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1 Introduction

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 um 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 PO, vibrations arising from hydroxyapa-
tite of mineralized tooth tissue. Examination of various ratios of PO~
v,, v3, v, vibrations against the v 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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the dental explorer and dental radiographs. Such methods may

Dental carieg(i.e., dental cavities or dental degag a com- not be reliable for detecting interproximal lesiottkose be-

mon oral disease that many people have experienced at som&veen adjacent teettbecause these carious lesions are not
point in their life. With the introduction of fluoride in drinking ~ Clinically visible. In addition, these clinical methods do not
water and toothpastes, there has been a decline in the preva@dequately detect changes in caries development and do not
lence of dental caries in Western countriésowever, arecent ~ Possess the sensitivity, specificity nor ability to account for
report states that caries still remains a large problem in spe-the dynamic process of demineralization-remineralizatfon.
cific popu|ati0n group$e_g_, minority Ch”dren, the economi- Therefore, more refined diagnOStiC tools are required to iden-
cally underprivileged, older people, the chronically ill, and tify early noncavitated carious lesions and to monitor their
institutionalized persong Further, the patterns of caries de- activity as well as severity. Early caries detection can poten-
velopment are changing, to those with smaller lesion sizes andtially increase the implementation of conservative treatment
slower progression rates, making caries more difficult to de- methods centered on tooth preservation rather than restora-
tect with existing conventional techniqueghis is further tion. Conservative methods include nonsurgical interventions
complicated when caries develop at locations which are not such as fluoride to promote remineralization, antimicrobials to
clinically visible (e.g., between adjacent tegtiCurrent diag- arrest caries activity, and sealants to prevent dental caries.
nostic methods involve subjective clinical criteri@olor, New diagnostic techniques will enable the clinician to moni-
“softness,” resistance to removadnd the use of tools such as  tor patients for further lesion demineralization or remineral-
ization, to evaluate the effectiveness of treatment strategies, as
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gested preventive measures. Several methods addressing thgonal images with which dental clinicians are familiar. Ra-
need for better early dental caries diagnostic tools with im- man spectroscopy furnishes biochemical specificity because it
proved sensitivity and specificity have been investigated and is based on spectral peaks specific to thim)chemical and
recently reviewed: ® Among the methods are direct digital structural properties of tooth mineralization and not to stain-
radiography (DDR), digital imaging fiber-optic trans- ing or organic matter. Combining the two technologies takes
illumination (DIFOTI), electroconductivity measurements advantage of their synergies for detecting lesions and for pro-
(ECM), quantitative light-induced fluorescence, and laser viding objective biochemical information. In so doing, the
fluorescencé.DDR has the capability to optimize diagnostic limitations of using a single method alone can be minimized
imaging operation by eliminating the need for film processing and potentially overcome, thereby yielding an approach with
as well as to reduce the potential patient radiation dose. Al- greater sensitivity for early dental caries detection.
though the technique uses a lower radiation dose, the applica- To better understand how OCT and Raman spectroscopy
tion of the method is still limited by the ionizing radiation are well suited for caries detection, it is useful to examine the
required to obtain an image. Like conventional radiographs, nature of dental caries development. In particular, the focus
the technique provides little value in the detection of initial will be on dental caries of the enamel which is the highly
enamel lesion3.DIFOTI, marketed by Electro-Optical Sci- mineralized tissue covering the tooth crown. Dental caries
ences (Irvington, NY, USA), involves a transillumination  arises from the destruction of tooth structure by acid-forming
technique through the use of a fiber-optic device to shine light bacteria found in dental plaque. The early dental carious le-
on the tooth. The image captured represents the scattered angion (incipient cariegis noncavitated and limited to the outer
absorbed light as it traversed the tooth. Although the tech- enamel surface. This caries type presents as a visible “white
nique can detect incipient caries, the method is subjective, spot” when the tooth is air dried. Histological studies have
relying on the expertise of the examiner with a high level of shown that white spot lesions consist of four regions or
intra- and interexaminer variabilii/ Another technique, layers™-*2The first regionthe enamel surface of the incipient
ECM is based upon the observation that sound surfaces havdesion is intact and well mineralized. The second region
limited or no conductivity whereas surfaces with caries will which lies immediately beneath the highly mineralized sur-
have measurable conductivity that will increase with increas- face layer is very porou@5-50% porosity by volumeand is
ing demineralization. The drawback of the technique is its the largest of the four regions. The third regitihe dark
lack of specificity, which limits its usefulness in deciding zone does not transmit polarized liglalso known as posi-
whether or not to treat a lesion operatively. The low specific- tive birefringeni because it consists of many tiny pores as
ity increases the chance of false-positive results which trans-well as interprismatic areas and cross striations. The fourth or
late into possibly unnecessary invasive treatment. deepest region is the translucent zone. It is the advancing
Perhaps the most advanced of the technologies available isfront of the enamel lesion and appears structureless when ex-
that based on fluorescence spectroscopy. With quantitativeamined with polarized light. Compared with the subsurface,
light-induced fluorescence, light at 488 nm is shone on a tooth the surface zoné~30 um thick) contains more fluoride, less
and induces a natural fluorescence. Areas of demineralizationwater, less carbonate, is more highly mineralized and the
appear as dark spots with mineral loss correlating with a rela- enamel crystals are often larger and oriented differently from
tive loss of fluorescence radiance. With this method, the pres- those below" Such properties render the enamel surface more
ence of bacterial plaque or saliva interferes with the useful- resistant to acid attack. This surface layer is also partly
ness of the techniqueA related approach, laser fluorescence, formed by remineralization in which dissolved iofealcium
uses light at 633 nm and the reflected fluorescence is mea-and phosphajeoriginating from the subsurface region and
sured. The light interacts with the bacterially produced por- saliva are deposited into the surface layer. The original crys-
phyrins that leach into the decayed regions. Therefore fluores-talline framework of the enamel rods serves as a nucleating
cence is suggestive of decay present. This is the basis for theagent for remineralization. Depending on the extent of dem-
commercially available DIAGNOdent device by KaVbake ineralization, enamel caries can extend from a deptk D00
Zurich, IL, USA). Recent clinical studies indicate that this to 250um (for incipient cariegto entirely through the enamel
latter technique can lead to false-positive results due to the at which point the cavitated lesida-1.5 mm deephas just
presence of stains, deposits, calculus and organic material inextended into the underlying dentihThe enamel itself is an
the region of interestand is not suitable for detecting initial ~ acellular tissue composed of 80-90% by volume of crystals
carious changes in enantéTherefore, despite the potential of carbonated calcium hydroxyapatifeCa;o(PO,)s(OH),
of these various technologies, the methods are prone to subwherePO;~ or OH™ can be substituted b@@‘], with the
jectivity issues with high intra- and interexaminer variability, remaining 10—20% being fluid and orgartioainly proteina-
false-positive results due to stains or organic deposits, and theceous material'! The carbonated apatite crystals are arranged
unsuitability for detecting initial enamel caries at interproxi- into bundles to form rods or prisms with intercrystalline
mal sites. As a result of these shortcomings, more refined spaces between rods that allow diffusion of ions during the
tools with improved sensitivity and specificity are needed for caries process. The structural and biochemical changes asso-
early detection of interproximal dental caries. ciated with enamel caries development suggest that OCT im-
We propose that the combination of an optical and a spec- aging and Raman spectroscopic techniques offer potential for
troscopic technique, namely, optical coherence tomography differentiating between soundi.e., healthy and carious
and Raman spectroscopy, has the potential to be developed asnamel.
a fiber-optic tool for early detection of dental caries. Optical OCT is a noninvasive technique that provides high-
coherence tomograph¥DCT) can provide morphological in-  resolution depth imaging of near surface tissue structures.
formation for dental caries detection similar to the conven- Similar to ultrasound in operation but offering an order of
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magnitude of greater spatial resolution, OCT provides mor- fiber-based tool for clinical applications with improved sensi-
phological images with 2Qum resolution to depths of-2 tivity and specificity.

mm* Current dental radiographs have a resolution ofu50

and superimpose the entire three-dimensional tooth structure .

onto a two-dimensional film. Dental applications of OCT have 2 Materials and Methods

demonstrated its potential fam vivo imaging of intraoral tis- 2.1 Tooth Samples and Chemicals

sue such as delineating structural components of gingival tis- 4, man premolargn=15) were collected from orthodontic

sue(e.g.,.sulcus, epithelium, connective t!ssue Iyes We”, patients at the Dental Clinic of the Faculty of Dentistry, Uni-
as hard t_|ssu<_a st{f_(:lt;lres.g., enamel, dentlr_1 an_d the def‘?'”— versity of Manitoba. Approvals from the human ethics com-
enamel junction “~*" More recently, polarization sensitive  iees of the Institute for Biodiagnosti¢Bational Research
OCT (PS-OCT with near-infrared excitation has been used to  ~q,cil Canadpg University of Manitoba and Dalhousie Uni-
image dental carious lesions and has demonstrated the pOten\'/ersity were obtained prior to sample collection. All teeth
tial of the technique for monitoring the progression of [esions \yere examined in patients before extraction and no discolora-
over time:>*""*OCT is therefore well suited for detecting o of the marginal ridge was observed. Remaining soft tis-
morphological changes in teeth arising from caries formation. '

o ' sue on extracted teeth was removed by scaling and the
Our approach of combining Raman spectroscopy with OCT 5 mhjes were thoroughly rinsed with water. Teeth were pre-
will add biochemical specificity providing important informa-

: - X served in sterile filtered de-ionized water until measurement.
tion for resolving the structural features observed with OCT £5ch tooth sample was radiographed and independently re-
imaging thereby reducing false-positive observations. assessedx vivoby two clinical investigators at the University

_ Raman spectroscopy is a vibrational spectroscopic tech- ot \anitoba and Dalhousie University, respectively. Control
nique that provides details on the biochemical composition, .ajes free teeth had no visible decalcification or demineral-
molecular structure, and molecular interaction in cells and j;4ti0n, Incipient carious teeth included regions of decalcifi-
tissues:” Highly specific biochemical information about pro-  c4tion with intact surfaces and opacity of enamel. Among the
te!ns, l'p'd_s’ ca_rbohydrates, nu_qlelc am(d)i and n this case, 15 extracted teeth, 10 were identified to be carious teeth with
mineral orientation and compositi¢e.g.,PO, CCi7),can gt least 15 caries sites in total. The teeth were used for spec-
be obtained* Raman spectroscopy is well suited to exam- troscopic measurements without any treatment. Synthetic hy-
ine mineralized tissues and has been used previously by vari-groxyapatite in powder form was obtained from Sigma-
ous research groups to study bone and teeth; for example toa|grich Inc. (St. Louis, MO, USA and used for confirmation

understand the mechanical properties of bone, mineralization ot Raman spectral peak assignments of hydroxyapatite within
of hydroxyapatite, and the effects of postextraction treatment 45t enamel.

of teeth?'~?® Earlier studies characterizing dentin and enamel
structures and their interfaces with resin and bonding agents, ]
have shown that Raman spectra of tooth enamel and dentin?+2 Optical Coherence Tomography
exhibit peaks characteristic of the inorgafiie., hydroxyapa- Optical coherence tomography image slices were acquired on
tite) and organide.g., collagen in dentjrcomponents of teeth  an OCT-2000 system with software Revision(Humphrey
as well as quantitative chemical information of the adhesive Systems, Dublin, CA, USAand equipped with a superlumi-
interface?~*° Polarized Raman spectroscopy used to study nescent diode source. The source has a central wavelength of
the fundamental structural characteristics of tooth enamel 850 nm and the laser spot size is 10—2M. The optical
crystallites have observed differences due to crystal power at the sample was 720V for all image sets. Both the
orientation®®*®” The application of near-infrared785 nm axial and transverse resolutions were 10+28. The OCT-
fiber-optic Raman spectroscopy to characterize advanced den2000 system has an x—y galvanometer pair for beam steering
tal caries has shown spectral differences between sound andand an integrated camera for sample viewing during data col-
carious regions of teeth based upon Raman peaks superimiection. For image acquisition, the galvanometer pair was lim-
posed on a broad luminescence background of unknownited to straight-line collection only. The shortest lateral scan
origin 383 The background fluorescence is problematic for length(~2.0 mm of the system was used to provide images
Raman spectroscopy, often masking peaks of interest and isof high pixel density. The scan rate was 100 A scans/s.
not a solid basis for differentiating healthy from carious teeth. For theseex vivostudies, tooth samples were imaged in an
Fluorescence changes might arise from stains and food par-upright position by affixing the apical root portion of the tooth
ticles trapped within the carious regions. In our studies, the to the microscope slide using dental rope wax. The samples
strengths of the biochemical specificity of Raman spectros- were imaged using a free-space coupled arrangement. The
copy will be used by examining spectral peaks characteristic laser line was focused to the thinnest line on the sample image
of hydroxyapatite within mineralized dental tissue. and during acquisition, the polarization was matched to the
We describe our various studies using OCT and Raman sample in order to optimize the OCT signal strength. OCT
spectroscopy to detect and characterize early enamel cariouslata were exported int®ATLAB (The Mathworks Inc., Nat-
lesions in extracted human teeth. Comparisons will be madeick, MA, USA) and interpolated using a bilinear filter method
with results obtained from sound tooth enamel. The Raman within MATLAB to generate false-color images. The scan
studies are conducted with microspectroscopy, polarized Ra-length was corrected for nonophthalmologic uses of the sys-
man spectroscopy, and fiber-optic sampling to illustrate the tem by imaging a linear scale. The depth distance was cor-
similarity of the information obtained with botfmicroscopy rected by dividing the depth obtained from the systers-
and fiber-opti¢ measurement modes and the potential of de- suming imaging in ajrby a value of 1.6, the refractive index
veloping the Raman technique combined with OCT, into a of tooth enamef?
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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.

2.3 Raman Microspectroscopy and Fiber-Optic sembled in-house. A camera coupled with &m0 objective
Raman Spectroscopy lens was used for monitoring the positioning and for capturing
Raman spectra were acquired on a LabRamHR confocal Ra-Photomicrographs of the sampled locations.

man microspectrometefHoriba Jobin Yvon, Edison, NJ, For our studies, the orientation of the enamel crystals

USA) operating with near-infrared laser excitation at 830 nm Within tooth samples were defined with respect to the laser
(Lynx series TEC 100 diode laser, Sacher Lasertechnik beam as ha§ been described by ngda and Aréridaman .
GmbH, Marburg, Germany (Fig. 1). In brief, the Raman spectra obtained from the cross-sectioned surface of longitu-
microspectrometer consists of an Olympus BX41 microscope dinally sectionedi.e., crown to root directiontooth samples
equipped with a motorized XYZ stage, a spectrograph with Were defined as acquired in a transverse excitation/detection
300 lines/mm grating and an air-cooled CCD detector opti- Mode[Fig. 2A)]. Raman spectra recorded from unsectioned
mized for the NIR region. Spectra were also acquired using a Whole tooth were defined as acquired in a normal excitation/
fiber-optic Raman probé830 nm excitation, InPhotonics, —detection mod¢Fig. 2B)]. Spectra were measured using 30 s
MA, USA) that was interfaced to the LabRamHR spectrom- acquisition time with 15 accumulations for th¢5 objective
eter. Laser powers at the sample were 24, 39, 54, 48, and 520f 15 s acquisition time with 15 accumulations for the other
mW under X100 (Olympus LMPlan IR, x50 (Olympus objectives and the fiber-optic probe in order to generate spec-

MPlar), x10 (Nikon), and X5 (Leica HC PL Fluotar micro- tra of good signal to noise ratios. For point mapping experi-
scope objectives and fiber-optic probe, respectively. For mi- ments using the<10 objective, the laser spot size was about
crospectroscopy, the confocal hole size was set af806@nd 37x25 um’. Spectra were acquired at 14n steps along the
the slit size at 10gum. The spectral resolution was 4 chfor xaxis and 113um steps along thg axis resulting in a 1810

the spectra acquired with the microscope objectives and 7array map covering an area of 1260017 un.

cm ! for the fiber-optic probe. These values were determined ~ Polarized Raman microspectroscopic measurements  of
using an 841 nm neon line. A polarization scrambler is placed tooth samples were acquired by placing a NT80-1250 nm

in the Raman collection path in order to eliminate potential range linear polarizefMelles Griot, Irvine, CA, USA in the
artifacts from polarization-sensitive compone(egy., diffrac- laser excitation path after the radiation exits the laser head
tion grating (Fig. 1). LABSPEC (version 4.12, Horiba Jobin  (Fig. 1) to obtain linearly polarized light from the originally
Yvon, Edison, NJ, USA software accompanying the La- scrambled laser polarizatiofiynx series TEC 100, Sacher
bRamHR system was used for spectrometer control and datalasertechnik GmbH, Marburg, GermanyOne set of mea-
acquisition. For Raman microspectroscopy, the tooth surfacesurements was acquired with the linear polarizer in one ori-
not being studied was placed lying on a microscope slide and entation and a subsequent set of measurements was acquired
then secured with dental wax. Wax was applied only at the with the linear polarizer rotated 90° such that the second po-
apical root to avoid wax contamination at the surfaces of in- larization direction is orthogonal to the first polarization di-
terest. Tooth surfaces to be examined were positioned ap-rection. All other measurement condition®.g., optics,
proximately normal to the laser beaifig. 1). For fiber-optic sample orientation, efcwere left unchanged between the two
sampling, tooth samples were positioned upright on a micro- measurement sets. Similar to the other nonpolarized measure-
scope slide and the fiber-optic probe was placed at a positionments, a polarization scrambler is placed in the Raman col-
5 mm away(optimal laser focusfrom the tooth surface. The lection path in order to eliminate potential artifacts from
sampling position was optimized by a XYZ translator as- polarization-sensitive components.
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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.

2.4 Raman Spectroscopic Data Analysis 4(A)], an intense light backscattering is observed at the tooth

Background Raman spectrum, acquired with no sample in surface. This rep_rese_nts the scattgring of th_e_ light due t_o the
place and with all other experimental conditions unchanged, change of refractive index as the light transitions from air to
was subtracted from sample spectra to correct for backgroundthe tooth enamel surface. For the sound surface, beyond the
signal arising from optical elements in the laser path. The initial first few microns, the light backscattering rapidly de-
spectrum of a luminescent green glass reference, calibratedc@ys with no further changes in intensity deeper into the
previously with a NIST traceable reference tungsten halogen €namel. This image suggests that the surface is intact with no
lamp (The Eppley Laboratory, Inc., Newport, RI, USAf structural defects, increased porosity or loss of mineral struc-
known temperature, was used to correct the sample spectra foture. There is no evidence of a further scattering boundary
the instrument response functiéit**The majority of the Ra-  deeper into the tooth that would suggest the presence of the
man spectrésound enamel and carious enajaquired con- dentin—enamel junctiofDEJ). This feature, however, has
tained a minor sloping baseline as the backgrdifigd. 3(A)]. been observed by other groups performing OCT imaging of
Afew spectra of carious enamel contained a large backgroundtooth!**° The absence of an observable scattering boundary
fluorescencéFig. 3(B)]. For semiquantitative spectral analy- representing the DEJ on our images is possibly due to the
ses and mapping experiments, the spectra were first baselindarge enamel thickness observed at the region sampled and the
corrected using a sixth order polynomial fit through the spec- attenuation of the scattered signal as it penetrates the enamel;
tra at 375, 512, 700, 840, 1200, and 1400’&nFigure 3 enamel is known to weakly scatter near-infrared li@80 nm
illustrates representative spectra before and after the back-in our studies*® Other OCT images acquired of the enamel
grounds were removed by subtracting the fit of the sixth order closer to the cemento—enamel juncti@re., borderline be-
polynomial. The corrected spectra were then normalized to tween the crown and root complekave demonstrated the
the 959 cm® peak. Peak ratios were determined by taking the DEJ (figure not shown for brevity Therefore, it is likely the
intensities of the various Raman bands of interest. In a similar enamel thickness that limits the observation of the DEJ in our
approach, an intensity ratio map was generated from the map-OCT images. In contrast to the image of the sound enamel
ping data. The resulting Raman map presented was smoothedurface, the imaggFig. 4B)], taken of the carious sites por-
using the bilinear interpolation method for two-dimensional trays diffuse scattering in two triangular-shaped zones imme-
data inMATLAB . diately below the surface areas. Once again there is intense
light backscattering at the tooth surface indicating that the
incipient lesions have intact surfaces. The diffuse scattering
intensity in the region below the surface is due to the occur-
3.1 Optical Coherence Tomography of Dental Caries rence of multiple scattering and indicative of an area of higher
Figure 4 shows representative false-color OCT images ob- porosity within an otherwise dense enamel structure. This
tained from a sound tooth and a tooth surface containing two suggests that demineralization has occurred below the intact
clinically confirmed incipient lesions also known as white surface as occurs with early dental caries formation. Similar
spots. The images present the lateral scan position versus thémaging results were reported by Fried et%lising PS-OCT
imaging depth with higher intensity correlating with greater on natural interproximal lesions. Based on the OCT image, it
light backscattering. In the image of the sound toffig. is estimated that the deepest area of the lesions is approxi-

3 Results and Discussions
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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.

mately 290um deep. The triangular-shaped region below the presence of caries using Raman spectroscopic characteriza-
surface and this depth estimation is consistent with histologi- tion. Figure 5 illustrates representative Raman spectra, ob-
cal studies in the literature that have shown a similar tained with anx10 objective, of sound enamel and carious
triangular-shaped lesion body with 100—250 depth typical ~ enamel, both from unsectioned whole teeth, and of synthetic
of “white spot” carious lesions!**OCT s able to provide  hydroxyapatite OHAp). The major band positions and tenta-
morphological information of near-surface tissue structures tiye assignments of enamel and OHAp spectra are summa-
and defects and is particularly sensitive to changes in refrac-jzeq in Table 1 and are compared with those previously re-
tive index as the light interacts with the sample. It is therefore oteq. Our Raman spectra show good agreement with the
a good first approach for examining tooth samples 10 SCreen|jsa ot re values in terms of the respective Raman shifts. An
for early dental caries and estimating the lesion depth. From @gyamination of the Raman spectra from sound and carious

clinical persp_ectlve,_le_smn depth [s_useful for d_et_ermlnlng th_e enamel revealed differences in the relative band intensities of
extent of caries activity and in aiding the decision to surgi- . .
various Raman peaks, however, no new bands, band shifts, or

cally restore or promote remineralization. In addition, the disappearance of bands were evident. The svmmetric stretch-
depth can be used to monitor remineralization and to evaluate, PP i y

the arrest of further caries progression. ing vibration (v, mode of phosphate(PO; ") at 959 cm'*
dominates both sound and carious enamel spectra. The peak

3.2 Raman Microspectroscopy of Sound and Carious position is characteristic of carbonated biological apatite
Enamel found in bone, dentin and enantéf*2°A similar peak in the
Following the identification of a possible carious lesion by spectrum of synthetic hydroxyapatite has a peak maximum at
OCT, false-positive results can be reduced by confirming the 962 cm'®. The higher Raman shift of this peak indicates a
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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.

higher crystallinity of the synthetic hydroxyapatite as com- droxyapatite crystallinity. Such changes were not observed.
pared to carbonated hydroxyapatite. In carbonated hydroxya-Our studies involve biological hydroxyapatite, however, the

patite, 0023’ has been known to substituRRO;  yielding crystallinity differences reported in the literature were from
type-B carbonated hydroxyapatite; in typeOO%’ substitu- studies involving synthetic hydroxyapatite crystals.
tion, the OH™ is replaced in the hydroxyapatite crystaf® An examination of the 1069 cm peak assigned to both

The incorporation ofCO%’ into the hydroxyapatite crystal P@f and type-BCO%’ of apatite also show no obvious
deforms the crystal structure causing a decrease in crystallin-changes between sound and carious enamel despite the loss of
ity. There was no obvious change in the full-width at half- carbonate with demineralization. Chemical analyses of differ-
maximum(FWHM) of the 959 cm* peak between sound and  ent histological zones of the enamel lesion showed a carbon-
carious enamel spectra. The FWHMH4.0.0+0.24 cmi t and ate level of 1-2%wt/wt) in the lesion body compared to an
corresponds to earlier studies that have examined the FWHMaverage of 2% (wt/wt) in the outside layers of sound

of enamel*® Studies involving infrared absorption and Raman enamef®®! It is not surprising that Raman spectroscopy is
studies have reported the broadening of this peak upon incor-unable to detect the difference at this low concentration level.
poration 0fCO§’ (type-B) into synthetic hydroxyapatitt.*® Spectral analyses is further complicated by the fact that the
Since an early event of demineralization is the dissolution of peak at 1069 cm' is a combination oﬂDO?f and type-B
CO5~ by acid attacK?® one might expect the spectra of cari- CO3~ vibrations.

ous lesions to have an increasedPO;  Raman shift and In spite of these findings, changes are visibly observed
decreased peak width compared to spectra of sound enamelwith the formation of white spot lesions. There should then be
Both of these features would be indicative of increased hy- some underlying biochemical or structural alterations giving
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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 X10 objective. Spectra are offset for clarity. The asterisks indicate peak positions. See discussion for further details.

rise to the clinically detected differences. The various other sistent characteristic differences. These changes are high-
phosphate peaks were therefore examined more closely. Inlighted in Fig. 1B) where the intensity ratios of various bands
particular, peak intensity ratios were determined to be a betterrelative to the 959 cm' band are plotted against sampling
method for interpreting such spectroscopic data. This ap- locations indicated in the photomicrograph of FigAY. This
proach was chosen since Raman spectroscopy is known for itsfigure depicts an enamel surface containing a carious lesion.
sensitivity toward sampling geometry such as laser focusing The carious lesion appears as a white area on the image with
distance, sampling angles and the topography of the samplethe marked dots representing various sampling locations. The
surface. This is especially true fdconfoca) Raman mi- intensity ratio plot shows enhanced 431, 590, and 1043'cm
crospectroscopy where the sampling volume is very small and bands relative to the 959 c¢rh band at the carious lesion
any minor variations in sampling condition can alter the col- whereas the other bands do not show significant intensity
lection efficiency, thus affecting the signal intensity. changes. The same finding is observed in the Raman intensity
Figure 6 shows representative Raman spectra of sound andratio image map based upon the 1043 ¢@59 cm ! peaks
carious enamel in the regions of 350-700 ¢riFig. 6(A)] obtained from a 1810 point mapping studyFig. 7(C)]. Both
and 800-1200 cm' [Fig. 6B)]. Symmetric bending vibra-  the size and the location of the carious lesion on the Raman
tions (v, mode of POZ‘ give rise to two major peaks at 431 map match very well with the photomicrograph. This result
and 446 cm*. In the sound enamel spectrum, the 446 ¢m  further confirms the validity of the Raman bands selected for
peak has a greater intensity than the 431 tipeak. These  caries detection. Overall, the findings of Fig. 7 describe a
two bands are also present in the caries spectra, however, theimethod of contrasting sound and carious enamel based upon
relative intensities are reversed with the 431*érpeak inten- Raman signal intensity ratios of varig&@}( vibrations. Hill
sity greater than the 446 crhpeak. A series of bands at 579, and Petrot have previously reported that carious lesions can
590, 608, and 614 citf (shoulder bandare assigned to asym-  be distinguished from sound enamel based on their Raman
metric bending vibrationév, mode of PO} . The band pair  spectra. However their method was not fully based on the
at 579 and 590 cit shows an intensity profile change similar  enamel’s intrinsic Raman signal but rather on the level of the
to that observed for the, mode with the 590 cm* band of luminescence background upon illumination with 785 nm la-
greater intensity in the caries spectrum but weaker intensity in ser excitation. For the most part, our studies using laser exci-
the sound enamel spectrum. The two bands at 608 and 614tation further to the near-infrared regid830 nm did not
cm ' do not demonstrate obvious changes between sound andshow any significant background luminescence. A similar re-
carious enamel spectra. The asymmetric stretching vibrationduction of background fluorescence was also apparent in
(v3 mode of PO~ constitutes a more complicated region of spectra acquired by Hill and Petrou in an earlier study using
the spectrdFig. 6(B)]. Raman bands were observed at 1023, 1064 nm laser excitatioff. Therein, the study focused on the
1043, 1052, and 1069 cm The intensity of the 1043 cnt 960 cm ! peak as well as the 930 and 1900 ¢npeak inten-
band increases noticeably in the caries spectrum whereas theities for evaluation of the luminescence background.
other three bands do not show prominent intensity variations.  In order to determine a rationale for the characteristic in-
The numerous tooth samples examined showed various detensity changes observed at 431, 590, and 1043 tratween
grees of spectral change between sound and carious sitessound and carious enamel, we compared our spectra more
however, the bands at 431, 590, and 1043 tshowed con- closely with those reported in the literature. It was noted that
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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* Enamel'
vy PO 430 432 433 431 431 430 433 430
447 449 448 446 446 446 450 448
v, PO;~ 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
v, PO; 962 962 964 959 961 959 959 960
v3 PO}~ 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 v,CO3~ 1104 1104 1103
type-B v, CO2~ 1069 1070 1071 1071

* Raman microspectroscopy, current study.

T Reference 36.

* Reference 44.

§ Fiber-optic Raman spectroscopy, current study.

I Reference 22.

our Raman spectra of sound enamel from whole unsectionedarrangement has changed and given that the Raman signal is
teeth did not have the same relative peak intensities as re-sensitive to both thébio)chemical composition and structure
ported in the literature of sound enamel from cross-sectioned of the sample, it is believed that the spectral differences be-
tooth samples. The difference between these studies lies in thaween the two measurement configurations and between
sampling configuration in which Raman spectra were ac- sound and carious enamel arise from structural characteristics
quired. Representative Raman microspectroscopic data ofof the enamel rod¥?" Tooth histology indicates that hy-
sound tooth enamel measured using two different sampling droxyapatite crystals are bundled into long rods with—7
geometries are shown in Fig. 8. The upper spectrum was ac-um diametef>>? A small portion of the enamel rods are ran-
quired on a longitudinally sectioned tooth sample and known domly oriented but the majority are highly oriented within the
as a transverse excitation/detecti@xc./det) mode whereas  enamel layer with theic axis (the longer axisapproximately

the lower spectrum was acquired on an unsectioned wholeperpendicular to the natural tooth surf&€é°This orientation
tooth termed the normal exc./det. mode. The transverse andis observed on the entire crown surface, i.e., at the(tap

the normal sampling arrangements are demonstrated in Fig. 2clusal or incisal surfageand at the side§roximal surfaces

and in the inset in Fig. 8. These two spectra show differences of the tooth crowrf? Previous polarized Raman studies have
in several band intensities, which are highlighted with aster- indicated that changes in the spectral profile of enamel crys-
isks. The transverse spectrum differs from the normal spec-tals reflect changes in thieaxis orientatiort®3’ Therefore, we
trum with relatively higher Raman signal intensities at 431, propose that the spectral differences observed between sound
590, and 1043 cm'. These same intensity differences were and carious enamel are due to the hydroxyapatite crystallite
also observed between sound enamel spectra and cariousrientation in the enamel. The demineralization process of
enamel spectra when measured using a normal exc./det. conearies formation results in changes of the enamel crystallite
figuration. The spectrum of carious enamel measured in the morphology or a loss of preferred enamel crystallite orienta-
normal exc./det. configuration is an intermediate between thetion which is reflected in the Raman spectrum. Polarized
spectra of sound enamel measured with the two sampling ge-Raman spectroscopy has been shown to be useful in determin-
ometries, transverse versus normal. Considering that the bio-ing the enamel crystallite orientation and the structural
chemical composition does not change when the samplingsymmetry**” Preliminary polarized Raman studies on sound
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Fig. 6 Representative microspectroscopic Raman spectra in the region of (A) 350-700 cm™" and (B) 800-1200 cm™' of sound enamel (a and c) and
carious enamel (b and d). Spectra were acquired with X10 objective and offset for clarity. The asterisks indicate peak positions.

and carious enamel were performed to explore the hypothesisdroxyapatite crystallite orientation upon demineralization.
that demineralization results in alterations in enamel crystal These observations support the suggestion that crystallite
orientation. Figure 9 shows representative polarized Ramanstructural orientation changes are responsible for the spectral
spectra of sound enaméraces a & b and carious enamel changes observed between sound and carious enamel.
(traces ¢ & d) acquired with the linear polarizer at one polar-

ization orientationtraces a & ¢ compared to the orthogonal ) )

polarization orientatiorftraces b & d). It is observed that the 3.3 . Fiber-Optic Raman Spectroscopy of Sound and
intensity of the phosphate, (431 cm'%), v, (590 cm'}), and Carious Enamel

v3 (1043 cm'?) peaks of sound enamel alters with the change So far, we have demonstrated that carious enamel can be dis-
in the polarization direction of the laser excitation. These tinguished from sound enamel at the microspectroscopic level
peaks are therefore sensitive to the change in laser polariza-using the intensity changes of the hydroxyapatite Raman
tion suggesting that sound enamel is optically anisotropic. In bands. We proceeded to investigate the suitability of a fiber-
contrast, these same peaks in Raman spectra of carious lesiongptic Raman probe for caries detection. Representative fiber-
do not change significantly when the laser polarization direc- optic Raman spectrénot corrected for background fluores-
tion is rotated. Therefore the peaks are much less sensitive tocence of carious and sound tooth are illustrated in Fig. 10
the changes in laser polarization and this indicates that cariouswith band assignments listed in Table 1. The major bands
enamel is optically isotropic due to scrambling of the hy- identified in spectra acquired with the fiber-optic probe corre-
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Fig. 7 (A) Photomicrograph of a human enamel tooth surface containing a
locations of the spectra acquired across the surface and used to generate (B)

carious lesion (white area). The shaded dots represent the sampling
the peak intensity ratio plot of various phosphate peaks relative to the

959 cm™' 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™/959 cm™' peaks and plotted as a

spond well to those observed from microspectroscopy. The

function of the 10X 10 point mapping array. (See Sec. 2 for details.)

such, any spectral contribution from the carious lesion is

overall spectral pattern of the fiber probe spectra resemblesgradually diminished in the overall spectrum in turn resulting

that of the microspectroscopic spectra. However, a slightly
higher level of background luminescence is observed with the
spectra possessing lower spectral resoluiierY cm™?!) as

shown by the unresolved peak at 1053 ¢émComparing

sound enamel and carious enamel spectra, similar increases i
Raman peak intensities at 433, 590, and 1043 ‘care de-

tected using a fiber-optic probe as with Raman microspectros-
copy. The degree of changes is however less than that de
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 indicates
that the region beyond the caries lesion and into the healthy

in slightly decreased degree of spectral discrimination be-
tween sound and carious enamel.

The greater sampling depth of the fiber-optic probe is also
supported by the observation of a more intense band at 1070
U2 for fiber probe spectra compared to spectra acquired by
microscopy. As mentioned earlier, this peak arises mej‘
and type-BCO%‘ of hydroxyapatite. Carbonate content is
known to increase within the tooth progressing from the
enamel surface to the DEJ where it reaches its
maximum?°4%53|n Fig. 11, we present Raman microspectros-
copy spectra measured of sound whole tooth enamel with a

enamel layer was possibly measured in the Raman spectra. Aseries of increasing magnification microscope objectivg,
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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 X10 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.

x10,X50,X100 with increasing numerical apertures and the measurement volume more closely approximates that of
therefore decreasing sampling volumes. Focusing on the 750-the X10 microscope objective. With such sampling depths,
1200 cm® region, we observe that th@O%‘ intensity at healthy and early decaying enamel can readily be distin-
1069 cm' is indeed decreasing continuously from thé& guished. Although useful for characterizing and confirming
spectrum to the<100 spectrum. The results with a low mag- demineralization, using such a Raman probe alone would not
nification objective and the fiber-optic data are in agreement be practical for screening in order to locate possible carious
with the known rise in carbonate content deeper into the tooth sites. The small sampling of Raman point spectroscopy would
crown. result in a greater chance of missing the lesion. For this rea-
The larger sampling depth of the Raman fiber probe re- son, it is beneficial to couple OCT imaging with Raman spec-
sulted in a slight decrease in the spectral differences betweentroscopy. For the purposes of detecting suspicious carious
sound and carious enamel. For this reason then, it is desirablesites, OCT would be useful for rapidly screening larger areas
to use a fiber probe with pseudoconfocal arrangement wherethan that interrogated with the Raman probe. The region cov-

Intensily {a.u.)

400 500 600 700 800 400 1000 1100 1200

wavenumber jom’')

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™ peak and were offset for clarity.

ered by the current OCT system is approximately 1 mm tive of (early) carious enamel and distinguished from sound
across. Although a small range, this is sufficient to probe the enamel. The Raman data therefore confirms the scattering ab-
approximately 2 mnx2 mm area found belowgingival to) erration detected by OCT to be a carious lesion. The combi-
the contact points of adjacent teeth where such interproximal nation of both techniques overcomes the limitation of using
caries develop. OCT can therefore be used to sweep acros®ach technique alone leading to results of better sensitivity
this region to rapidly identify possible early carious sites as and specificity.

well as to determine the lesion depth. Based upon OCT mor-  In order to examine the reproducibility of fiber-optic Ra-
phological guidance, Raman spectroscopy can then be used tonan spectroscopy for caries characterization, multiple-point
examine the suspected lesion to provide biochemical informa- measurements were acquired along a line on a tooth surface
tion. For example, a Raman probe can be used to samplecontaining two carious lesions. The same lesion was previ-
various points along the OCT imaging line. Then based upon ously examined by OCT and shown in Fig(B4. Figure

the ratios of the various Raman peaks, it can be determined12(A) highlights the points sample@haded dots shown on
rapidly whether the region exhibits spectral properties indica- the image in a linear fashiprand Fig. 12B) shows the re-

* CO5” (type-B) + PO,

E

* CO5” (type-A)

Intensity (a.u.)
(]

n

750 850 950 1050 1150 1250
wavenumber (cm)

1

Fig. 11 Representative Raman microspectroscopic spectra in the 750-1200 cm™' region of sound enamel measured with (a) X5, (b) X10, (c) X50

and (d) X100 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™) relative to the 961 cm™
peak corresponding to the sampling locations shown in (A).

spective intensity ratio of various peaks relative to the spectroscopy are useful for characterizing early dental caries.
21 P@[ peak at each sampling location. The increased inten- Sound enamel can be distinguished from carious enamel
sity ratio correlates well with the locations of the carious le- based on changes of various Raman band intensities arising
sions, as previously observed with the microspectroscopic from PO; of hydroxyapatite within mineralized tissue. The

study [see Fig. 18)]. These findings also correspond well |ocal ultrastructural and morphological changes induced by
with the OCT imaging where regions of carious lesions dem- the de-/remineralization activities during caries development
onstrated increased I|ght baCkscattering intensity. Therefore,give rise to the Spectra| Changes observed. In particu|ar' the
the spectroscopic contrast between the carious and soundoss of the original symmetry and/or orientation of the enamel

enamel present in the microscopic spectra is largely preservedypatite crystallites within the demineralized zone as a result of
in the fiber-optic measurements. This observation supports themineral dissolution may be responsible for the observed
possibility of transferring this technology from a lab bench changes. Preliminary polarized Raman spectroscopic studies

study to a clinical application. have provided evidence to support this hypothesis.
Good correlation has been demonstrated between the OCT
4 Conclusion images with Raman spectral and imaging data for caries de-

Our studies have demonstrated that optical coherence tomogtection and characterization. At lesion sites where OCT re-
raphic imaging of incipient dental caries results in increased Vveals deeper light penetration and stronger scattering indica-
light backscattering intensity in a triangular-shaped region be- tive of a highly porous structure, Raman spectroscopic
low the enamel surface suggestive of demineralization during changes characteristic of enamel structural alterations were
caries development. The OCT images also provide an esti-also observed to confirm demineralization. We have shown
mate of the carious lesion depth. Further, we have shown thatthat by combining the strengths of both OCT and Raman
near-IR Raman microspectroscopy and fiber-optic Raman spectroscopic techniques, a new optical method for early
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enamel caries detection can be developed. Further, the use of
specialized fiber-optic probes will provide improved access to
the interproximal region compared to conventional diagnostic
tools. The advantage of using OCT farvivo caries detection

is facilitated with a probe device. The white spot lesions de-

scribed for the current studies were observed upgrnvivo

visual inspection by two clinicians. Prior to extraction, the

white spot lesions are at the interproximal regions. Since these
lesions are not visible because they are blocked by the adja-

cent tooth, the lesion is often not diagnosed by the dentist. A 11-

probe that accesses the proximal surfaces would allow OCT

9.

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. 13-

12.

This is because the early white spot lesion is usually observed

with the assistance of air-drying the tooth surface. Such le- 14.

sions are more difficult to observe when wet. For the current
application, OCT provides the same overall information about

the presence or absence of a carious lesion regardless of a wi

or air-dried surface. OCT would therefore help locate early
dental caries and provide depth information, a parameter
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 17.

results suggested by OCT. Further, with Raman spectroscopy,
semiquantitative measures of the extent of demineralization

can be obtained. From a clinical viewpoint, this information 1g

would be useful to the dentist in helping determine treatment
strategies such as deciding to surgically restore the Ig#ion
at the advanced stager 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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