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Correlation of quantitative light-induced fluorescence
and optical coherence tomography applied for
detection and quantification of early dental caries

Bennett T. Amaechi
University of Texas Health Science Center

Abstract. Fluorescence loss in enamel following demineralization has
been correlated with the amount of mineral lost during the deminer-
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alization. The correlation between fluorescence loss measured by
quantitative light-induced fluorescence (QLF) and the reflectivity loss
measured by a versatile en face optical coherence tomography (OCT)
system was investigated in a demineralization process to produce ar-
tificial dental caries. We used an OCT system that can collect A-scans
(reflectivity versus depth), B-scans (longitudinal images), and C-scans
(en face images). The power to the sample was 250 uW, the wave-
length A=850 nm, and the depth resolution in air 16 um. A-scans,
which show the profile of the reflectivity versus the depth of penetra-
tion into the tooth tissue, were used for quantitative analysis of the
reflectivity loss. The results have shown that both the fluorescence
radiance and reflectivity of the enamel decrease with increasing de-
mineralization time. A linear correlation was observed between the
percentage of fluorescence loss measured by QLF and the percentage
of reflectivity loss measured by OCT. It was concluded that the de-
crease in reflectivity of the enamel during demineralization, measured
by OCT, could be related to the amount of mineral lost during the de-
mineralization process © 2003 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction Optical coherence tomograph¥pCT) has been used to
produce longitudinal images of dental tisstiésf an orien-
tation similar to that of the B-scan ultrasound images. In these
images, a reduction in enamel reflectivity was observed in
areas of demineralizatiof:*! It is speculated that the de-
crease in reflectivity during demineralization might be related
to the amount of mineral lost. The aim of the present study

induced fluorescenc&LF), which is currently used for de- . . .
. o . therefore was to investigate the correlation between the de-
tection and quantitative analysis of early carfiéased on . < .
crease in enamel reflectivity and the loss in enamel fluores-

the established correlation between the mineral loss and the . . o . o
. i . . . cence following tooth demineralization. This was quantified
fluorescence loss in enamel following demineralizafidim-

ited quantitative methods are available for clinical detection using OCT and QLF to measure the reflectivity and fluores-

and measurement of earlv demineralization of enamel that cence, respectively. A versatiém faceOCT system described
u . y ! zatl in the next section was used. The system was developed ini-
produces dental caries.

o . . . tially for retina imaging'®*® and can collect A-scan, B-scan
Quantltatlw_e anaIyS|_s permits Iongl_tuqllnal asse_ssmen'; of (longitudina), and C-scarftransversgimages of a biological
the. changes in the. mlner.al status W'th.'n the caries lesion, tissue. The same system was used for comparing OCT images
whlch would make it p(_JSS|bIe to_de_te_rmlne _the effecf[ of ad- \ith those from transverse microradiograpfMR). 1415
vice and treatments tailored to inhibit demineralization and

promote remineralization. Furthermore, detection of dental
caries at the incipient stage enables the implementation of2 OCT System

caries therapeutic regimegsuch as fluoride application  The apparatuéFig. 1) consists of an interferometer excited by
which would permit an early lesion to be remineralized before a pigtailed superluminiscent diod§LD), central wavelength
the need for restorative intervention. It seems appropriate, A =0.85um, bandwidthAX =20 nm, which sends 25QW
therefore, to develop a system that can detect a dental cariepower to the tooth. The OCT system was reported
lesion at its early stage and quantitatively monitor the mineral
status of the lesion over a period of time.

For many years radiograph§has been used for caries diag-
nosis and restorative decision-making in dentistry. However,
besides subjecting patients to ionizing radiation, radiography
is neither quantitative nor sensitive enough to detect very
early dental caries lesions. Apart from quantitative light-
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numerical aperturéNA) interface optics and a sufficiently
SLD M iperised - small pinhole. However, as long as the OCT channel provides
N MX_yi Interface
s OCT Optical i i TOOTH i H i
AN | couplers Spiitting % Optics the depth resolution, the depth resolution in the confocal
1 cond [y channel is conceived to be poorer than in the OCT channel. In
canming ordepn || OCT | Optieal ! this way, a very small percentage of the signal reflected by the
exploration, 2 @ tooth is sufficient for the confocal channel and most of the
VARUBLE SCAN e, signal is use(_JI in the OCT ch_annel. A large depth of focus
Personal SIGNAL i allows collection of the OCT signal without the need for dy-
(Computer] namic focus® If the depth of focus becomes similar to the
coherence length, then the focus needs to be moved in syn-

chrony with the translation stage in the OCT channel that
Fig. 1 Diagrammatic illustration of a stand-alone OCT-confocal in- determines the position in depth of the scatterer contributing
strument. to the OCT signal. This would have complicated the system
used for this report.

The confocal image was useful for identifying the lesions,
elsewheré?*® using a configuration of directional single- aligning the tooth, and evaluating the overall map of reflec-
mode couplers. The system can operate in different regimes.tivity along thex- or y-axis in the longitudinal regime or in the
In the longitudinal OCT regime, only one galvoscanner of the X,y-plane in the transversal regime. In the longitudinal regime,
galvoscanner pair is driven with a ramp at 700 Hz and the the confocal image shows little variation in depth owing to the
translation stage is moved for the depth range required in 0.51arge depth of focus used. However, the confocal channel may
s. In this case, an OCT B-scan image is produced either in thebe very usefuln vivowhen lateral movement of the patient in
x-z or y-zplane. The depth range was 1 mm in air for the the x or y scanning direction, respectively, can be picked up
images presented in this paper. The generation of B-scan im-from the confocal image and used to correct the OCT image.
ages differs from other reports on longitudinal OCT imading
where the B-scan image is constructed out of A-sd@depth 3  Methods
profiles of the reflectivity.

In the transverse regime, one galvoscanner is driven with a
ramp at 700 Hz and the other with a ramp at 2 Hz. In this way, Fifteen freshly extracted bovine incisor teeth free from caries,
a C-scan image in the-y-plane is generated at a constant cracks, or enamel malformations were selected and polished

depth. Then the depth is changed by moving the translation with pumice slurry to remove organic contaminants from the

3.1 Caries Production and OCT-Confocal Imaging

stage and a new C-scan image is collected. @hdaceim- labial surface of the teeth. The teeth were then painted with
ages of caries lesions in the present Study were obtained intWO coats of a nonfluorescent acid-resistant colorless nail var-
this way. nish, except for three exposed window31, D2, and D3,

In addition to acquiring OCT images in rectangular direc- €ach measuring approximately 2 rhin diameter, lying on
erating on the principles of confocal microscopy. In the sens- Carieslike lesions were then produced on each window by
returned light from the tooth toward a photodetector behind a taining 2.2 mMKH,PQ,, 50 mM acetic acid, 2.2 mM of 1 M
lens and a pinhole, which operate as a confocal receiver. TheCaCk and 0.5 ppm fluoride, at a pH of 4(Ref. 19. Prior to
design is such that the two images, OCT and confocal, are indemineralization(0 h), the OCT (A-, B-, and C-scansand
pixel-to-pixel correspondence. fluorescent images of the windows on each tooth were re-

The OCT and confocal signals carrying the information corded with the OCT and QLF systems, respectively. The
about reflectivity are applied to a dual-input frame grabber, OCT-confocal imaging was repeated on windows D1, D2, and
which can display one or both of these signals under computerD3 at 24, 48, and 72 h, respectively. After imaging was com-
control. The frame grabber is synchronized with transistor- Pleted on each window, that window was sealed off with ad-
transistor-logioTTL) signals delivered by the two ramp gen- hesive tape to prevent further demineralization until the last
erators controlling the galvanometer pair. For an image size of recording at 72 h on D3. The OCT-confocal imagég. 2)
3x3mmin the transversal section of the object, the pixel Were acquired as described in previous publicatfé#8The
size is~10 um and is determined by the numerical aperture A-scans were for quantitative assessment. These showed the
of the interface optics. However, the depth resolution in the depth(mm)-resolved reflectivitydB) of the tooth tissue and
two channels is different. In the OCT channel, the depth reso- therefore were used to calculate the degree of reflectifty
lution is governed by the spectral properties of the low coher- Of the tissue at any depth in accordance with the method de-
ence source, and is half of the coherence length of the sourceScribed by Amaechi et &t.

i.e., 16 um. The depth resolution in the confocal channel is . .

~1 mm and is dictated by the interface optic and the optics of 3-2 QLF Imaging and Analysis

the confocal receivefthe numerical aperture of the focusing Following the OCT imaging, the fluorescent image of each
lens and the pinhole diamejeBoth resolutions are the full  tooth was captured using the QLF clinical system, and the
width at half maximum of the signal profile measured by axi- lesions[Figs. 3a) to 3(d)] were analyzed quantitatively with
ally moving a mirror as an object through the focus of the QLF software, as described by van der Veen and de Josselin
interface optics. The depth resolution of the confocal channel de Jong? to calculate the percentage of fluorescence loss
can in principle be improved to a few microns by using a high (AQ). The QLF system consisted of a special intraoral cam-
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Sound tooth
tissue

Confocal image by,
of caries lesion

Demineralized
(Caries) tissue

Fig. 4 Transversal OCT image of the lesion in Fig. 2(d) at a depth of

OCT image of 0.3 mm. Ax=Ay=3 mm.

caries tissue

of OCT to quantitatively monitor the mineral changes in a
tooth tissue during demineralization, the mean values of the
degree of reflectivityR (dB mm), of the tooth tissue at the
Fig. 2 Single frame of OCT at 0.5-mm depth and simultaneous con- four measurement intervals of 0, 24, 48, and 72 h were com-
focal image. Lateral size: 55 mm. pared using analysis of varianéeBNOVA ) for repeated mea-
sures, and also correlated with time using the Pearson corre-
lation coefficient(r). For comparison with the percentage of
fluorescence losgAQ) measured by QLF, the percentage of
reflectivity loss(Ry,) was determined as follows:

era device connected to a computer fitted with a frame grab-
ber (Comet, Matrox, Electronic Systems Ltd., Quebec,
Canada and to which the QLF softwaréLF version 2000,

Inspektor Research Systems BV, Amsterdam, the Nether- o . o
landg was installed. To visualize and capture the tooth image, %o reflectivity loss (% dB/mm)
white light from a special arc lam@Philips bv, Eindhoven, (Rsound— Rdemineralized

X 100.

the Netherlands based on xenon technology was filtered
through a blue-transmitting bandpass fil{Ehilips by with a
peak intensity of\ =370 nmand a bandwidth of 80 nm, to  The correlation between the mean valuesRgf and that of
illuminate the tooth with a blue-violet light with an intensity AQ was determined using the Pearson correlation coefficient.
of 13 mW/cn?. A dental mirror provided uniform illumina-

tion, and with the aid of a color CCD sens(@ony LS-1P, 4 Results

Tokyo, Japaj which had a yellow-transmitting (A . . - .
=520 nn) filter (Philips by positioned in front of ittto fiter ~ While both transversaFig. 4) and longitudinalFig. 5 OCT
images showed the caries lesion as volumes of reduced reflec-

out all reflected and backscattered ligtthe fluorescent im- . R . .
I tivity, the longitudinal images in addition showed the depth of
age of the tooth was recorded and digitized by the frame the lesion into the tooth tissue. This was determined by cor-

grabber and was available for quantitative analysis with the relating measurements obtained via both longitudinal emd
QLF software. The fluorescence logsQ), is obtained by re- face OCT imaging. The A-scan graphig. 6 showed the

nstructing the fluorescence of sound enamel at the site of - ;7
constructing the fluorescence of sound enamel at the site o levels of reflectivity versus depth of penetration into the tooth

the lesion from the fluorescence of the surrounding sound i ntitative analv&lsof the dear f reflectivity of
enamel(assumed to be 100%The decrease in fluorescence SSUe. Qu_a ative analy the degree ot reflectivity o
the tooth tissue evaluates an integral over the area below the

was determined by calculating the percentage difference be- eflectivity versus depth curve and results in a dB mm value
tween the actual and reconstructed fluorescence surface. Anyr y P )

area with a fluorescence radiance drop of more than 5% wasfrlé?se%nalﬁi's.nschrg‘gs_g th(;i;r:]h:e:zﬁlegs'ggyt.%theﬁi{sguﬁ de-
considered to be a lesion. with | N9 ! zal ntag. o,

=31.86-9.30 dB/mm, 24 14.45-5.47, 48 8.66+1.96,

Rsound

3.3 Statistical Analysis

The data obtained were analyzed statistically with the signifi-

cance levela) prechosen at 0.05. In order to assess the ability
Sound tooth

tissue
~ Demineralized
(Caries) tissue

Ax
Fig. 3 QLF images of (a) sound tooth surfaces and demineralized (car- Fig. 5 Longitudinal OCT image of the caries lesion in Fig. 2(d) show-
ies) surfaces at (b) 24 h, (c) 48 h, and (d) 72 h of demineralization. ing its depth in the tooth tissue. Ax=3 mm, Az=0.6 mm.
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Fig. 6 A-scan showing the levels of reflectivity (dB) versus depth (mm) 0 10 20 3 40 S0 60 70 80
of penetration into the tooth tissue and illustrating the decrease in Time (Hours)
reflectivity with demineralization (A, B). A, sound tooth tissue; B,
demineralized tooth. Fig. 8 lllustration of the increased fluorescence loss with increasing

demineralization time as quantified using QLF.

72=4.32+2.72,and this was confirmed by the Pearson cor- ) )

relation coefficien{R versus timer = —0.944) ANOVA in-  €arly caries****hence the system used in the present study,
dicated a significant differencén=15p<0.00) between  Which can only use reflectivity, is being developed to use
the mean values dR at the four measurement intervals. The Polarization and birefringence in addition to reflectivity to dis-
percentage of reflectivity log&Ry,) increased with increasing ~ Criminate between sound and demineralized tissue. The OCT

demineralization time(Fig. 7), demonstrating a similarity ~ technique applied to ophthalmology has evolved rapidly in the

with the percentage of fluorescence las§ (Fig. 8). A linear past few ygar%? . .

correlation (Ry,= 45.56+ AQ,r=0.963 was observed be- Applications o_f O_CT in dentistry have already _been re-
tween the percentage of fluorescence Ids®, and the per- ported and covein wtrq images of dental and periodontal
centage of reflectivity loséFig. 9. tissue&” as well as carious lesiofis® However, all the re-

ported methods delivered only longitudinal OCT images,
which we believe restricts the interpretation of the high-

o . resolution images. The system used in the study reported here
The utilization of an OCT system that can provide C-, B-, and jncorporated a transversal mode. On examination of a tooth,

A-scan images of tooth tissue to detect an incipient caries the compounding of information in rectangular directions,
lesion as early as 24 h into its development was successfullyyansyersal and axial, allows better diagnosis than when using

demonstrated in this study. OCT was able to discriminate be- jongitudinal OCT imaging only. Successive displays of trans-
tween sound and demineralizzarious tooth tissues by their  \ersa) and longitudinal cuts at different positions in the 3-D

degree of reflectivity, depicting carious tissue as volumes of g5k ofen faceOCT images give a direct view of the caries
reduced reflectivityFigs. 4 and b Reflectivity is only one of volume.

the other factors used by OCT to discriminate between sound  The OCT system used by us incorporated a confocal im-
and carious tooth tissue. Other studies reported changes inyging system that aids in identifying caries lesions and align-
polarization and birefringence as better markers than reflec-

tivity for detecting demineralization, particularly for detecting

5 Discussion

100+
. g !
: 804
£ £ ]
o % 604
3 g
't 2
2 2 404
5 2 Pearson Corr. Coef., r = 0.963
H
> g
§ 8 204 R = 45.56 + AQ
=
: L
0 v T v T v Y J
20 30 40 50
80 Fluorescence loss (%.mm?) - QLF
Time (hours)
Fig. 9 Illustration of the relationship (Ry,=45.56+AQ) between the
Fig. 7 Illustration of the increased percent of reflectivity loss with in- percentage of fluorescence loss (AQ) and the percentage of reflectiv-
creasing demineralization time as quantified using OCT. ity loss (Ro,).
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ing the tooth. The early caries appears as a bright spot in the6 Conclusion

confocal image, which can also be displayed sideways, along; \yas concluded that as a technique for detection and analysis
with the en faceOCT image at each deptiig. 2. The con- ¢ arly enamel caries, OCT correlated well with an estab-
focal system would be very useful in clinicgh vivo) appli- lished method of quantifying demineralization. The reflectiv-
cation of t_he system, in that du_rmg_chmcal examination, the ity lost in enamel during demineralization, measured using
confocal image of the tooth is displayed on a computer ocT, could be related to the amount of mineral lost during the
screen, and on detection of a lesion on a tooth, the OCT gemineralization process. OCT detected early enamel caries,
imaging is |n|t|ated._W|thou_t the confo_cal _system, the lesion ghowed the depth of the caries inside the tooth tissue, and
has to be detected first by visual examination before the use ofgyantitatively monitored tooth tissue demineralization over a
the OCT component to image and quantify the lesion. There- period of time. This demonstrated that OCT would be a suit-
fore, the confocal system enhances the early detection of le-gple tool for routine examination in the dental clinic and a
sions and reduces the time spent in diagnosis. Although theysefyl device to quantitatively monitoin vivo, the mineral
confocal system was not absolutely necessary in the presenthanges over time in a caries lesion after application of a

study, it was used in order to demonstrate its usefulness,therapeutic agent. It would also be applicableirinvivo, in

which would be particularly important during clinical appli-

situ, or in vitro testing of the efficacy of products formulated

cation. The contribution of the confocal channel to the results tq inhibit demineralization and/or promote remineralization.

of this study was discussed in Sec. 2.
In this study, different level$l to 3 day$ of demineral-
ization (and hence different levels of mineral lpswere

The potential of OCT as a caries diagnostic device that may
possibly replace the conventional dental radiograph and elimi-
nate the danger of hazardous ionizing radiation, is illustrated

shown by OCT as different degrees of reflectivity loss, and in py the present study.

this way it was possible to monitor the change in mineral

status of the tooth tissue over a period of time. This ability Acknowledgments

was validated by QLF, which is a long-established method for
detection and quantification of early demineralization of

enamel. QLF is an optical technique that uses the natural fluo-
rescence of teeth to discriminate between caries and soun
enamel, based on the fact that the fluorescence radiance of a
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