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Abstract. We describe a novel method based on optical
coherence tomography �OCT� for the accurate measure-
ment of the refractive index of in vitro human teeth. We
obtain the refractive indices of enamel, dentin, and ce-
mentum to be 1.631±0.007, 1.540±0.013, and
1.582±0.010, respectively. The profile of the refractive
index is readily obtained via an OCT B scan across a
tooth. This method can be used to study the refractive
index changes caused by dental decay and therefore has
great potential for the clinical diagnosis of early dental
caries. © 2009 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction
Optical coherence tomography �OCT� is a novel biological
imaging technology that has been developed rapidly in the
last decade. Since Huang et al. obtained the first OCT image
of the tiny structure of the human retina in 1991,1 many re-
search groups have achieved clear OCT images of both nor-
mal and decayed dental tissues and have proven that OCT can
be applied to oral medical diagnosis.2–4

The refractive index is an important optical parameter of
biological tissues, especially for teeth. It has been found that
early demineralization caused by caries will alter a tooth’s
refractive index; therefore, the accurate measurement of the
changes in a tooth’s refractive index can help the early diag-
nosis of dental caries.5 Presently, a relatively successful
method for measuring a tooth’s refractive index is the OCT-
based focus-tracing method.6–8 However, such a measurement
is difficult to perform in practice because it requires at least
two adjustments of the focal point during each measurement
and the precise calibration of the numerical aperture of the
lens, making the measurement slow and more susceptible to
measurement errors. A method to record spatial variations of
the refractive index of the porcine renal artery using
differential-phase optical coherence microscopy was reported
in Ref. 9. However, the calculation of the tissue refractive
index requires a priori knowledge of the section thickness and
the refractive index of the surrounding medium. Another limi-
tation of this method is that the thickness of the calcite prism
pair should be carefully adjusted to introduce the same
amount of equivalent phase retardation introduced by the tis-
sue.

This paper describes a simple method based on optical
path-length �OPL� matching during an OCT scan for measur-
ing the refractive index of the in vitro teeth. This OCT path-
length matching method has the advantages of easy operation,
fast measurement, and high accuracy, especially compared
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ith the OCT focus-tracing method. As a result, the index
istribution profile across a tooth also can be readily obtained.
n this paper, we first present the basic structure of our all-
ber polarization-insensitive OCT system, and then describe

he principle of the path-length matching method. Finally, we
how the measurement results of the refractive indices of dif-
erent parts of in vitro human teeth and the corresponding
efractive index profiles.

All-Fiber OCT System
he OCT system utilizes the principle of low-coherence inter-

erometry with a broadband light source to obtain high spatial
esolution. To overcome the polarization sensitivity com-
only found in all-fiber OCT systems, we developed a

olarization-insensitive scheme. Figure 1 is the schematic of
ur all-fiber polarization-insensitive OCT system.

The system uses a super luminescent diode �SLD� with a
0-nm FWHM bandwidth and a 1310-nm center wavelength
s a light source, resulting in a free-space coherence length of
5 �m. We choose 1310 nm because teeth are a highly scat-
ering tissue with their maximum penetration at 1310 nm.
ear-infrared light at 1310 nm is well suited for the detection

nd imaging of interproximal caries lesions.10 Light is deliv-
red to the sample by a gradient index �GRIN� lens with a
-mm focal length. The reflected light from the exit surface of

he GRIN lens is used as the reference light. One arm of the
nterferometer consists of a fiber stretcher-based scanning op-
ical delay line to scan the optical path delay and a variable
elay line �VDL� to match the optical length between the two
nterferometer arms. A Faraday rotator mirror is placed at
ach end of both interferometer arms to eliminate polarization
uctuations in the single-mode fiber. Such an arrangement
ompletely eliminates polarization sensitivity, even when the
ample arm and the interferometer arms are perturbed. The
alanced detector receives the interference signal, and the
ata acquisition �DAQ� card collects the data and transmits
hem to the computer. A 1-D translation stage driven by a
tepper motor is used for transverse scanning of the sample.

Description and Validation of the Path-
Length Matching Method

ince the time-domain OCT described in Fig. 1 is based on
roadband interferometry, it directly measures the group delay

C
SLD

VDL
OC2OC1

Glens

S

DP

D

FRM

CF

FS31 21

2 3

PCDAQ card

VOA

ig. 1 Schematic of the all-fiber OCT system. SLD: superluminescent
iode; OC: optical circulator; Glens: GRIN lens; S: sample, DP: dis-
lacement plate; C: coupler; D: detector; VDL: variable delay line; FS:
ber stretcher; FRM: Faraday rotator mirror; CF: compensation fibers;
OA: variable optical attenuation; DAQ card: data acquisition card;
C: personal computer.
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of the sample. If the thickness of the sample is known, the
group refractive index can be calculated from the group delay.
The actual group refractive index ng and phase refractive in-
dex np have the following relationship:

ng = np − �0�dnp

d�
�

�0

, �1�

where �0 is the center wavelength of the incident light. In
practice, the derivative of the phase refractive index as a func-
tion of wavelength dnp /d� is small. For example, the phase
refractive index of water at 1300 nm deviates from the group
refractive index by only 1.6%.11 Therefore, we can ignore
dnp /d� and take the measured group refractive index of the
sample as the phase index.

To measure the refractive index of a sample, we first place
the sample on a metal �unpolished aluminum� plate and then
acquire the OCT images. Figure 2 shows a schematic diagram
of the sample on the metal plate, where the vertical position of
the metal plate’s reflection surface is z0, the vertical position
of the sample surface is z1, the thickness of the sample is d,
and the refractive index of the sample is nS.

Figure 3�a� is a 2-D OCT image �B-scan� of a glass slide
on the metal plate that shows the change in the metal plate’s
vertical position caused by the glass slide. The left portion of
the image shows the position of the metal plate without the
glass slide present, while the right portion shows its position
with the glass slide. The upper surface position of the glass
also can be seen clearly. As expected, the depth of the metal
plate increases when the glass slide is on top �the position of
the metal plate surface changes from z0 to z0��, which results
from the optical path-length increase caused by the relatively
large refractive index of the glass �compared with the air�.
Assuming that the increase in the optical path-length induced
by the glass plate �sample� is z0−z0� and the actual thickness
of the sample is z1−z0, we can obtain the relationship be-
tween the thickness and the refractive index of the glass slide
�sample�:

d = z1 − z0 =
�z1 − z0��

nS
. �2�

Therefore, the refractive index of the sample can be obtained
from Eq. �2� as

nS =
z1 − z0�

z1 − z0
. �3�

Figure 3�b� is a 1-D OCT image �A-scan� derived from Fig.
3�a�. The dotted line is the reflected light from the surface of
the metal plate without the sample �glass slide�, and its posi-

z0

z1

Metal substrate

Sample

dnS

Fig. 2 Schematic diagram of the sample on a metal plate.
May/June 2009 � Vol. 14�3�2
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ion is z0. The solid lines are the reflected light from the upper
urface of the sample and the metal plate whose positions are

1 and z0�, respectively. By Substituting of the values of z0, z0�,
nd z1 into Eqs. �2� and �3�, we can obtain the refractive index
nS� and the thickness �d� of the glass slide to be nS

1.5072 and d=1.035 mm. For reference, the refractive in-
ex of a common glass slide is 1.515 �Ref. 12� and its thick-
ess measured with a vernier caliper is 1.04 mm. Both the
ndex and the thickness are sufficiently close to the values
btained with the OCT method to validate the method’s cor-
ectness �the errors in index and thickness are 0.8% and 0.5%,
espectively�.

Note that at 1310 nm, the attenuation of light inside teeth
s primarily from scattering, and the absorption is
egligible.10,13 Consequently, the imaginary part of the index
f refraction can be ignored. In addition, our method is based
n the phase measurement of interfering beams, and there are
o apparent attenuation variations within the bandwidth of the
LD source used in the experiment14; therefore, any absorp-

ion or imaginary part of the index will have little impact on
he measurement results.

Metal
surface

Z1

Z0

Z0'

glass slide

(a)

(b)
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ig. 3 OCT image of the glass slide: �a� 2-D OCT image of the metal
ubstrate and the glass slide; �b� 1-D OCT image of the metal substrate
nd the glass slide.
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4 Results of Teeth Measurement
We measured the enamel, dentin, and cementum of in vitro
human teeth. In the experiment we first cut and polished
freshly removed teeth into thin slices with a slice thickness of
300 to 400 �m, and then placed each tooth slice onto the
metal plate to replace the glass slide in Fig. 2. When not in
use, these tooth slices were kept in distilled water. Finally, we
took B-scan OCT images of the tooth slices placed on the
metal plate. The results are shown in Fig. 4. Figures 4�a�–4�c�
are the OCT images of an enamel slice, a dentin slice, and a
cementum slice, respectively.

We measured 20 samples of the in vitro human tooth slices
separately, and the resulting refractive indices of the enamel,
the dentin, and the cementum were 1.631�0.007,
1.540�0.013, and 1.582�0.010, respectively. In Refs. 15
and 16, the refractive indices of enamel and dentin were 1.60
to 1.65 and 1.50 to 1.55, respectively. Thus our measurement
results were consistent with those of Refs. 15 and 16, but with
much better accuracy. As reported in Ref. 5, the ranges of
refractive index of noncarious and carious enamels are
1.623�0.005 and 1.628�0.004 respectively at the wave-
length of 577 nm. We expect the index difference between the
noncarious and carious enamels to be similar at 1310 nm and
that the resolution of our measurement method is sufficient to
detect the changes in refractive index caused by caries. We are
currently performing further experiments to measure the indi-
ces of noncarious and carious enamels at 1310 nm and will
publish the results elsewhere. We performed an analysis of
variance �ANOVA� using the 20 sets of refractive index data
of dentin and cementum to ensure the refractive indices of
dentin and cementum had statistically significant differences.
We found that the mean within-group variance of dentin and
cementum was 0.000039297 and the variance of the group
means was 0.017736731. The corresponding F-test �the ratio
of variance of the group means and mean within-group vari-
ance� was 451.35, well above the required F-test of 7.35 from
the ANOVA look-up table. Therefore, we are certain that the
measured indices of dentin and cementum were statistically
different.

We did not take the polarization effect into account in the
measurements so the resulting data are the average of ordi-
nary and extraordinary indices. Further polarization-sensitive
OCT measurements are under way to separately measure both
indices.

Figure 5�a� is a photographic image of an in vitro tooth
slice subject to refractive index measurement. We took a
B-scan along the direction marked with a white line in Fig.
5�a� and obtained the 2-D OCT image shown in Fig. 5�b�.
Using the path-length matching method described above, we
obtained the refractive index distribution profile shown in Fig.

(a) (b) (c)

Fig. 4 OCT image of in vitro human teeth slices: �a� OCT image of the
enamel slice; �b� OCT image of the dentin slice; �c� OCT image of the
cementum slice.
May/June 2009 � Vol. 14�3�3
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�c� along the scan direction by taking each axial scan �A-
can� information �vertical position information in Fig. 5�b��.
ne can clearly see from Fig. 5�c� the changes in the refrac-

ive index along the scan direction: from the air �with a re-
ractive index of 1� to the cementum �refractive index around
.58�, to the dentin �refractive index around 1.54�, and then to
he cavum of a pulp cavity �refractive index of 1�, and finally
o the cementum of the lower side.

Summary
e developed a path-length matching method for accurately

nd quickly measuring the refractive index and index profile
cross a tooth with a single OCT B-scan. With this method,
e obtained the refractive indices of the enamel, the dentin,

nd the cementum of in vitro teeth using 20 different tooth

(b)
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ig. 5 Refractive index profile of a tooth slide: �a� image of the tooth
lice; �b� 2-D OCT image of the tooth slice; �c� refractive index distri-
ution of a tooth slice in �a�. A: air; C: cementum; D: dentin.
ournal of Biomedical Optics 034010-
slice samples. We also obtained the refractive index distribu-
tion profile of the in vitro human teeth. Such an accurate
determination of a tooth’s refractive indices at different loca-
tions is important for the early diagnosis of dental caries that
may cause local changes in the refractive index. Equipped
with this tool, we can quantitatively study the changes in the
refractive index induced by caries and dental decay in detail
and relate the data to the early diagnosis of dental caries.
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