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Abstract. Early dental caries detection will facilitate implementation
of nonsurgical methods for arresting caries progression and promoting
tooth remineralization. We present a method that combines optical
coherence tomography (OCT) and Raman spectroscopy to provide
morphological information and biochemical specificity for detecting
and characterizing incipient carious lesions found in extracted human
teeth. OCT imaging of tooth samples demonstrated increased light
backscattering intensity at sites of carious lesions as compared to the
sound enamel. The observed lesion depth on an OCT image was
approximately 290 mm matching those previously documented for
incipient caries. Using Raman microspectroscopy and fiber-optic-
based Raman spectroscopy to characterize the caries further, spectral
changes were observed in PO4

32 vibrations arising from hydroxyapa-
tite of mineralized tooth tissue. Examination of various ratios of PO4

32

n2 , n3 , n4 vibrations against the n1 vibration showed consistent in-
creases in carious lesions compared to sound enamel. The changes
were attributed to demineralization-induced alterations of enamel
crystallite morphology and/or orientation. OCT imaging is useful for
screening carious sites and determining lesion depth, with Raman
spectroscopy providing biochemical confirmation of caries. The com-
bination has potential for development into a new fiber-optic diagnos-
tic tool enabling dentists to identify early caries lesions with greater
sensitivity and specificity. © 2005 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1915488]
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1 Introduction
Dental caries~i.e., dental cavities or dental decay! is a com-
mon oral disease that many people have experienced at som
point in their life. With the introduction of fluoride in drinking
water and toothpastes, there has been a decline in the prev
lence of dental caries in Western countries.1 However, a recent
report states that caries still remains a large problem in spe
cific population groups~e.g., minority children, the economi-
cally underprivileged, older people, the chronically ill, and
institutionalized persons!.2 Further, the patterns of caries de-
velopment are changing, to those with smaller lesion sizes an
slower progression rates, making caries more difficult to de
tect with existing conventional techniques.1 This is further
complicated when caries develop at locations which are no
clinically visible ~e.g., between adjacent teeth!. Current diag-
nostic methods involve subjective clinical criteria~color,
‘‘softness,’’ resistance to removal! and the use of tools such as
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the dental explorer and dental radiographs. Such methods
not be reliable for detecting interproximal lesions~those be-
tween adjacent teeth! because these carious lesions are
clinically visible. In addition, these clinical methods do n
adequately detect changes in caries development and do
possess the sensitivity, specificity nor ability to account
the dynamic process of demineralization–remineralization1,2

Therefore, more refined diagnostic tools are required to id
tify early noncavitated carious lesions and to monitor th
activity as well as severity. Early caries detection can pot
tially increase the implementation of conservative treatm
methods centered on tooth preservation rather than res
tion. Conservative methods include nonsurgical interventi
such as fluoride to promote remineralization, antimicrobials
arrest caries activity, and sealants to prevent dental ca
New diagnostic techniques will enable the clinician to mo
tor patients for further lesion demineralization or reminer
ization, to evaluate the effectiveness of treatment strategie
well as to encourage patient compliance in following su
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Ko et al.: Ex vivo detection and characterization of early dental . . .
gested preventive measures. Several methods addressing
need for better early dental caries diagnostic tools with im-
proved sensitivity and specificity have been investigated an
recently reviewed.3–6 Among the methods are direct digital
radiography ~DDR!, digital imaging fiber-optic trans-
illumination ~DIFOTI!, electroconductivity measurements
~ECM!, quantitative light-induced fluorescence, and laser
fluorescence.3 DDR has the capability to optimize diagnostic
imaging operation by eliminating the need for film processing
as well as to reduce the potential patient radiation dose. Al
though the technique uses a lower radiation dose, the applic
tion of the method is still limited by the ionizing radiation
required to obtain an image. Like conventional radiographs
the technique provides little value in the detection of initial
enamel lesions.3 DIFOTI, marketed by Electro-Optical Sci-
ences ~Irvington, NY, USA!, involves a transillumination
technique through the use of a fiber-optic device to shine ligh
on the tooth. The image captured represents the scattered a
absorbed light as it traversed the tooth. Although the tech
nique can detect incipient caries, the method is subjective
relying on the expertise of the examiner with a high level of
intra- and interexaminer variability.3,7 Another technique,
ECM is based upon the observation that sound surfaces ha
limited or no conductivity whereas surfaces with caries will
have measurable conductivity that will increase with increas
ing demineralization. The drawback of the technique is its
lack of specificity, which limits its usefulness in deciding
whether or not to treat a lesion operatively. The low specific-
ity increases the chance of false-positive results which trans
late into possibly unnecessary invasive treatment.5

Perhaps the most advanced of the technologies available
that based on fluorescence spectroscopy. With quantitativ
light-induced fluorescence, light at 488 nm is shone on a toot
and induces a natural fluorescence. Areas of demineralizatio
appear as dark spots with mineral loss correlating with a rela
tive loss of fluorescence radiance. With this method, the pres
ence of bacterial plaque or saliva interferes with the useful
ness of the technique.8 A related approach, laser fluorescence,
uses light at 633 nm and the reflected fluorescence is me
sured. The light interacts with the bacterially produced por-
phyrins that leach into the decayed regions. Therefore fluores
cence is suggestive of decay present. This is the basis for th
commercially available DIAGNOdent device by KaVo~Lake
Zurich, IL, USA!. Recent clinical studies indicate that this
latter technique can lead to false-positive results due to th
presence of stains, deposits, calculus and organic material
the region of interest9 and is not suitable for detecting initial
carious changes in enamel.10 Therefore, despite the potential
of these various technologies, the methods are prone to su
jectivity issues with high intra- and interexaminer variability,
false-positive results due to stains or organic deposits, and th
unsuitability for detecting initial enamel caries at interproxi-
mal sites. As a result of these shortcomings, more refine
tools with improved sensitivity and specificity are needed for
early detection of interproximal dental caries.

We propose that the combination of an optical and a spec
troscopic technique, namely, optical coherence tomograph
and Raman spectroscopy, has the potential to be developed
a fiber-optic tool for early detection of dental caries. Optical
coherence tomography~OCT! can provide morphological in-
formation for dental caries detection similar to the conven-
031118Journal of Biomedical Optics
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tional images with which dental clinicians are familiar. R
man spectroscopy furnishes biochemical specificity becau
is based on spectral peaks specific to the~bio!chemical and
structural properties of tooth mineralization and not to sta
ing or organic matter. Combining the two technologies tak
advantage of their synergies for detecting lesions and for p
viding objective biochemical information. In so doing, th
limitations of using a single method alone can be minimiz
and potentially overcome, thereby yielding an approach w
greater sensitivity for early dental caries detection.

To better understand how OCT and Raman spectrosc
are well suited for caries detection, it is useful to examine
nature of dental caries development. In particular, the fo
will be on dental caries of the enamel which is the high
mineralized tissue covering the tooth crown. Dental car
arises from the destruction of tooth structure by acid-form
bacteria found in dental plaque. The early dental carious
sion ~incipient caries! is noncavitated and limited to the oute
enamel surface. This caries type presents as a visible ‘‘w
spot’’ when the tooth is air dried. Histological studies ha
shown that white spot lesions consist of four regions
layers.11,12The first region~the enamel surface of the incipien
lesion! is intact and well mineralized. The second regi
which lies immediately beneath the highly mineralized s
face layer is very porous~25–50% porosity by volume! and is
the largest of the four regions. The third region~the dark
zone! does not transmit polarized light~also known as posi-
tive birefringent! because it consists of many tiny pores
well as interprismatic areas and cross striations. The fourt
deepest region is the translucent zone. It is the advan
front of the enamel lesion and appears structureless when
amined with polarized light. Compared with the subsurfa
the surface zone~;30 mm thick! contains more fluoride, les
water, less carbonate, is more highly mineralized and
enamel crystals are often larger and oriented differently fr
those below.11 Such properties render the enamel surface m
resistant to acid attack. This surface layer is also pa
formed by remineralization in which dissolved ions~calcium
and phosphate! originating from the subsurface region an
saliva are deposited into the surface layer. The original cr
talline framework of the enamel rods serves as a nuclea
agent for remineralization. Depending on the extent of de
ineralization, enamel caries can extend from a depth of;100
to 250mm ~for incipient caries! to entirely through the ename
at which point the cavitated lesion~;1.5 mm deep! has just
extended into the underlying dentin.13 The enamel itself is an
acellular tissue composed of 80–90% by volume of cryst
of carbonated calcium hydroxyapatite@Ca10(PO4)6(OH)2

wherePO4
32 or OH2 can be substituted byCO3

22] , with the
remaining 10–20% being fluid and organic~mainly proteina-
ceous! material.11 The carbonated apatite crystals are arrang
into bundles to form rods or prisms with intercrystallin
spaces between rods that allow diffusion of ions during
caries process. The structural and biochemical changes a
ciated with enamel caries development suggest that OCT
aging and Raman spectroscopic techniques offer potentia
differentiating between sound~i.e., healthy! and carious
enamel.

OCT is a noninvasive technique that provides hig
resolution depth imaging of near surface tissue structu
Similar to ultrasound in operation but offering an order
-2 May/June 2005 d Vol. 10(3)
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Ko et al.: Ex vivo detection and characterization of early dental . . .
magnitude of greater spatial resolution, OCT provides mor
phological images with 20mm resolution to depths of;2
mm.14 Current dental radiographs have a resolution of 50mm
and superimpose the entire three-dimensional tooth structu
onto a two-dimensional film. Dental applications of OCT have
demonstrated its potential forin vivo imaging of intraoral tis-
sue such as delineating structural components of gingival tis
sue~e.g., sulcus, epithelium, connective tissue layer! as well
as hard tissue structures~e.g., enamel, dentin and the dentin–
enamel junction!.14–17 More recently, polarization sensitive
OCT ~PS-OCT! with near-infrared excitation has been used to
image dental carious lesions and has demonstrated the pote
tial of the technique for monitoring the progression of lesions
over time.15,17–19 OCT is therefore well suited for detecting
morphological changes in teeth arising from caries formation
Our approach of combining Raman spectroscopy with OCT
will add biochemical specificity providing important informa-
tion for resolving the structural features observed with OCT
imaging thereby reducing false-positive observations.

Raman spectroscopy is a vibrational spectroscopic tech
nique that provides details on the biochemical composition
molecular structure, and molecular interaction in cells and
tissues.20 Highly specific biochemical information about pro-
teins, lipids, carbohydrates, nucleic acids and in this case
mineral orientation and composition~e.g.,PO4

32 , CO3
22), can

be obtained.21,22 Raman spectroscopy is well suited to exam-
ine mineralized tissues and has been used previously by var
ous research groups to study bone and teeth; for example
understand the mechanical properties of bone, mineralizatio
of hydroxyapatite, and the effects of postextraction treatmen
of teeth.21–28 Earlier studies characterizing dentin and ename
structures and their interfaces with resin and bonding agent
have shown that Raman spectra of tooth enamel and dent
exhibit peaks characteristic of the inorganic~i.e., hydroxyapa-
tite! and organic~e.g., collagen in dentin! components of teeth
as well as quantitative chemical information of the adhesive
interface.29–35 Polarized Raman spectroscopy used to study
the fundamental structural characteristics of tooth ename
crystallites have observed differences due to crysta
orientation.36,37 The application of near-infrared~785 nm!
fiber-optic Raman spectroscopy to characterize advanced de
tal caries has shown spectral differences between sound a
carious regions of teeth based upon Raman peaks superim
posed on a broad luminescence background of unknow
origin.38,39 The background fluorescence is problematic for
Raman spectroscopy, often masking peaks of interest and
not a solid basis for differentiating healthy from carious teeth.
Fluorescence changes might arise from stains and food pa
ticles trapped within the carious regions. In our studies, the
strengths of the biochemical specificity of Raman spectros
copy will be used by examining spectral peaks characteristi
of hydroxyapatite within mineralized dental tissue.

We describe our various studies using OCT and Rama
spectroscopy to detect and characterize early enamel cario
lesions in extracted human teeth. Comparisons will be mad
with results obtained from sound tooth enamel. The Rama
studies are conducted with microspectroscopy, polarized Ra
man spectroscopy, and fiber-optic sampling to illustrate the
similarity of the information obtained with both~microscopy
and fiber-optic! measurement modes and the potential of de
veloping the Raman technique combined with OCT, into a
031118Journal of Biomedical Optics
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fiber-based tool for clinical applications with improved sen
tivity and specificity.

2 Materials and Methods
2.1 Tooth Samples and Chemicals
Human premolars(n515) were collected from orthodontic
patients at the Dental Clinic of the Faculty of Dentistry, Un
versity of Manitoba. Approvals from the human ethics co
mittees of the Institute for Biodiagnostics~National Research
Council Canada!, University of Manitoba and Dalhousie Uni
versity were obtained prior to sample collection. All tee
were examined in patients before extraction and no discol
tion of the marginal ridge was observed. Remaining soft
sue on extracted teeth was removed by scaling and
samples were thoroughly rinsed with water. Teeth were p
served in sterile filtered de-ionized water until measureme
Each tooth sample was radiographed and independently
assessedex vivoby two clinical investigators at the Universit
of Manitoba and Dalhousie University, respectively. Cont
caries-free teeth had no visible decalcification or demine
ization. Incipient carious teeth included regions of decalc
cation with intact surfaces and opacity of enamel. Among
15 extracted teeth, 10 were identified to be carious teeth w
at least 15 caries sites in total. The teeth were used for s
troscopic measurements without any treatment. Synthetic
droxyapatite in powder form was obtained from Sigm
Aldrich Inc. ~St. Louis, MO, USA! and used for confirmation
of Raman spectral peak assignments of hydroxyapatite wi
tooth enamel.

2.2 Optical Coherence Tomography
Optical coherence tomography image slices were acquired
an OCT-2000 system with software Revision A~Humphrey
Systems, Dublin, CA, USA! and equipped with a superlumi
nescent diode source. The source has a central waveleng
850 nm and the laser spot size is 10–20mm. The optical
power at the sample was 750mW for all image sets. Both the
axial and transverse resolutions were 10–20mm. The OCT-
2000 system has an x–y galvanometer pair for beam stee
and an integrated camera for sample viewing during data
lection. For image acquisition, the galvanometer pair was l
ited to straight-line collection only. The shortest lateral sc
length ~;2.0 mm! of the system was used to provide imag
of high pixel density. The scan rate was 100 A scans/s.

For theseex vivostudies, tooth samples were imaged in
upright position by affixing the apical root portion of the too
to the microscope slide using dental rope wax. The sam
were imaged using a free-space coupled arrangement.
laser line was focused to the thinnest line on the sample im
and during acquisition, the polarization was matched to
sample in order to optimize the OCT signal strength. O
data were exported intoMATLAB ~The Mathworks Inc., Nat-
ick, MA, USA! and interpolated using a bilinear filter metho
within MATLAB to generate false-color images. The sc
length was corrected for nonophthalmologic uses of the s
tem by imaging a linear scale. The depth distance was
rected by dividing the depth obtained from the system~as-
suming imaging in air! by a value of 1.6, the refractive inde
of tooth enamel.40
-3 May/June 2005 d Vol. 10(3)
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Fig. 1 Schematic diagram of the Raman microspectroscopic system illustrating the laser excitation (solid line) and Raman signal detection (dashed
line) paths for acquiring tooth spectra in a 180° geometry. Abbreviations are provided in the inset for each optical element. The linear polarizer (P)
is only used when performing polarized Raman experiments.
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2.3 Raman Microspectroscopy and Fiber-Optic
Raman Spectroscopy
Raman spectra were acquired on a LabRamHR confocal Ra
man microspectrometer~Horiba Jobin Yvon, Edison, NJ,
USA! operating with near-infrared laser excitation at 830 nm
~Lynx series TEC 100 diode laser, Sacher Lasertechnik
GmbH, Marburg, Germany!, ~Fig. 1!. In brief, the Raman
microspectrometer consists of an Olympus BX41 microscop
equipped with a motorized XYZ stage, a spectrograph with
300 lines/mm grating and an air-cooled CCD detector opti-
mized for the NIR region. Spectra were also acquired using
fiber-optic Raman probe~830 nm excitation, InPhotonics,
MA, USA! that was interfaced to the LabRamHR spectrom-
eter. Laser powers at the sample were 24, 39, 54, 48, and 5
mW under 3100 ~Olympus LMPlan IR!, 350 ~Olympus
MPlan!, 310 ~Nikon!, and35 ~Leica HC PL Fluotar! micro-
scope objectives and fiber-optic probe, respectively. For mi
crospectroscopy, the confocal hole size was set at 800mm and
the slit size at 100mm. The spectral resolution was 4 cm21 for
the spectra acquired with the microscope objectives and
cm21 for the fiber-optic probe. These values were determined
using an 841 nm neon line. A polarization scrambler is placed
in the Raman collection path in order to eliminate potential
artifacts from polarization-sensitive components~e.g., diffrac-
tion grating! ~Fig. 1!. LABSPEC ~version 4.12, Horiba Jobin
Yvon, Edison, NJ, USA! software accompanying the La-
bRamHR system was used for spectrometer control and da
acquisition. For Raman microspectroscopy, the tooth surfac
not being studied was placed lying on a microscope slide an
then secured with dental wax. Wax was applied only at the
apical root to avoid wax contamination at the surfaces of in-
terest. Tooth surfaces to be examined were positioned ap
proximately normal to the laser beam~Fig. 1!. For fiber-optic
sampling, tooth samples were positioned upright on a micro
scope slide and the fiber-optic probe was placed at a positio
5 mm away~optimal laser focus! from the tooth surface. The
sampling position was optimized by a XYZ translator as-
031118Journal of Biomedical Optics
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sembled in-house. A camera coupled with an310 objective
lens was used for monitoring the positioning and for captur
photomicrographs of the sampled locations.

For our studies, the orientation of the enamel cryst
within tooth samples were defined with respect to the la
beam as has been described by Tsuda and Arends.36 Raman
spectra obtained from the cross-sectioned surface of long
dinally sectioned~i.e., crown to root direction! tooth samples
were defined as acquired in a transverse excitation/detec
mode@Fig. 2~A!#. Raman spectra recorded from unsection
whole tooth were defined as acquired in a normal excitati
detection mode@Fig. 2~B!#. Spectra were measured using 30
acquisition time with 15 accumulations for the35 objective
or 15 s acquisition time with 15 accumulations for the oth
objectives and the fiber-optic probe in order to generate sp
tra of good signal to noise ratios. For point mapping expe
ments using the310 objective, the laser spot size was abo
37325 mm2. Spectra were acquired at 140mm steps along the
x axis and 113mm steps along they axis resulting in a 10310
array map covering an area of 126031017mm2.

Polarized Raman microspectroscopic measurements
tooth samples were acquired by placing a NIR~780–1250 nm
range! linear polarizer~Melles Griot, Irvine, CA, USA! in the
laser excitation path after the radiation exits the laser h
~Fig. 1! to obtain linearly polarized light from the originally
scrambled laser polarization~Lynx series TEC 100, Sache
Lasertechnik GmbH, Marburg, Germany!. One set of mea-
surements was acquired with the linear polarizer in one
entation and a subsequent set of measurements was acq
with the linear polarizer rotated 90° such that the second
larization direction is orthogonal to the first polarization d
rection. All other measurement conditions~e.g., optics,
sample orientation, etc.! were left unchanged between the tw
measurement sets. Similar to the other nonpolarized meas
ments, a polarization scrambler is placed in the Raman
lection path in order to eliminate potential artifacts fro
polarization-sensitive components.
-4 May/June 2005 d Vol. 10(3)



Ko et al.: Ex vivo detection and characterization of early dental . . .
Fig. 2 Diagrammatic representation of the two spectral acquisition configurations using (A) transverse excitation/detection on a longitudinally
sectioned (crown to root direction) tooth, and (B) normal excitation/detection on an unsectioned whole tooth. Drawing illustrates the actual sample
orientation under the microscope objective.
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2.4 Raman Spectroscopic Data Analysis
Background Raman spectrum, acquired with no sample in
place and with all other experimental conditions unchanged
was subtracted from sample spectra to correct for backgroun
signal arising from optical elements in the laser path. The
spectrum of a luminescent green glass reference, calibrate
previously with a NIST traceable reference tungsten haloge
lamp ~The Eppley Laboratory, Inc., Newport, RI, USA! of
known temperature, was used to correct the sample spectra f
the instrument response function.41–43The majority of the Ra-
man spectra~sound enamel and carious enamel! acquired con-
tained a minor sloping baseline as the background@Fig. 3~A!#.
A few spectra of carious enamel contained a large backgroun
fluorescence@Fig. 3~B!#. For semiquantitative spectral analy-
ses and mapping experiments, the spectra were first baseli
corrected using a sixth order polynomial fit through the spec
tra at 375, 512, 700, 840, 1200, and 1400 cm21. Figure 3
illustrates representative spectra before and after the bac
grounds were removed by subtracting the fit of the sixth orde
polynomial. The corrected spectra were then normalized to
the 959 cm21 peak. Peak ratios were determined by taking the
intensities of the various Raman bands of interest. In a simila
approach, an intensity ratio map was generated from the map
ping data. The resulting Raman map presented was smooth
using the bilinear interpolation method for two-dimensional
data inMATLAB .

3 Results and Discussions
3.1 Optical Coherence Tomography of Dental Caries
Figure 4 shows representative false-color OCT images ob
tained from a sound tooth and a tooth surface containing tw
clinically confirmed incipient lesions also known as white
spots. The images present the lateral scan position versus t
imaging depth with higher intensity correlating with greater
light backscattering. In the image of the sound tooth@Fig.
031118Journal of Biomedical Optics
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4~A!#, an intense light backscattering is observed at the to
surface. This represents the scattering of the light due to
change of refractive index as the light transitions from air
the tooth enamel surface. For the sound surface, beyond
initial first few microns, the light backscattering rapidly d
cays with no further changes in intensity deeper into
enamel. This image suggests that the surface is intact with
structural defects, increased porosity or loss of mineral str
ture. There is no evidence of a further scattering bound
deeper into the tooth that would suggest the presence of
dentin–enamel junction~DEJ!. This feature, however, ha
been observed by other groups performing OCT imaging
tooth.14,16 The absence of an observable scattering bound
representing the DEJ on our images is possibly due to
large enamel thickness observed at the region sampled an
attenuation of the scattered signal as it penetrates the ena
enamel is known to weakly scatter near-infrared light~850 nm
in our studies!.40 Other OCT images acquired of the enam
closer to the cemento–enamel junction~i.e., borderline be-
tween the crown and root complex! have demonstrated th
DEJ ~figure not shown for brevity!. Therefore, it is likely the
enamel thickness that limits the observation of the DEJ in
OCT images. In contrast to the image of the sound ena
surface, the image@Fig. 4~B!#, taken of the carious sites por
trays diffuse scattering in two triangular-shaped zones imm
diately below the surface areas. Once again there is inte
light backscattering at the tooth surface indicating that
incipient lesions have intact surfaces. The diffuse scatte
intensity in the region below the surface is due to the occ
rence of multiple scattering and indicative of an area of hig
porosity within an otherwise dense enamel structure. T
suggests that demineralization has occurred below the in
surface as occurs with early dental caries formation. Sim
imaging results were reported by Fried et al.19 using PS-OCT
on natural interproximal lesions. Based on the OCT image
is estimated that the deepest area of the lesions is app
-5 May/June 2005 d Vol. 10(3)



Ko et al.: Ex vivo detection and characterization of early dental . . .
Fig. 3 Representative Raman spectra illustrating the background fluorescence acquired from (A) the majority of sound and carious dental enamel
and (B) from a few number of carious sites. For both panels, the upper solid traces illustrate the original spectrum. The dashed traces are the sixth
order polynomial fits that were used for correction and the lower solid traces are the results after subtracting the polynomial fits of the background
fluorescence.
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mately 290mm deep. The triangular-shaped region below the
surface and this depth estimation is consistent with histologi
cal studies in the literature that have shown a similar
triangular-shaped lesion body with 100–250mm depth typical
of ‘‘white spot’’ carious lesions.11–13 OCT is able to provide
morphological information of near-surface tissue structures
and defects and is particularly sensitive to changes in refrac
tive index as the light interacts with the sample. It is therefore
a good first approach for examining tooth samples to scree
for early dental caries and estimating the lesion depth. From
clinical perspective, lesion depth is useful for determining the
extent of caries activity and in aiding the decision to surgi-
cally restore or promote remineralization. In addition, the
depth can be used to monitor remineralization and to evaluat
the arrest of further caries progression.

3.2 Raman Microspectroscopy of Sound and Carious
Enamel
Following the identification of a possible carious lesion by
OCT, false-positive results can be reduced by confirming the
031118Journal of Biomedical Optics
-

presence of caries using Raman spectroscopic characte
tion. Figure 5 illustrates representative Raman spectra,
tained with an310 objective, of sound enamel and cario
enamel, both from unsectioned whole teeth, and of synth
hydroxyapatite~OHAp!. The major band positions and tent
tive assignments of enamel and OHAp spectra are sum
rized in Table 1 and are compared with those previously
ported. Our Raman spectra show good agreement with
literature values in terms of the respective Raman shifts.
examination of the Raman spectra from sound and cari
enamel revealed differences in the relative band intensitie
various Raman peaks, however, no new bands, band shift
disappearance of bands were evident. The symmetric stre
ing vibration (n1 mode! of phosphate(PO4

32) at 959 cm21

dominates both sound and carious enamel spectra. The
position is characteristic of carbonated biological apa
found in bone, dentin and enamel.21,24,29A similar peak in the
spectrum of synthetic hydroxyapatite has a peak maximum
962 cm21. The higher Raman shift of this peak indicates
-6 May/June 2005 d Vol. 10(3)



Ko et al.: Ex vivo detection and characterization of early dental . . .
Fig. 4 Representative false-color OCT images of lateral scan length as a function of depth from (A) sound enamel tooth surface (minimum light back
scattering with depth) and (B) carious enamel surface containing two lesions (significant light backscattering). The carious lesion sites are indicated
with the arrows.
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higher crystallinity of the synthetic hydroxyapatite as com-
pared to carbonated hydroxyapatite. In carbonated hydroxya
patite, CO3

22 has been known to substitutePO4
32 yielding

type-B carbonated hydroxyapatite; in type-ACO3
22 substitu-

tion, the OH2 is replaced in the hydroxyapatite crystal.44,45

The incorporation ofCO3
22 into the hydroxyapatite crystal

deforms the crystal structure causing a decrease in crystallin
ity. There was no obvious change in the full-width at half-
maximum~FWHM! of the 959 cm21 peak between sound and
carious enamel spectra. The FWHM is;10.060.24 cm21 and
corresponds to earlier studies that have examined the FWHM
of enamel.46 Studies involving infrared absorption and Raman
studies have reported the broadening of this peak upon inco
poration ofCO3

22 ~type-B! into synthetic hydroxyapatite.47,48

Since an early event of demineralization is the dissolution o
CO3

22 by acid attack,49 one might expect the spectra of cari-
ous lesions to have an increasedn1 PO4

32 Raman shift and
decreased peak width compared to spectra of sound enam
Both of these features would be indicative of increased hy
031118Journal of Biomedical Optics
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droxyapatite crystallinity. Such changes were not observ
Our studies involve biological hydroxyapatite, however, t
crystallinity differences reported in the literature were fro
studies involving synthetic hydroxyapatite crystals.

An examination of the 1069 cm21 peak assigned to both
PO4

32 and type-BCO3
22 of apatite also show no obviou

changes between sound and carious enamel despite the lo
carbonate with demineralization. Chemical analyses of diff
ent histological zones of the enamel lesion showed a carb
ate level of 1–2%~wt/wt! in the lesion body compared to a
average of 2%~wt/wt! in the outside layers of sound
enamel.50,51 It is not surprising that Raman spectroscopy
unable to detect the difference at this low concentration le
Spectral analyses is further complicated by the fact that
peak at 1069 cm21 is a combination ofPO4

32 and type-B
CO3

22 vibrations.
In spite of these findings, changes are visibly observ

with the formation of white spot lesions. There should then
some underlying biochemical or structural alterations givi
-7 May/June 2005 d Vol. 10(3)
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Fig. 5 Representative microspectroscopic Raman spectra of (a) sound human enamel, (b) carious human tooth enamel and (c) synthetic hydroxya-
patite (OHAp) acquired with 310 objective. Spectra are offset for clarity. The asterisks indicate peak positions. See discussion for further details.
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rise to the clinically detected differences. The various othe
phosphate peaks were therefore examined more closely.
particular, peak intensity ratios were determined to be a bette
method for interpreting such spectroscopic data. This ap
proach was chosen since Raman spectroscopy is known for i
sensitivity toward sampling geometry such as laser focusin
distance, sampling angles and the topography of the samp
surface. This is especially true for~confocal! Raman mi-
crospectroscopy where the sampling volume is very small an
any minor variations in sampling condition can alter the col-
lection efficiency, thus affecting the signal intensity.

Figure 6 shows representative Raman spectra of sound an
carious enamel in the regions of 350–700 cm21 @Fig. 6~A!#
and 800–1200 cm21 @Fig. 6~B!#. Symmetric bending vibra-
tions (n2 mode! of PO4

32 give rise to two major peaks at 431
and 446 cm21. In the sound enamel spectrum, the 446 cm21

peak has a greater intensity than the 431 cm21 peak. These
two bands are also present in the caries spectra, however, th
relative intensities are reversed with the 431 cm21 peak inten-
sity greater than the 446 cm21 peak. A series of bands at 579,
590, 608, and 614 cm21 ~shoulder band! are assigned to asym-
metric bending vibrations(n4 mode! of PO4

32 . The band pair
at 579 and 590 cm21 shows an intensity profile change similar
to that observed for then2 mode with the 590 cm21 band of
greater intensity in the caries spectrum but weaker intensity i
the sound enamel spectrum. The two bands at 608 and 61
cm21 do not demonstrate obvious changes between sound an
carious enamel spectra. The asymmetric stretching vibratio
(n3 mode! of PO4

32 constitutes a more complicated region of
the spectra@Fig. 6~B!#. Raman bands were observed at 1023,
1043, 1052, and 1069 cm21. The intensity of the 1043 cm21

band increases noticeably in the caries spectrum whereas t
other three bands do not show prominent intensity variations
The numerous tooth samples examined showed various d
grees of spectral change between sound and carious site
however, the bands at 431, 590, and 1043 cm21 showed con-
031118Journal of Biomedical Optics
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sistent characteristic differences. These changes are h
lighted in Fig. 7~B! where the intensity ratios of various band
relative to the 959 cm21 band are plotted against samplin
locations indicated in the photomicrograph of Fig. 7~A!. This
figure depicts an enamel surface containing a carious les
The carious lesion appears as a white area on the image
the marked dots representing various sampling locations.
intensity ratio plot shows enhanced 431, 590, and 1043 cm21

bands relative to the 959 cm21 band at the carious lesion
whereas the other bands do not show significant inten
changes. The same finding is observed in the Raman inten
ratio image map based upon the 1043 cm21/959 cm21 peaks
obtained from a 10310 point mapping study@Fig. 7~C!#. Both
the size and the location of the carious lesion on the Ram
map match very well with the photomicrograph. This res
further confirms the validity of the Raman bands selected
caries detection. Overall, the findings of Fig. 7 describe
method of contrasting sound and carious enamel based u
Raman signal intensity ratios of variousPO4

32 vibrations. Hill
and Petrou39 have previously reported that carious lesions c
be distinguished from sound enamel based on their Ram
spectra. However their method was not fully based on
enamel’s intrinsic Raman signal but rather on the level of
luminescence background upon illumination with 785 nm
ser excitation. For the most part, our studies using laser e
tation further to the near-infrared region~830 nm! did not
show any significant background luminescence. A similar
duction of background fluorescence was also apparen
spectra acquired by Hill and Petrou in an earlier study us
1064 nm laser excitation.38 Therein, the study focused on th
960 cm21 peak as well as the 930 and 1900 cm21 peak inten-
sities for evaluation of the luminescence background.

In order to determine a rationale for the characteristic
tensity changes observed at 431, 590, and 1043 cm21 between
sound and carious enamel, we compared our spectra m
closely with those reported in the literature. It was noted t
-8 May/June 2005 d Vol. 10(3)
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Table 1 Raman peak positions and tentative band assignments of human tooth enamel and synthetic hydroxyapatite (OHAp) compared with
previous studies in the literature.

OHAp* OHAp† OHAp‡ Enamel* Enamel§ Enamel† Enamel‡ Enameli

n2 PO4
32 430 432 433 431 431 430 433 430

447 449 448 446 446 446 450 448

n4 PO4
32 581 581 580 579 582 577 579 581

591 593 591 590 589 590 588 590

608 609 607 608 608 606 608 609

617 614 614 615

n1 PO4
3 962 962 964 959 961 959 959 960

n3 PO4
32 1029 1028 1029 1023 1023 1024 1026 1032

1043 1041 1041

1046 1048 1048 1043 1042 1043 1043 1045

1055 1057 1052 1050

1064

1076 1077 1077 1069 1070 1070 1071 1071

type-A n1CO3
22 1104 1104 1103

type-B n1CO3
22 1069 1070 1071 1071

* Raman microspectroscopy, current study.
† Reference 36.
‡ Reference 44.
§ Fiber-optic Raman spectroscopy, current study.
i Reference 22.
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our Raman spectra of sound enamel from whole unsectione
teeth did not have the same relative peak intensities as re
ported in the literature of sound enamel from cross-sectione
tooth samples. The difference between these studies lies in th
sampling configuration in which Raman spectra were ac
quired. Representative Raman microspectroscopic data o
sound tooth enamel measured using two different samplin
geometries are shown in Fig. 8. The upper spectrum was a
quired on a longitudinally sectioned tooth sample and known
as a transverse excitation/detection~exc./det.! mode whereas
the lower spectrum was acquired on an unsectioned whol
tooth termed the normal exc./det. mode. The transverse an
the normal sampling arrangements are demonstrated in Fig.
and in the inset in Fig. 8. These two spectra show difference
in several band intensities, which are highlighted with aster
isks. The transverse spectrum differs from the normal spec
trum with relatively higher Raman signal intensities at 431,
590, and 1043 cm21. These same intensity differences were
also observed between sound enamel spectra and cario
enamel spectra when measured using a normal exc./det. co
figuration. The spectrum of carious enamel measured in th
normal exc./det. configuration is an intermediate between th
spectra of sound enamel measured with the two sampling ge
ometries, transverse versus normal. Considering that the bio
chemical composition does not change when the samplin
031118Journal of Biomedical Optics
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arrangement has changed and given that the Raman sign
sensitive to both the~bio!chemical composition and structur
of the sample, it is believed that the spectral differences
tween the two measurement configurations and betw
sound and carious enamel arise from structural characteri
of the enamel rods.36,37 Tooth histology indicates that hy
droxyapatite crystals are bundled into long rods with;4–7
mm diameter.49,52A small portion of the enamel rods are ran
domly oriented but the majority are highly oriented within th
enamel layer with theirc axis ~the longer axis! approximately
perpendicular to the natural tooth surface.36,49This orientation
is observed on the entire crown surface, i.e., at the top~oc-
clusal or incisal surface! and at the sides~proximal surfaces!
of the tooth crown.49 Previous polarized Raman studies ha
indicated that changes in the spectral profile of enamel c
tals reflect changes in thec-axis orientation.36,37Therefore, we
propose that the spectral differences observed between s
and carious enamel are due to the hydroxyapatite crysta
orientation in the enamel. The demineralization process
caries formation results in changes of the enamel crysta
morphology or a loss of preferred enamel crystallite orien
tion which is reflected in the Raman spectrum. Polariz
Raman spectroscopy has been shown to be useful in deter
ing the enamel crystallite orientation and the structu
symmetry.36,37 Preliminary polarized Raman studies on sou
-9 May/June 2005 d Vol. 10(3)
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Fig. 6 Representative microspectroscopic Raman spectra in the region of (A) 350–700 cm−1 and (B) 800–1200 cm−1 of sound enamel (a and c) and
carious enamel (b and d). Spectra were acquired with 310 objective and offset for clarity. The asterisks indicate peak positions.
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and carious enamel were performed to explore the hypothes
that demineralization results in alterations in enamel crysta
orientation. Figure 9 shows representative polarized Rama
spectra of sound enamel~traces a & b! and carious enamel
~traces c & d! acquired with the linear polarizer at one polar-
ization orientation~traces a & c! compared to the orthogonal
polarization orientation~traces b & d!. It is observed that the
intensity of the phosphaten2 ~431 cm21!, n4 ~590 cm21!, and
n3 ~1043 cm21! peaks of sound enamel alters with the change
in the polarization direction of the laser excitation. These
peaks are therefore sensitive to the change in laser polariz
tion suggesting that sound enamel is optically anisotropic. In
contrast, these same peaks in Raman spectra of carious lesio
do not change significantly when the laser polarization direc
tion is rotated. Therefore the peaks are much less sensitive
the changes in laser polarization and this indicates that cariou
enamel is optically isotropic due to scrambling of the hy-
031118Journal of Biomedical Optics
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droxyapatite crystallite orientation upon demineralizatio
These observations support the suggestion that crysta
structural orientation changes are responsible for the spe
changes observed between sound and carious enamel.

3.3 Fiber-Optic Raman Spectroscopy of Sound and
Carious Enamel
So far, we have demonstrated that carious enamel can be
tinguished from sound enamel at the microspectroscopic le
using the intensity changes of the hydroxyapatite Ram
bands. We proceeded to investigate the suitability of a fib
optic Raman probe for caries detection. Representative fi
optic Raman spectra~not corrected for background fluores
cence! of carious and sound tooth are illustrated in Fig.
with band assignments listed in Table 1. The major ba
identified in spectra acquired with the fiber-optic probe cor
-10 May/June 2005 d Vol. 10(3)
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Fig. 7 (A) Photomicrograph of a human enamel tooth surface containing a carious lesion (white area). The shaded dots represent the sampling
locations of the spectra acquired across the surface and used to generate (B) the peak intensity ratio plot of various phosphate peaks relative to the
959 cm−1 peak. (C) Raman 2-D image map of the same lesion area illustrated in (A). The smoothed Raman spectral imaging map was generated
using the intensity ratios of the 1043 cm−1/959 cm−1 peaks and plotted as a function of the 10310 point mapping array. (See Sec. 2 for details.)
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spond well to those observed from microspectroscopy. Th
overall spectral pattern of the fiber probe spectra resemble
that of the microspectroscopic spectra. However, a slightly
higher level of background luminescence is observed with th
spectra possessing lower spectral resolution~;7 cm21! as
shown by the unresolved peak at 1053 cm21. Comparing
sound enamel and carious enamel spectra, similar increases
Raman peak intensities at 433, 590, and 1043 cm21 are de-
tected using a fiber-optic probe as with Raman microspectros
copy. The degree of changes is however less than that d
tected with the microscope objective and is likely the result of
a larger sampling depth obtained by the fiber probe. The
larger sampling depth obtained with the fiber probe indicate
that the region beyond the caries lesion and into the health
enamel layer was possibly measured in the Raman spectra. A
031118Journal of Biomedical Optics
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such, any spectral contribution from the carious lesion
gradually diminished in the overall spectrum in turn resulti
in slightly decreased degree of spectral discrimination
tween sound and carious enamel.

The greater sampling depth of the fiber-optic probe is a
supported by the observation of a more intense band at 1
cm21 for fiber probe spectra compared to spectra acquired
microscopy. As mentioned earlier, this peak arises fromPO4

32

and type-BCO3
22 of hydroxyapatite. Carbonate content

known to increase within the tooth progressing from t
enamel surface to the DEJ where it reaches
maximum.29,49,53In Fig. 11, we present Raman microspectro
copy spectra measured of sound whole tooth enamel wi
series of increasing magnification microscope objective~35,
-11 May/June 2005 d Vol. 10(3)
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Fig. 8 Representative microspectroscopic Raman spectra of human tooth enamel using (a) transverse exc./det. configuration and (b) normal
exc./det. sampling mode configuration. Measurements were acquired with a 310 objective. Peaks highlighted with asterisks show major intensity
differences between the two sampling modes. Inset: schematic illustrations of transverse (sectioned tooth) and normal (whole tooth) exc./det.
sampling arrangements. Laser beam is 90° to the sample’s surface in both cases.
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310,350,3100! with increasing numerical apertures and
therefore decreasing sampling volumes. Focusing on the 750
1200 cm21 region, we observe that theCO3

22 intensity at
1069 cm21 is indeed decreasing continuously from the35
spectrum to the3100 spectrum. The results with a low mag-
nification objective and the fiber-optic data are in agreemen
with the known rise in carbonate content deeper into the toot
crown.

The larger sampling depth of the Raman fiber probe re
sulted in a slight decrease in the spectral differences betwee
sound and carious enamel. For this reason then, it is desirab
to use a fiber probe with pseudoconfocal arrangement wher
031118Journal of Biomedical Optics
–

n
e

the measurement volume more closely approximates tha
the 310 microscope objective. With such sampling dept
healthy and early decaying enamel can readily be dis
guished. Although useful for characterizing and confirmi
demineralization, using such a Raman probe alone would
be practical for screening in order to locate possible cari
sites. The small sampling of Raman point spectroscopy wo
result in a greater chance of missing the lesion. For this r
son, it is beneficial to couple OCT imaging with Raman sp
troscopy. For the purposes of detecting suspicious car
sites, OCT would be useful for rapidly screening larger ar
than that interrogated with the Raman probe. The region c
Fig. 9 Representative polarized Raman spectra of sound enamel (a and b) and carious enamel (c and d) acquired with the linear polarizer in one
polarization direction (a and c) and the orthogonal polarization orientation (b and d). The asterisks highlight peak positions.
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Fig. 10 Representative fiber-optic Raman spectra (not corrected for luminescence background) of (a) carious enamel and (b) sound enamel
acquired with an InPhotonics Raman probe for 830 nm laser excitation. Spectra were normalized to the 959 cm−1 peak and were offset for clarity.
s

-

-
l

d
-

nd
ab-
bi-

ing
vity

-
int

face
evi-
ered by the current OCT system is approximately 1 mm
across. Although a small range, this is sufficient to probe the
approximately 2 mm32 mm area found below~gingival to!
the contact points of adjacent teeth where such interproxima
caries develop. OCT can therefore be used to sweep acro
this region to rapidly identify possible early carious sites as
well as to determine the lesion depth. Based upon OCT mor
phological guidance, Raman spectroscopy can then be used
examine the suspected lesion to provide biochemical informa
tion. For example, a Raman probe can be used to samp
various points along the OCT imaging line. Then based upon
the ratios of the various Raman peaks, it can be determine
rapidly whether the region exhibits spectral properties indica
031118Journal of Biomedical Optics
l
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to

e

tive of ~early! carious enamel and distinguished from sou
enamel. The Raman data therefore confirms the scattering
erration detected by OCT to be a carious lesion. The com
nation of both techniques overcomes the limitation of us
each technique alone leading to results of better sensiti
and specificity.

In order to examine the reproducibility of fiber-optic Ra
man spectroscopy for caries characterization, multiple-po
measurements were acquired along a line on a tooth sur
containing two carious lesions. The same lesion was pr
ously examined by OCT and shown in Fig. 4~B!. Figure
12~A! highlights the points sampled~shaded dots shown on
the image in a linear fashion! and Fig. 12~B! shows the re-
Fig. 11 Representative Raman microspectroscopic spectra in the 750–1200 cm−1 region of sound enamel measured with (a) 35, (b) 310, (c) 350
and (d) 3100 microscope objectives.
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Fig. 12 (A) Photomicrograph of a tooth surface containing two carious lesions (white areas). Shaded dots represent actual Raman sampling
locations with a fiber-optic Raman probe. (B) Intensity ratio plot of various Raman peaks (431, 589, 1042, and 1070 cm−1) relative to the 961 cm−1

peak corresponding to the sampling locations shown in (A).
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spective intensity ratio of various peaks relative to the
n1 PO4

32 peak at each sampling location. The increased inten
sity ratio correlates well with the locations of the carious le-
sions, as previously observed with the microspectroscopi
study @see Fig. 7~B!#. These findings also correspond well
with the OCT imaging where regions of carious lesions dem
onstrated increased light backscattering intensity. Therefore
the spectroscopic contrast between the carious and soun
enamel present in the microscopic spectra is largely preserve
in the fiber-optic measurements. This observation supports th
possibility of transferring this technology from a lab bench
study to a clinical application.

4 Conclusion
Our studies have demonstrated that optical coherence tomo
raphic imaging of incipient dental caries results in increased
light backscattering intensity in a triangular-shaped region be
low the enamel surface suggestive of demineralization durin
caries development. The OCT images also provide an est
mate of the carious lesion depth. Further, we have shown tha
near-IR Raman microspectroscopy and fiber-optic Rama
031118Journal of Biomedical Optics
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spectroscopy are useful for characterizing early dental ca
Sound enamel can be distinguished from carious ena
based on changes of various Raman band intensities ar
from PO4

32 of hydroxyapatite within mineralized tissue. Th
local ultrastructural and morphological changes induced
the de-/remineralization activities during caries developm
give rise to the spectral changes observed. In particular,
loss of the original symmetry and/or orientation of the enam
apatite crystallites within the demineralized zone as a resu
mineral dissolution may be responsible for the observ
changes. Preliminary polarized Raman spectroscopic stu
have provided evidence to support this hypothesis.

Good correlation has been demonstrated between the O
images with Raman spectral and imaging data for caries
tection and characterization. At lesion sites where OCT
veals deeper light penetration and stronger scattering ind
tive of a highly porous structure, Raman spectrosco
changes characteristic of enamel structural alterations w
also observed to confirm demineralization. We have sho
that by combining the strengths of both OCT and Ram
spectroscopic techniques, a new optical method for e
-14 May/June 2005 d Vol. 10(3)
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enamel caries detection can be developed. Further, the use
specialized fiber-optic probes will provide improved access to
the interproximal region compared to conventional diagnostic
tools. The advantage of using OCT forin vivo caries detection
is facilitated with a probe device. The white spot lesions de-
scribed for the current studies were observed uponex vivo
visual inspection by two clinicians. Prior to extraction, the
white spot lesions are at the interproximal regions. Since thes
lesions are not visible because they are blocked by the adja
cent tooth, the lesion is often not diagnosed by the dentist. A
probe that accesses the proximal surfaces would allow OC
screening for incipient caries. Merely having a visible imag-
ing fibre to obtain a direct visual image of the interproximal
region is not necessarily sufficient to detect white spot lesions
This is because the early white spot lesion is usually observe
with the assistance of air-drying the tooth surface. Such le
sions are more difficult to observe when wet. For the curren
application, OCT provides the same overall information abou
the presence or absence of a carious lesion regardless of a w
or air-dried surface. OCT would therefore help locate early
dental caries and provide depth information, a paramete
which is not available from visual inspection of intact teeth
but which is important for clinical treatment decisions. Using
Raman spectroscopy with OCT would furnish biochemical
specificity of the presence of demineralization and confirm the
results suggested by OCT. Further, with Raman spectroscop
semiquantitative measures of the extent of demineralizatio
can be obtained. From a clinical viewpoint, this information
would be useful to the dentist in helping determine treatmen
strategies such as deciding to surgically restore the lesion~if
at the advanced stage! or to promote remineralization and
monitor the carious site over time. The nonionizing nature of
these multimodal optical methods will also allow for frequent
patient monitoring and thus improving the quality of dental
health care.
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