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Abstract. New diagnostic tools are needed for the characterization of
dental caries in the early stages of development. If carious lesions are
detected early enough, they can be arrested without the need for sur-
gical intervention. The objective of this study was to demonstrate that
polarization sensitive optical coherence tomography (PS-OCT) can be
used for the imaging of early caries lesions and for the monitoring of
lesion progression over time. High-resolution polarization resolved
images were acquired of natural caries lesions and simulated caries
lesions of varying severity created over time periods of 1 to 14 days.
Linearly polarized light was incident on the tooth samples and the
reflected intensity in both orthogonal polarizations was measured. PS-
OCT was invaluable for removing the confounding influence of sur-
face reflections and native birefringence necessary for the enhanced
resolution of the surface structure of caries lesions. This study demon-

Dental Science strated that PS-OCT is well suited for the imaging of interproximal and
San Francisco, California 94143 occlusal caries, early root caries, and for imaging decay under com-
posite fillings. Longitudinal measurements of the reflected light inten-

sity in the orthogonal polarization state from the area of simulated

caries lesions linearly correlated with the square root of time of dem-

ineralization indicating that PS-OCT is well suited for monitoring

changes in enamel mineralization over time. © 2002 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1509752]
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contact sites between teeth. These early carious lesions are
New, more sophisticated diagnostic tools are needed for the©fteén obscured or “hidden” in the complex and convoluted
topography of the pits and fissures or are concealed by debris

detection and characterization of caries lesions in the early i i X
stages of development. If carious lesions are detected earlyth@t frequently accumulates in those regions of the posterior

enough, they can be arrested/reversed by nonsurgical meanteeth. Moreover, such lesions are difficult to detect in the early
through fluoride therapy, anti-bacterial therapy, dietary stages of development. Caries lesions are usually not detected

changes, or by low intensity laser irradiatibfurthermore, until after the lesions have progressed to the point at which

clinicians need an imaging technology employing nonionizing surgica} intervention and res}oration are necessary, oftgn re-
radiation to aid in caries management and diagnosis, to reli- sulting in the loss of healthy tissue structure and weakening of

ably track the course of caries lesions over an extended timeth€ tooth. Carious lesions also occur adjacent to existing res-
period in order to determine whether the lesion is active and torations and diagnostic tools are needed to diagnose the se-
expanding, requiring intervention or whether the lesion has verity of those lesions and determine if an existing restoration
been arrested. Such technology would also enable nondestruc?€€ds to be replaced. The diagnostic and treatment paradigms
tive in vivo monitoring for short term clinical trials of anti- that were developed in the past such as radiography are ad-
caries agents such as fluoride containing dentifrices. During €duate for large, cavitated lesions, however they do not have
the past century the nature of dental decay or dental caries insufficient sensitivity or specificity for the diagnosis of early
the U.S. has changed markedly due to the introduction of noncavitating caries, root surface caries, or secondary caries.
fluoride to the drinking water, the advent of fluoride denti-  1he optical properties of tooth enamel and dentin change
frices and rinses, and improved dental hygiene. In spite of markedly as aresult.of demme.rallzatlon during the caries pro-
these advances, dental decay continues to be the leading causeess: therefore caries detection schemes that exploit such
of tooth loss in the U.8-* The nature of the caries problem changes hold considerable promise for the early detection and
has changed dramatically with the majority of newly discov- characterization of caries lesioris. The principal factor lim-

ered caries lesions being highly localized to the occlusal pits 1ting optical transmission through the tooth in the visible
and fissures of the posterior dentition and the interproximal fange from 400 to 700 nm is light scattering in sound enamel
and dentirt®!! The magnitude of light scattering in dental

1 Introduction
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enamel decreases @5/\3), where is the wavelength, due  depth was limited and the image quality was poor due to the
to the size of the principal scatterers in enafélherefore, limited source intensity. Feldchtein et®lpresented high-
we hypothesize that the near-IR region from 830 to 1550 nm resolution dual wavelength 830 and 1280 nm images of dental
offers the greatest potential for new optical imaging modali- hard tissues, enamel and dentin caries and restoratiomgo.
ties due to the weak scattering and absorption in sound dentalWang et af® measured the birefringence in dentin and enamel
hard tissué? At longer wavelengths, absorption of light by and suggested that the enamel rods act as waveguides. The
the water in the tissue increases markedly reducing the pen-following year, Everett et al* presented polarization resolved
etration of IR light. images using a high power 1310 nm broadband source and a
Two optical diagnostic systems for caries detection have bulk optic polarization sensitive optical coherence tomogra-
recently received FDA approval. A digital fiber optic transil- phic imaging(PS-OCT system. In those images changes in
lumination system, called DiFoti, that utilizes white light for the mineral density of tooth enamel were resolvable to depths
the detection of caries lesions, has been developed by Electro-of 2—3 mm into the tooth. Otis et &.have demonstrated the
optics Sciences, Irvington, N¥. This device is suitable for  improved imaging characteristics of a system operating at
inter-proximal lesions, however, the usefulness for occlusal 1310 vs 850 nm.

lesions has not yet been established. According to Kidd*® 75% of operative dentistry is the re-
Bacteria produce significant amounts of porphyrins and placement of existing restorations and secondary caries is the

dental plaque fluoresces upon excitation with red If§ha most common reason given for replacing both amalgam and

caries detection system, the Diagnodent®avo, Germany, composite fillings. PS-OCT is well suited for the detection of

was recently developed and received FDA approval in the secondary caries since restorative materials have markedly
U.S. This device uses a diode laser and a fiber optic probedifferent scattering properties compared to dental hard tissues.
designed to detect the near-IR fluorescence from porphyrins.Colstorf® and Feldchteitf have shown that OCT can be used
Although this must be considered a major step towards betterto differentiate between restorative materials and enamel and
caries detection in occlusal surfaces, it detects lesions in thedetect decay around the periphery of a restoratton.
later stage of development after the caries lesions have pen- Root caries is an increasing problem among our aging
etrated into the dentin and accumulated a considerable amounpopulation and is the principal reason for tooth loss over the
of bacteria. Moreover, the Diagnodent has a poor sensitivity age of 443" The scattering coefficient of dentin is much
(~40%) for lesions confined to enantland it does not higher than enamel, therefore the penetration depth is more
provide information about the lesion depth and the degree of limited than for enamel®!*3® However, early root caries is
severity'®1’ localized on the surface of the dentin and cementum and can
Hafstroem-Bjoerkman et af established an experimental be easily imaged using OC#.
relationship between the loss of fluorescence intensity, pre- In this paper, we present images of occlusal and interproxi-
sumably from the underlying dentin, and the extent of enamel mal lesions, early root caries lesions and simulated caries le-
demineralizatiort® The method was subsequently labeled the sions beneath composite fillings acquired using an all polar-
QLF method, for quantitative laser fluorescence. An empirical ization maintaining(pm)-fiber PS-OCT system operating at
relationship between overall lesion demineralizatighZ) 1310 nm. We also demonstrate that PS-OCT can be used ef-
versus loss of fluorescence, was established which can befectively to monitor the longitudinal progression of simulated
used to monitor lesion progression on smooth surfatés. caries lesions using three dissolution models.
Unfortunately, QLF cannot readily be applied to occlusal and
interproximal lesions that constitute the majority of carious
lesions. Furthermore, this fluorescence method does not pro-
vide information about the subsurface characteristics of the 9 Materials and Methods
lesion. .
Optical coherence tomograph@CT) is a noninvasive 21 Sample Preparation
technique for creating cross-sectional images of internal bio- Sound and carious human permanent molars or premolars col-
logical structuré? The intensity of backscattered light is mea- lected from oral surgeons in the San Francisco area and bo-
sured as a function of its axial positigdepth in the tissue. ~ vine incisors, obtained from a slaughterhouse and sterilized
Low coherence interferometry is used to acquire the intensity using gamma sterilization, were used for these studies. Three
of backscattered light and reflected as a function of position different types of tooth samples were prepared for imaging.
within the tissue with a resolution of 20—30um. Lateral
scanning of the probe beam across the tooth is then used to
generate a two-dimensional intensity plot, similar to ultra-
sound images, called a “b scan.” The one-dimensional analog pp|/jshed Bovine Tooth Sections (5X 5X 2 mm?)
of OCT, optical coherence domain reflectomd®CDR) was
first developed as a high-resolution ranging technique for Sections5X5xX2 mn? with an intact layer of enamel 1-2
characterization of optical componeRt$* Huang et af® mm thick were fabricated from sound bovine incisors to be
combined transverse scanning with a fiber optic OCDR sys- used for the initial test samplé€Sec. 3.1 and the demineral-
tem to produce the first OCT cross-sectional images of bio- ization studies of Sec. 3.4. The outer layer of cementum was
logical microstructure. The first images of the soft and hard removed from each incisor and the surface was cut to produce
tissue structures of the oral cavity were acquired by Colston a flat surface. The surface was serial polished to produce a 1
et al?®~2 Baumgartner et &' presented the first polariza- um surface finish using 600 grit silicon carbide abrasive fol-
tion resolved images of dental caries, however the penetrationlowed by 6, 3, 1um diamond suspensions.
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Sound Human Tooth Sections (4X4X2 mm?)

source arm samgle arm

In addition,4 X 4 X 2 mn? sections were cut from the crowns
of extracted, sound human third molars for longitudinal stud-
ies of lesion progressiofSec. 3.4. Human sections were pol-
ished with 600 grit silicon carbide abrasive paper to remove

50/50
pm coupler

tooth

QWP

approximately 20—5@m of the outer enamel. This procedure slow :gl
produces an enamel surface that has been shown to allow the | axis

formation of uniform and consistent caries-like lesions in our detector Vfast fiber optical

in vitro models®® A consistent “model” surface is important axis modulators ~ delay :ﬂr:(;tor
in order to reduce large variations during artificial lesion . detector line
formation3® The human sections were not cut to be flat or detection arm reference arm_

highly polished using the diamond suspensions as was done

for the bovine sections. Fig. 1 PS-OCT system—Ilight from the SOA broadband source is lin-
early polarized (P) and coupled into the slow axis of the polarization
maintaining fiber of the source arm. Light from the source arm is
equally split between the sample and reference arms of a fiber optic

Whole tooth | taini ted | | and int Michelson interferometer. The length of the reference arm can be
ole tooth sampies containing suspected occlusal and in er'manually adjusted using a linear stage to match the sample arm

proximal (White-spo) |?5i0_n3 (Secg. 3-2 and 3)3were se- length. The path length difference between the sample and reference
lected by visual examination for imaging by PS-OCT. Teeth arms is varied using piezoelectric fiber stretchers (pzm). The maxi-
were brushed with a 1% detergent solution and rinsed with mum path length difference was var.ied by 6.8 mm at a rate of 10 Hz
doubly de-ionized water. The surface of the teeth showing to produce a Doppler frequency shift of 200 kHz for heterodyne de-
natural caries lesions was not polished or modified in any way tection. A polarizing beam splitter (PBS) in the detection arm splits the
bef . ired. A | of 20 d h fast (L) and slow (Il) axis components of the light onto the two detec-
erore Images Wer_e acquired. tota O_ extracte teet tors.
were examined using PS-OCT and the images of Figures 4
and 5 contain one representative image of each lesion type.

Whole Teeth with Carious Lesions

Simulated-Caries Lesions to the demineralizing solution used in the first model de-
scribed above fo6 h each day of the treatment apBl of 4.5

followed by immersion overnight for 17 h in a remineralizing
solution of 1.5 mmol/L calcium, 0.9 mmol/L phosphate, 150

Lesions were produced in both the prepared human and bo-

vine tooth sections described above using well-characterized

demineralizing and remineralizing solutiGig™ for varying Lo

time periods to produce simulated caries lesions of varying ;n{)ngwa;?qbzo mmolil. cacodylate buffer maintained it
verity. Thr imulat ries meth wer that pro-"* ’ . e

seventy ee simulated caries methods were used that pro In order to demonstrate that the action of fluoride inhibi-

duced different lesion morphology and varied in the rate of i lesi . Id b d a third model

demineralization. During exposure of the sections to the dem- ion on gsmn ;I)ro_gre?;lon cog{ el_measu_re ’ ah rd mode

ineralizing and remineralizing solutions half of each section was used employing the sarpet cycling regimen, NOWever,
0.1 ppm fluoride was added to the remineralizing solution

was covered with an acid resistant varnish to protect the un-d ibed ab o inhibit lesi ion. Th f
derlying surface to leave an area of sound enamel for com- escribed above 1o Innibit Iesion progression. The presence o
; : fluoride accelerates remineralization and inhibits demineral-
parison(see Figure R o ) . .
ization leading to slower lesion progression. A total of 15

In the first method, the straight demineralization model, ) . . . .
each bovine sectiofbx 5 2 mn?) was immersed in 40 mL sections were used with three sections for each time period.

aliquots of a buffer solution containing 2.0 mmol/L calcium,
2.0 mmol/L phosphate and 0.075 mol/L acetate maintained at
pH 4.3 and a temperatuf’ °Cfor periods of 14, 24, 48, 96,
and 192 h. A total of ten sections were used with two sections
for each time period. This model results in rapid erosion of
the enamel surface and does not accurately represent the
“acid challenge” experienced in the mouth that consists of
cycles of demineralization followed by remineralization as the
pH changes before and after meals.

The second model, theH cycling model, replicates this
cycle of demineralization and remineralization that takes
place naturally in the mouth as thpH fluctuates before and
after meals®~*' Human tooth sectionf4 x 4x 2 mnt) were
exposed for 1, 3, 6, 9, and 14 days to a daily regimen of 6 h
demineralization followed by 17 h remineralization. A total of
25 sections were used with five sections for each time period. : o ) S .

. . . .. _“dentin (D) used for artificial demineralization or simulated decay. Half
In this mo.del a surface zone is created due to remInerallza‘t!onthe tooth enamel was covered with an acid resistant varnish (V) while
and erosion of the surface does not occur as the lesionthe other half uncovered for exposure to demineralization to create
progresses in depth. FpH cycling each block was exposed  the lesion (L).

Fig. 2 A cross section of the tooth sections containing enamel (E) and
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2.2 Polarization Sensitive Optical Coherence Igor Pro™, data analysis software from Wavemetrics Inc.
Tomographic Imaging (PS-OCT) (Lake Oswego, Oregon

An all fiber-based optical coherence domain reflectometry 2.3 Optical and X-Ray Microscopy

(OCDR) system that was designed and fabricated by Op- \whole teeth with natural occlusal lesions were sectioned with
tiphase, Inc(Van Nuys, CA consisting of polarization main- 3 microtome and examined at upd00x magnificationunder
taining (pm) optical fiber, high speed piezoelectric fiber pright field and dark field illumination with an optical micro-
stretchers and two balanced InGaAs receivers was used tOscope(Olympus BX-50, Olympus America, Melville, N)Yin-
acquire the images presented. This two-channel system waserfaced to a high-resolution digital camera DVC 1300C
integrated with a broadband high pow@6 mW) semicon-  (DVC Company Inc, Austin, TXwith Image Pro Plus image
ductor optical amplifie(SOA), a BBS1310 from JDS Uni-  analysis softwargMedia Cybernetics, Silver Spring, MD
phase(Ottawa, Canadaand a high-speed XY-scanning sys- Measurements of lesion depth were made with calibrated im-
tem with a ESP 300 controller and 850G-HS stages from age analysis software that is capable of direct length and area
Newport(Irvine, CA) for in vitro optical tomography. A sche-  measurements.
matic of the system is shown in Figure 1. X-ray tomographic microscopyXTM) was used to pro-
Linearly polarized light was incident on the tooth samples vide tomographic images of mineral density in lesion areas
and the backscattered intensity in both orthogonal polariza- without the destruction of the tooth and these images were
tions was measured in each detector channel. The OCDR sysused for direct comparison with optical tomographic images
tem is based on a polarization-sensitive Michelson white light acquired using PS-OCT. One of the advantages of XTM is
interferometer. The high powgP6 mW) SOA diode source  that tissue slices representing the mineral density versus posi-
operating at a center wavelength of 1310 nm with a spectral tion can be extracted from the x-ray tomogram with any de-
bandwidth full width at half maximum of 50 nm was passed sired orientation to match the OCT scan geometry. OCT b
through a linear polarizer, providing 13 mW of horizontally Scans were precisely matched with a corresponding tissue
polarized light. This light was coupled into the slow axis of Slice of mineral density taken from an x-ray tomogram. Com-
the polarization maintainingom) fiber of the source arm of ~ Plete tomographic images of tooth sections were acquired
the interferometer. This light was split into the reference and With @ 9 um spatial resolution, using thg Stanford Linear Ac-
sample arms of the Michelson interferometer by a 50/50 pm- Célerator as described by Kinney et’af*A Sun microcom-
fiber coupler. The sample arm was coupled to an antireflection Puter workstation and IDL softwaréResearch Systems Inc.,
(AR) coated fiber collimator to produce a collimated beam Boulder, CQ was used to exact slices of mineral density in
with a diameter of 6 mm. That beam was focused onto the the tooth matching the geomgtry of the OCT scans without the
sample surface using a 20 mm focal length AR coated plano- destruction of the tooth section.
convex lens to yield a minimum spot diameter(afe?) of 33
um. The spot size was determined by manually scanning a3 Results
razor blade across the beam to acquire the spatial beam pro3.,1 Initial Test Samples—Polished Sound Bovine
file. The autocorrelation function was measured using a mirror Tooth Sections
yielding a depth resolution of 3p@m. Both orthogonal polar-
ization states of the light scattered from the tissue were
coupled into the slow and fast axes of the pm fiber of the
sample arm. A quarter wave plate sefat5° to horizontal in

Initial images were acquired by scanning across the surface of
flat 5x5 mn? highly polished sections taken from bovine
incisors ~2 mm thick with an outer layer of enamel of

N . ~1 mmthickness. The incident light on the tooth leaving the
the reference arm rotated the polarization of the lighttb§ pm fiber was linearly polarized with the electrical field

upon reflection. After being reflected from the retro reflector, aligned with the slow axis of the fiber. Three sections were
the sample and reference beams were recombined by the Py 3564 and PS-OCT 6-scans from one of the bovine samples
fiber coupler. A polarizing cube splits the recombined beam e shown in Figure 3 for both orthogonal polarizations, each
into its horizontal and vertical polarization components or gefined according to their respective alignment with the fast
“slow” and “fast” axis components, which were then coupled 54 sjow axes of the pm fiber. The images are presented using
by single mode fiber optics into each detector. The light from 5 yed-white-blue false color table and there was no post
the reference arm was polarized 46° and therefore split  jmaging smoothing or editing of the images. The axial scale is
evenly between the two detectors. Readings of the electroni-p|0tted as the optical depth, the product of physical depth and
cally demodulated signal from each receiver channel repre-the refractive index of each medium. The slow axis image
sent the intensity for each orthogonal polarization of the back- shows the intensity of light that is reflected/backscattered in
scattered light. Neutral density filters are added to the the original polarization. At the surface there is a very strong
reference arm to reduce the intensity noise for shot limited signal due to the specular reflection from the enamel-air in-
detection. The PS-OCT system was completely controlled us- terface. This surface reflection is particularly strong for nor-
ing Labview™ software from National Instrumenustin, mal incidence and the intensity varies markedly with angle of
TX). The OCDR demodulator was operated with a Doppler incidence. The intensity in this region is 20 dB higher than the
frequency of 200 kHz. The piezoelectric fiber modulators scattering intensity in other areas of the slow-axis image;
(pzm), were used in a push—pull configuration for a total path therefore it masks any information about scattering at or just
difference ~7 mm. Cross-sectional images or b scan files below the tooth surface. Moreover, the strong signal can lead
were acquired by moving the tooth samples everyifat a to residual coherence artifadtspikes in the image(see im-

rate of 10 scans/sec. Image processing was carried out usingage of Figure & The surface reflection appears weak in the
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Fig. 3 Slow (Il) (left) and fast (L) (right) axis images of a polished bo-
vine enamel block with incident linearly polarized light aligned with
the slow axis of the pm fiber. The polished surface is visible in the
slow axis image, since the specular reflection from the surface does
not depolarize the light. The DEJ is clearly visible in both images at an
optical depth of ~1.4 mm.

Optical Depth (mm)

o 2 4
Lateral Position (mm)

Fig. 4 Fast axis (L) OCT scan (bottom) of an obvious smooth surface
inter-proximal lesion (white spot lesion). The path of the scan is
shown in red in the reflected light image illuminated from the back-
side of the tooth (top). The dark areas on the tooth surface indicate the
position of the lesion—the darker spot at the center is the small defect.
The intensity in the false color image ranges from —37 dB (blue) to 5
dB (red).
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Fig. 5 Slow (I) and fast axis (L) OCT scans across the top of a third
molar with occlusal decay. The reflected light image of the tooth sec-
tion is shown on the right for comparison. All three carious areas are
resolved in the OCT images with very strong scattering (red) in the
base of the fissure shown in the center. The intensity varies from —40
to 10 dB with intensities of less than —39 dB demarcated in blue and
those of intensity greater than 5 dB in red.

[+ w =

Lateral position (mm)

Optical depth (mm)

Fig. 6 Slow axis () OCT scans of artificially demineralized bovine
enamel exposed to demineralization at pH 4.3 for one day (left) and
eight days (right). The area above the dotted line was exposed to the
demineralization solution while the area below the dotted line was
protected with acid resistant varnish. Note the erosion of the surface
over time. Although the amount of surface erosion can be quantified,
the specular reflection masks the signal from the lesion area in the
slow axis (l) images. Note the multiple reflections or coherence spikes
that are produced by the very strong specular reflection at normal
incidence from the surface (bottom right). These multiple reflections
interfere with the signal from within the tooth.
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Fig. 7 PS-OCT scans of artificial enamel exposed to a simulated car-
ies, pH cycling regimen for one and 14 days. The area above the
dotted line is the treated area. Below the dotted line is the sound
enamel—the untreated area that was covered by acid-resistant var-
nish. (Top) Human enamel exposed to pH cycling for one day (left)
and 14 days (right). Fast-axis (L) images are shown since the con-
founding influence of the strong surface reflection is not present, al-
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Lateral Position (mm)
4]

o '
00 05 1.0 1.5 20 25

Optical Depth (mm)

Fig. 9 Fast-axis (L) scans across one of the blocks of human enamel
with one half demineralized (see Fig. 7) after 14 days pH cycling with
the block covered with a layer of filled composite from 1 to 2 mm
thickness. Demineralized enamel is visible below approximately
1-1.5 mm of composite at the enamel-composite junction (EC)).
Above the dotted line is demineralized enamel and below the dotted
line is sound enamel. PS-OCT can resolve differences in mineraliza-
tion below a thick layer of filled composite.

lowing resolution of the demineralized areas near the surface. The
reflected signal is greater after 14 days and has increased in severity
and depth. (Bottom) Human enamel exposed to pH cycling for one
day (left) and 14 days (right) with 0.1 ppm F~ added to the reminer-
alization solution to inhibit decay. The lesion is smaller (30 um deep)
vs (120 um) after 14 days due to fluoride incorporated into the rem-
ineralizing solution.

slow axis (I}  Taslaxis (L]  xtmimage

E ?
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: 4. 0.9 2
Optical depth {(mm)

Fig. 10 Comparison of the slow (|l) (left) and fast (L) (middle) axis images of a small section of a tooth with the x-ray tomogram (XTM) of the mineral
density taken from the same region of the tooth (right). A small root caries lesion is present just below the cementum-enamel junction shown
between the dotted green lines. The intensity of the OCT images ranges from 12 to —45 dB, areas with regions of intensity greater than —5 dB
shown in red and those areas of less than —35 dB shown in blue. In the XTM image on the right, normal dentin is yellow, enamel is white, the water
outside the tooth is indicated in red and the demineralized area of the lesion is blue (color bar for XTM Vol. % mineral to right).
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fast axis image since the polarization of the incident light this hypothesis, simulated caries lesions were monitored over
remains unchanged upon reflection and does not contributetime after exposure to various degrees of demineralization
intensity to the orthogonal polarization. At an optical depth of using three different simulated-caries models.

~ 1.4 mmthe dentin-enamel junctiofDEJ) is clearly visible.

This corresponds to the physical depth of the DEJ in the tooth Straight Demineralization (Erosion) Model on

section. The scattering coefficient of dentin is much higher pyJished Bovine Sections (5X5X2 mm?)
than for the enamel and therefore the signal from the dentin

appears stronger than the peripheral enamel, i.e., 10-20 dBThe two slow-axis(ll) images of Figure 6 represent two
stronger than the enamel signal that exponentially decreasesamples exposed to a demineralizing solution after one day
to below —30 to —40 dB after penetrating to a depth of 1 and eight days. The surface is gradually eroded over time

mm. leaving a cavitated zone. After eight days exposure to dem-
ineralization the depth of erosion is obviously greater than

3.2 Natural Interproximal Lesion—Smooth Surface after one day. Note that in these slow axis images the strong

“White Spot” Lesions specular refection from the surface obscures the scattering

Interproximal lesions or smooth surface lesions were the first fOM the demineralized area of the lesion. This observation

natural lesions to be investigated since the decay hidden be_further demonstrates that the f?SI axis imgges are necessary to
tween the teeth is readily visible once the tooth has been measure the enhanced scattering associated with the body of

extracted. An optical image of such a lesion on an extracted the lesion itself.

human tooth is shown in Figure 4 under dark-field illumina- ) )

tion. Under dark-field illumination the highly scattering areas PH 3CYC/’”g Models on Human Sections (4X4X2
of the lesion appear dark. A fast axis) b scan of lateral mm?’)

position versus depth taken across the center of the lesion . . . .
along the path shown by the arrow in the optical image is | "€ fast-axis(L) images of Figure 7 show sample lesions

shown in the same figure. Intense scattering and depolariza-Produced using @H cycling model after one day and 14
tion from the lesion area is shown—demarcated in red on the d8yS. In the more realistigH cycling model, an intact surface
false color image. A surface zone is visible on part of the |2Yerinthe lesion is produced and erosion does not occur. The
lesion, in addition to the full body of the lesion. This is the OCT images manifest a marked change in lesion severity with
thin weakly scattering zone on the outside of the lesion to the @ increase in the depth and intensity of scattering from the
left and the right of the central defect or darker spot that is 1€Sion. In thepH cycling model the depth and severity of the
barely visible in the reflected light image. These may be areas'€SiOn increases as the square root of the ibdéIn cross

of the lesion that have remineralized. Surface remineralization S€Ction under microscopic observation at S0@nagnification
leads to reduced scattering in the remineralized lesion aread® l€sion zone is notyet visible after one day of cycling; after
due to filling of the micropores. The outer zone of the caries 14 days it has progressed to a depth of 8040 which is
lesion is of particular importance for determination of the le- consistent with the optical depth 6f200,.m measured with
sion activity. An outer zone of reduced scattering, indicative OCT (see Figure B The set of images on the bottom of Fig-
of remineralization, may be a potential indicator that the le- Ur€ 7 aré scans of lesions produced after the addition of 0.1
sion is arrested and that intervention may not be necessaryPPm fluoride. The fluoride inhibits lesion progression over

Strong reflection from the surface in the slow-axis iméget time and this is reflected in the OCT image of the lesion
shown confounds measurement of the surface zone at the produced after 14 days. Lesion cross sections indicate that the
lesion surface. lesion has progressed to a physical depth of only 2030

after 14 days.
. Depth profiles were extracted at single lateral positions
3.3 Natural Occlusal L ; . )

) atural Lcclusal Lesion _from the fast-axis OCT scans from both demineralized and
Since PS-OCT uses coherent backscattered and reflected lightsqng areas on each of the treated blocks, 25 with fluoride and
as opposed to transmitted Ilght, it is ideally suneq for the 15 without. Depth profiles are shown in Figure 8 for one of
detection of early occlusal lesions. Sldiy and fast axigL) the samples subjected to 14 days of cycling. Both the dem-
b scans acquired of an intact tooth with occlusal decay are jhergjized area above the dotted line of Figure 7 and below
shown in Figure 5. The reflected light, bright-field image ac- e qotted line in the sound enamel is shown. The depth pro-
quired of a cross section of the tooth, after it was sectioned o5 \were integrated over the respective lesion areas, to a
subsequent to acquisition of the OCT image, is shown in the yepih of 200um, and an equivalent area of the sound tissue
right hand image of the same figure. Demineralized areas ap-on gach tooth sample to yield the integrated intensity from the
pear whiter due to increased scattering in the reflected light |agion area. Thenean- s.d.of the integrated scattering inten-

image. Those areas of decay are visible in the PS-OCT im- gy is plotted from both the demineralized and sound areas of
ages, most significantly, the decay at the base of the centralg,.p, sample for each set of five samples scanned for each
fissure(red area cycling period vs. the square root of time in Figure 8. The
Lo . . . . Pearson correlation coefficiefit) derived from linear regres-

3.4 Longitudinal Studies of Simulated-Caries Lesions sion for the mean integrated scattering intensity from the le-
Since the images of Figures 3—5 and our previous work de- sion areas versus the square root of timepéf cycling is
scribed in Ref. 34 suggest that PS-OCT can provide informa- 0.96. There is no apparent correlation between the integrated
tion regarding lesion severity, we postulated that PS-OCT scattering intensity with the square root of timmes — 0.1 for
could be used to monitor lesion progression over time. To test the sounduntreated areas. The slope of the integrated scat-
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' i ' T ' ' ' T due to the native birefringence of the enamel that contributes
-~ g} 3 N to signal in the fast-axi§L) channel. This difference is even
3 B . .
s z more profound between dentin and composite. Therefore, the
> 5 2 . fast-axis images are useful for differentiating composite from
g £ dentin and enamel.
5 aF o |
2 . .
s al 0 200 400 600 oo |t 3.6 Natural Early Root Caries Lesion
E Aoxial depth (4m) e It is difficult to obtain intact thin sections through natural root
8 ot - caries lesions without damage to the fragile, poorly mineral-
o . . . . .
e ized regions of the lesion. Therefore, we used high-resolution
£ ap 1 sound x-ray tomography(XTM) to acquire tomograms of the min-
é%% --------- 3 eral density in the tooth with a resolution of @m.*>* A
om 1 ) I ! 1 0 ! = « » H _
00 05 10 15 20 25 30 35 quartered” tooth was scanned using the PS-OCT system

from the crown to the root across a small root caries lesion
located just below the cementum-enamel junction, Figure 10.
Taking into account that the high refractive indices of dentin

pH cycling duration (days)'?

Fig. 8 The integrated reflected light intensity with depth extracted

from the images acquired after pH cycling for 1, 3, 6, 9, and 14 days
(see Fig. 7) plotted vs the square root of time. The solid symbols rep-
resent the integrated signal from the demineralized area of enamel—
red area of Fig. 7 above the dotted line and the open symbols the
sound area—below the dotted line. The dotted lines represent linear
fits to the sound and demineralized areas, respectively. There are five
samples per point with the mean =s.d. represented in the plot. (Inset)
Depth profiles of the reflected/scattered light intensity extracted from
the fast axis image acquired after 14 days of pH cycling (see Fig. 7,
top right). The solid symbols represent the demineralized area of
enamel—red area of Fig. 7 above the dotted line and the open sym-
bols the sound area—below the dotted line.

and enamel result in compression of those areas of the image,
the agreement between the two imaging modalities is excel-
lent. The entire lesion morphology is reproduced in the fast-
axis OCT image with the characteristic lesion semicircle
shape being clearly visible. The fast-axis image provides the
best match since the confounding influence of the surface re-
flection and residual coherence are markedly reduced.

4 Discussion
These preliminary studies have demonstrated that PS-OCT

has great potential for imaging early caries lesions and for
monitoring lesion progression in enamel and dentin. In this
study and in our previous stud$we have demonstrated that
PS-OCT can be used to acquire high-resolution images of
interproximal, occlusal and early root caries, and image
through composite fillings or sealants. Depolarization due to
scattering from anisotropic structures or phase retardation of
the light (polarization rotation induced by the native tissue
birefringence lead to intensity in the orthogoita) polariza-
In order to determine if PS-OCT can be used effectively to tion state or the fast-axis component. Polarization resolved
determine the state of mineralization beneath a composite resimages are invaluable for imaging changes in scattering at or
toration, a thick layer of composite was added to the surface near the enamel surface by removing the confounding influ-
of one of the blocks used for thEH cycling studies described  ence of the intense reflectance at tissue interfaces. This is
in the previous section. A layer of filled compos(#L00, 3M, paramount for resolving very early caries lesions and for
St. Paul, MN of approximately 1-1.5 mm thickness was ap- monitoring demineralization in simulated caries models. It is
plied to the surface of one human tooth section after exposureimportant to note that the use of circularly polarized light
to 14 days ofpH cycling according to the manufacturer’s results in a strong surface reflection in each channel and is not
instruction. A fast-axig) image of the composite covered as useful in this regard. As demonstrated previously, the PS-
section is shown in Figure 9. Differences in the intensity of OCT images are also useful for differentiating the effects of
the reflected/scattered light from the sound and lesion areasnative birefringence on the reflectéscattereg intensity>*
are clearly apparent beneath the thick layer of composite. The dentinal-enamel junctiofDEJ) at an optical depth of
These images indicate that light can penetrate through the~1.4 mmin sound enamel was resolved in both orthogonal
filled composite restorative material for monitoring secondary polarizations. Scattering from the dentin below the DEJ is
caries around existing composite restorations and pit and fis-resolvable due to the markedly higher scattering of dentin,
sure sealants. even though the backscattered light intensity from enamel
Other images were acquired of composite bonded adjacentfalls below the noise floor before reaching the DEJ, at an
to enamel and dentin. These images show that PS-OCT isoptical depth of~1.2 mm. Sound enamel weakly scatters
useful for differentiating between composite and dental hard near-IR light and produces a weak signal; this weak signal is
tissue. Typically the slow axis images show relevant inter- further attenuated by scattering as the light penetrates through
faces, however the scattering is of a similar magnitude in both the tooth to an optical depth of 1.5 mm or physical depth in
the normal enamel and from the body of restorative material. enamel of 1 mm with the current system. If a strong scatterer
In contrast, the corresponding fast-axis image shows a markedis present, such as demineralized enamel or dentin, then the
difference in intensity between the scattering in the normal decay can be differentiated at optical depths of 2—3 mm.
enamel and the composite. We suspect that the difference isTherefore, PS-OCT is capable of detecting demineralization

tering intensity from the demineralized lesion area was sig-
nificantly different from zero(P<0.001, n=25, Studentt
tesy. Linear fits to the means are shown in Figure 8 as the
dotted lines.

3.5 Simulated Lesion Beneath Dental Composite
(Decay Underlying Restorations)
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at the DEJ through the maximum possible thickness of 9.
enamel, 2—3 mm. After imaging several natural lesions with
both a bulk optic systeffi and the all-fiber system, it is ap-
parent that areas of subsurface demineralization and lesion
structure can be imaged suitably with PS-OCT. Images of
occlusal lesions show that PS-OCT provides useful depth re-11-
solved diagnostic information about the severity of occlusal

10.

lesions. These are the most important lesions for diagnosisi2,

due to both their prevalence and their hidden nature, since by
the time they can be resolved on bitewing radiographs, it is
much too late and they have penetrated well into the dentin.
Initial polarization resolved measurements by Baumgartner
et al?® showed that PS-OCT can be used to measure birefrin-

gence in dental hard tissues. Later measurements by ourt#:

group, Everett et aP* demonstrated that caries lesions highly
attenuate incident polarized light and lead to depolarization
due to scattering. In this study we demonstrate for the first
time that the intensity of linearly polarized light scattered into
the perpendicular polarization stateepolarized can be di- 5

13.

C. C. Ko, D. Tantbirojn, T. Wang, and W. H. Douglas, “Optical
scattering power for characterization of mineral los}, Dent. Res.
79(8), 1584—-15892000.

D. Spitzer and J. J. ten Bosch, “The absorption and scattering of light
in bovine and human dental enameCalcif. Tissue Resl7, 129—
137(1975.

D. Fried, J. D. B. Featherstone, R. E. Glena, and W. Seka, “The
nature of light scattering in dental enamel and dentin at visible and
near-IR wavelengths,Appl. Opt.34(7), 1278—-12851995.

R. J. Jones and D. Fried, “Attenuation of 1310 and 1550 nm through
dental enamel,”Lasers in Dentistry VII Vol. 4610, pp. 187-190,
SPIE, San Jose, C£002.

A. Schneiderman, M. Elbaum, T. Schultz, S. Keem, M. Greenebaum,
and J. Driller, “Assessment of dental caries with digital imaging
fiber-optic transillumination DIFOTI): In vitro study,” Caries Res.

31, 103-110(1999.

K. Koenig, H. Schneckenburger, J. Hemmer, B. J. Tromberg, R. W.
Steiner, and W. Rudolf, th-vivo fluorescence detection and imaging
of porphyrin-producing bacteria in the human skin and in the oral
cavity for diagnosis of acne vulgaris, caries, and squamous cell car-
cinoma,” Advances in Laser and Light Spectroscopy to Diagnose
Cancer and Other DiseaseR. R. Alfano, Ed., Vol. 2135, pp. 129—
138, SPIE, San Jose, QA994.

15. X. Q. Shi, U. Welander, and B. Angmar-Mansson, “Occlusal caries

rectly correlated with the degree of demineralization and le-
sion severity. Therefore, PS-OCT has enormous potential for
monitoring changes in mineralizatian vivo for short-term

clinical studies of the efficacy of anti-caries agents. Since

small diameter PS-OCT reflectance probes can be easily fab-17,

ricated, this tool can potentially be used to monitor the effects
of anti-caries agents in occlusal surfaces, in between teeth or
beneath pit and fissure sealants. These are the sites at whic
90% of dental decay occurs. Future measurements will seek to
establish the relationship between the intensity of the PS-OCT
images, the local mineral density in the lesion, and the inte-
grated mineral loss across the lesion, i.e., AiZevalue using
microradiography/®
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