from the
OCT images.

Human teeth consist of three primary components:
enamel, dentin, and pulp. As shown in Fig. 1, the
bulk of the tooth consists of semitransparent dentin,
which is thickest in the crown and gradually tapers
as it reaches the apex of the root. Near the crown,
the outer surface is covered by a thin and transparent
layer of enamel that consists almost entirely of cal-
cium salts in the form of large apatite crystals. The
microcrystals form enamel prisms or rods with
4–6-mm transverse dimensions oriented normally to
the tooth surface.11 In the interprismatic space of
enamel is protein, which occupies as much as 2% of
the volume. Similar to bone, dentin consists of or-
ganic ~30 vol. %!, mostly collagen, fibrils and inor-
anic ~50 vol. %! components incorporated into
ydroxyapatite crystals and of water ~20 vol. %!.
he main dentin structural component is
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micrometer–sized dentinal tubules, which radiate
with an S-shaped curve from the pulp cavity toward
the periphery. In the innermost portion of the den-
tin, near the pulp, the tubule diameter is 3–4 mm,

ith number density of 7.5 3 104 mm22; in the outer
portion, tubules narrow, with a lower number density
of 3 3 104 mm22. As shown in Fig. 1, sample disks

ere prepared from the middle one-third of the
rowns of extracted human third molars and sliced
ith an Isomet saw. The thickness of the sample
isks varies from 300 mm to 1.0 mm.

2. Experiment

A schematic of the polarization-sensitive OCT instru-
mentation utilized in this study is shown in Fig. 2.
Continuous near-infrared light ~0.8 mW at l0 5 856
nm; FWHM Dl 5 25 nm! emitted by a superlumines-
cent diode passes through a polarizer to give a pure
vertical polarization state before division by a beam

Fig. 1. Schematic of a sagittal section of a human molar ~left! and
slab sample ~right!.

Fig. 2. PS-OCT instrumentation: SLD, superluminescent di-
ode; P, polarizer; BS, beam splitter; PBS, polarizing beam splitter;
NDF, neutral-density filter; M, reflection mirror; PZT, piezoelectric
transducer; AyD, analog-to-digital converter; PC, personal com-
puter; other abbreviations defined in text.
splitter into reference and probe beams. Light in
the probe arm passes through quarter-wave plate
QWP1 with the fast axis oriented at 45° to the verti-
cal to provide circularly polarized light incident upon
the sample. Light backscattered from the sample,
after a return pass through QWP1, is in an arbitrary
elliptical polarization state, determined by the bire-
fringence and scattering properties of the sample.
Light in the reference arm, after double passage
through QWP2 with the fast axis oriented at 22.5° to
the vertical, is linearly polarized at 45° to provide
equal amplitudes with identical phase in vertical and
horizontal polarization states. Light at the output
of the interferometer is split by a polarizing beam
splitter into horizontal and vertical polarization
beams for detection by photoreceivers PR1 ~horizon-
tal! and PR2 ~vertical!, respectively. Optical power
in the reference arm of the interferometer is attenu-
ated by a neutral-density filter to reduce inherent
intensity noise and thus improve the signal-to-noise
ratio.12 The optical phase of the superluminescent
diode light in the reference arm of the interferometer
is modulated ~5.6 kHz! by a piezoelectric transducer
ttached to the reflection mirror.
To reduce noise owing to Doppler shift fluctuations

aused by variation in the axial translation velocity
he sample is mounted upon a high-precision motor-
zed X–Y stage and scanned parallel ~lateral direc-

tion! to the sample surface. A small axial increment
~;10 mm! is made perpendicular to the disk sample
after each lateral scan, permitting the construction of
a two-dimensional image. A single-axis transla-
tional stage driving the piezoelectric transducer is
utilized to track the beam focus for each new axial
position and maintain a zero optical path-length dif-
ference between the focus in the sample and the ref-
erence mirror such that interference fringe intensity
is maximized.13

3. Results and Discussions

Figures 3~a!–3~d! show PS-OCT images of enamel
xtending from the air–enamel surface to the
namel–dentin junction; i.e., the lateral scan direc-
ion is along the enamel prisms. For each image, the
ight beam is incident perpendicular to the sample
isk surface. Figures 3~a!, 3~b!, and 3~c! correspond,
espectively, to images formed by detection of the
orizontal polarization @IH~z!# component of light

~PR1! as a function of depth z, by detection of the
vertical polarization @IV~z!# component ~PR2!, and by
the combination of PR1 and PR2 @IH~z! 1 IV~z!#,
which in some cases is similar to a conventional
OCT image. Figure 3~d! is a false-color birefringent
image constructed by computing of sgn@IH~z! 2
IV~z!#10loguIH~z! 2 IV~z!u,9 where sgn@IH~z! 2 IV~z!# is
1 when the difference of @IH~z! 2 IV~z!# is positive and
s 21 when the difference is negative. The bottom-

ost feature in each image is formed by light reflec-
ion from the glass substrate. A banded structure
hat is characteristic of birefringence9 is observed in

Fig. 3~d! and can be attributed to enamel crystal
risms in the form of cut cylindrical fibers oriented
1 April 1999 y Vol. 38, No. 10 y APPLIED OPTICS 2093
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normally to the tooth surface, resulting in phase re-
tardation between polarization components parallel
and perpendicular to the crystal axis. The second
and third bright bands appear broken, a feature that
we believe is due to enamel tufts, or longitudinal fault
planes ~;100 mm in length and ;10 mm in width! in
the sample volume. The tufts project outward along
the enamel prisms from the enamel–dentin junction
and are less mineralized.14 When a lateral scan was
made across the enamel prisms ~orthogonal to the
former scan! between the tooth surface and the
enamel–dentin junction, an image with a smoother
banded structure was observed. Because the scan
direction is orthogonal to the longitudinal tufts and
fewer tufts are present in this region, the broken-
band feature observed in Fig. 3~d! disappeared.

Although dentin contains a considerable amount of
collagen fibrils known to be birefringent, no features
characteristic of birefringence are observed in PS-
OCT images of dentin. We understand this obser-
vation because the collagen fibrils in dentin form a
structurally irregular network extending over a wide
spatial area15,16 and are unlike the crystal prisms in
the enamel region, which are arranged in a more
orderly fashion parallel and perpendicular to the
enamel surface. The collagen fibrils are positioned
circumferentially around the surface of the dentinal
tubules, yielding no birefringent effect when light
propagates along the tubules that are estimated to
cover ;20% of the surface area by their cross sections
for the sample under test ~see the next paragraph for
a discussion of light propagation through the tu-
bules!. Between the dental tubules, in general, the
course of collagen fibrils is perpendicular to the den-

Fig. 3. ~a!–~d! PS-OCT images of an enamel disk sample, 1.2 mm w
f ~a! and ~b! @IH~z! 1 IV~z!#, ~d! birefringent image @sgn@IH~z! 2 I
e! Schematic of a tooth cross section, ~f ! enlargement of the sc
ylinders. The lateral scan direction is parallel to the prism cyli
094 APPLIED OPTICS y Vol. 38, No. 10 y 1 April 1999
tinal tubules and lies roughly in a plane parallel to
the sample surface. Because the fibrils are ran-
domly curved and cross linked within the plane, we
do not observe birefringent features in PS-OCT im-
ages of dentin.

Figure 4~a! shows a PS-OCT image @IH~z! 1 IV~z!#
recorded over a grid of points lying upon a diameter
of the thin disk. Figure 4~b! shows the cross section
corresponding to the tomographic image in Fig. 4~a!.
Various investigators have shown that the scattering
processes in enamel and dentin can be described by a
linear combination of forward-directed and diffuse
isotropic components.11,17 Inasmuch as the forward
component is the dominant light-scattering process
in dentin,17 the isotropic component yields only a
weak detected signal. To obtain more information
relating to light propagation in dental materials, we
place a reflecting mirror underneath the sample disk.
Lines ~L! at the right and left sides of the image
represent reflections from the air–mirror interface
without an overlying sample. Regions near the lines
are recorded from the enamel ring of the disk, where
the diffuse component is observed. Reflections from
the front ~R1! and rear ~R2! surfaces of the enamel are
observed. The feature just below the rear surface of
the enamel ~R3! is the displaced image of the mirror
L!. The dark areas between R2 and R3 represent

the air gap between the mirror and the rear surface of
the sample. Because the vertical displacement of
the bottommost feature ~R4! from R3 is twice that
between R2 and R3, we believe that R4 is due to a
multiple reflection between the mirror and the rear
enamel surface. The central portion of the image
corresponds to dentin. The topmost surface feature

by 350 mm deep: ~a! horizontal @IH~z!#, ~b! vertical @IV~z!#, ~c! sum
0loguIH~z! 2 IV~z!u#. The enamel–dentin boundary is indicated.

d region. The thin lines in the enamel region represent prism
.

ide
V~z!#1
anne
nders
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is slightly curved as a result of the cutting procedure.
The strongly curved feature in the lower central por-
tion of the image represents light reflected from the
mirror underlying the sample. Because the distri-
bution of collagen fibrils among dentinal tubules is
relatively uniform in our sample, the strongly curved
feature may be due to anisotropic light propagation
through the dentinal tubules.11,18 As shown sche-
matically in Fig. 4~b!, the tubules near the disk center
re oriented parallel to the propagation direction,
nd detected light that reflects from the mirror un-
erlying the sample in this region has a relatively
hort optical path length. At radial positions farther
rom the center the tubules are oriented obliquely to
he propagation direction, and detected light that re-
ects from the mirror underlying the sample in these
egions has a relatively longer optical path length.
t the dentin–enamel junction, tubules are oriented
early perpendicularly to the propagation direction
nd produce strong attenuation of backscattered
ight with increasing depth.

Various investigators have provided experimental
vidence and theoretical arguments for light guiding
y dentinal tubules.11,18 Knowledge of the local spa-

tial variation in refractive index across the dentinal
tubule is consistent with the existence of a light-
guiding effect. Indeed, we have observed a light-
guiding effect over distances longer than 2 mm in
biological fibers.7 Although the results of the

resent study do not prove the existence of light guid-
ng by dentinal tubules, some conclusions can be
rawn. The combined observation of the absence of
acroscopic sample birefringence in dentin and of
nequal optical path lengths of light propagating par-
llel and perpendicular to the tubules suggests that

Fig. 4. ~a! PS-OCT image @IH~z! 1 IV~z!# of a tooth sample extend
deep!. ~b! Schematic of a tooth cross section corresponding to the
the strongly curved feature observed in Fig. 4~a! may
e due to a scattering anisotropy. Such anisotropy
as been noted by Fried et al.,17 who observed in the

far field a pronounced angular dispersion of light ~l 5
1053 nm! scattered by dentinal tubules confined to a
thin ~80-mm! disk and oriented parallel to the prop-
gation direction of the incident light. From the
xperiments of Fried et al. we can understand the
ature of light propagation in thin dentin sections by
oting that the measured far-field intensity is related
o the field amplitude at the rear sample surface by a
ourier transform.19 The observed pronounced an-

gular dispersion of detected light indicates that the
optical field at the rear surface of the dentin disk may
be more spatially confined when tubules are oriented
parallel to the direction of the incoming light.
Therefore the scattering of light propagating in a
direction perpendicular to the tubules in dentin may
be stronger ~ms is larger!, more anisotropic ~g is
smaller!, or both than for parallel directions. Be-
cause such a postulated variation of the anisotropy
value ~g! is consistent with light guiding by the tu-
bules, we cannot distinguish which process is domi-
nant in our experiments. We can conclude that the
observed variation in light propagation through den-
tinal tubules may be a combined effect that is due to
both scattering anisotropy and light guiding.

Figure 5 shows an enlarged portion of enamel
taken from Fig. 4~a!. Based on the measurement of
DX1, the optical path length of the sample, and DX2,
the apparent displacement of the mirror image, the
group refractive index and the physical thickness of
the sample can be determined simultaneously.20,21

The average values of the group refractive indices of
enamel and dentin at l0 5 856 nm are, respectively,

hrough the diameter of the sample disk ~10.8 mm wide by 600 mm
OCT image in ~a!.
ing t
PS-
1 April 1999 y Vol. 38, No. 10 y APPLIED OPTICS 2095
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1.62 6 0.02 ~standard deviation! and 1.50 6 0.02
~standard deviation!. The values are consistent
with previous measurements by other techniques in
the visible spectral range.22,23 To our knowledge, no
refractive-index data for dentin and enamel in the
infrared spectral region have been reported.

In conclusion, birefringence in enamel and an an-
isotropy effect of light propagation and scattering
parallel and perpendicular to dentinal tubules have
been observed by PS-OCT. Values of the group in-
dex of refraction have been measured for both dentin
and enamel. The results may provide useful infor-
mation for laser dental treatments. In the future
PS-OCT may be applied for detection of dental caries
in both enamel and dentin.
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