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Abstract. Studies have shown that lasers can be used to modify the
chemical composition of tooth enamel to render it less soluble. The
purpose of this study was to determine if polarization-sensitive optical
coherence tomography �PS-OCT� can be used to nondestructively as-
sess the inhibition of demineralization after CO2 laser irradiation. Hu-
man and bovine enamel specimens were irradiated by a microsecond
pulsed CO2 laser operating at a wavelength of 9.3 �m. Some speci-
men areas were also treated with topical fluoride to create six treat-
ment groups on each sample, including protected surface �no dem-
ineralization�, protected +laser, laser, fluoride, laser+fluoride, and
unprotected surface. Samples were placed in an artificial demineral-
ization solution to create lesions approximately 100–200 �m in
depth and were subsequently scanned with a PS-OCT system to assess
lesion severity before sectioning for analysis by polarized light micros-
copy and transverse microradiography for comparison. PS-OCT was
able to measure a significant reduction in the integrated reflectivity
due to inhibition by the laser on both human and bovine enamel even
though the laser modification of the enamel surface did cause an
increase in reflectivity and decrease in optical penetration. This study
shows that the PS-OCT is well suited for the clinical assessment of
caries inhibition after laser treatments. © 2008 Society of Photo-Optical Instru-
mentation Engineers. �DOI: 10.1117/1.2976113�

Keywords: CO2 laser; dental enamel; optical coherence tomography; polarization;
demineralization.
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Introduction

everal studies over the past 30 years have indicated that la-
ers can be used to thermally modify the chemical composi-
ion of dental enamel to render it more resistant to acid dis-
olution and potentially more resistant to dental caries.1–7

arbon dioxide laser wavelengths of 9.3 and 9.6 �m have the
trongest absorption in dental hard tissues, and a pulse dura-
ion in the microsecond range is well matched to the thermal
elaxation time of the absorbed laser energy near the tooth
urface for those wavelengths. Moreover, other studies have
ndicated that topical fluoride treatments can work synergisti-
ally with the laser treatment to further enhance its inhibitory
ffect.8–11 Current techniques for evaluating the efficacy of
hemical and thermal �laser� based anticaries methods include
ransverse microradiography, transverse microhardness, or po-
arized light microscopy. These methods require destruction
f the tooth and hence require test subjects with teeth sched-

ddress all correspondence to Daniel Fried, PRDS, Univ. of California/San Fran-
isco, 707 Parnassus Ave.—San Francisco, CA 94143; Tel: 415 502 6641; Fax:
15 4760858; daniel.fried@ucsf.edu
ournal of Biomedical Optics 054027-
uled for extraction. Therefore, such studies are limited in du-
ration to a maximum of a few months. Natural caries lesions,
particularly in occlusal surfaces, require a more extended time
for development. One promising new method for the assess-
ment of early caries lesions in vivo is polarization-sensitive
optical coherence tomography �PS-OCT�, which has been
successfully used to acquire images of both artificial and natu-
ral caries lesions, assess their severity in depth, assess the
remineralization of such lesions,3–5 and determine the efficacy
of chemical agents in inhibiting demineralization.12

Optical coherence tomography �OCT� is a noninvasive
technique for creating cross-sectional images of internal bio-
logical structure.13–15 PS-OCT is a form of OCT that is sensi-
tive to changes in the polarization of the reflected light.16 We
have demonstrated that polarization-sensitive depth-resolved
reflectivity measurements can provide a measure of the sever-
ity of natural and artificial caries lesions on smooth surfaces
and in the occlusal pits and fissures.17–21 The specular reflec-
tance at the air-enamel interface of the tooth surface is very
strong due to the high refractive index of enamel, n=1.63,

1083-3668/2008/13�5�/054027/9/$25.00 © 2008 SPIE
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nd this poses a particular challenge for OCT. Because the
urface reflectivity can be much more intense than the subsur-
ace scattering, it can interfere and overlap the reflectivity
rom the lesion area to prevent accurate assessment of the
esion depth and severity. If the incident light is linearly po-
arized, specular surface reflections do not depolarize the in-
ident light and do not interfere with the signal in the orthogo-
al ��� polarization state, which can be measured using a PS
CT system. Demineralized areas on the tooth depolarize the

ncident linearly polarized light, and the reflectivity in the ���
olarization state can be directly integrated to provide a mea-
ure of the lesion severity. By exploiting polarization sensitiv-
ty, the reflectivity from all lesion areas can be directly
ntegrated—including the very important surface zones—thus
vercoming the interference of strong surface reflections at
ooth surfaces, a serious limitation of conventional OCT sys-
ems. This is of particular importance for imaging the laser-

odified enamel surfaces and the shallow lesions involved in
his study. Another concern is that thermal changes in the
namel can induce changes in the birefringence and light-
cattering properties of the enamel that can interfere with the
bility of PS-OCT to assess the lesion severity. In turn, PS-
CT can potentially be used to determine the depth or thick-
ess of the thermally modified enamel layer to quantify the
xtent of any peripheral thermal and mechanical damage.

Quantitative light fluorescence �QLF� or laser-induced
uorescence �LIF� has been used to quantify the severity of

ncipient caries lesions on smooth surfaces in vivo.22–29 The
ethod measures the attenuation of the enamel autofluores-

ence from beneath the lesion as the lesion increases in
everity.30 The pores in the lesion formed due to demineral-
zation scatter and attenuate the fluorescence that originates
rom the underlying sound enamel and dentin. The fluores-
ence loss �in percent� has been compared to the mineral loss
ntegrated with depth, �Z �volume percent mineral loss times

icrons� to give a measure of the lesion severity. However,
his method has only been validated for use on smooth sur-
aces and has not been validated to work on laser treated
urfaces.

In a recent study, we demonstrated that PS-OCT can be
sed to assess the inhibitory effect of fluoride agents and seal-
nts peripheral to orthodontic brackets.12 The purpose of this
aper is to demonstrate that PS-OCT can be used as a nonde-
tructive means of measuring the efficacy of fluoride and CO2
aser treatments and for measuring the inhibition of lesion
ormation.

Materials and Methods
.1 Sample Preparation
welve blocks of dental enamel, approximately 5�3
2 mm3, were prepared from twelve extracted bovine tooth

ncisors, and ten similar-sized human enamel blocks were pre-
ared from extracted human third molar teeth. The enamel
urfaces were serial polished to 1 �m using embedded dia-
ond polishing disks. Each enamel sample was partitioned

nto three regions with the center of each region being treated
ith the laser using the conditions specified in the next sec-

ion �see Fig. 1�. The middle partition of each sample was
overed with a thin layer of acid-resistant varnish in the form
f red nail polish �Revlon, New York, New York�, which
ournal of Biomedical Optics 054027-
served to protect the sound enamel control area during expo-
sure to the demineralization solution. The middle partitions
served as the negative control groups: protected �P� and
protected+laser �P+L�. A 1.23% acidulated phosphate fluo-
ride foam, Oral B Minute Foam �Gillette, South Boston, Mas-
sachusetts� was applied to only one side following treatment
with the laser. After allowing exposure for 1 min, the samples
were rinsed with deionized water, taking care not to contami-
nate the nonfluoride, untreated side of the sample. The fluo-
ride treated section served as the fluoride+lesion �F� and
fluoride+laser+lesion �F+L� groups. The third section
served as the lesion �D� and lesion+laser �D+L� groups. The
placement of all six study groups within each sample, lesion
�D�, lesion plus laser �D+L�, sound �P�, sound plus laser �P
+L�, fluoride �F�, and fluoride plus laser �F+L�, decreases
intersample variability. The samples were then cemented to
delrin blocks and the sample sides varnished to isolate the
enamel surface. After treatment, each of the 22 enamel
samples were placed in a demineralization solution for seven
days, consisting of a 40 mL aliquot of an acetate buffer solu-
tion containing 2.0 mmol /L calcium, 2.0 mmol /L phos-
phate, and 0.075 mol /L acetate at pH 4.9 maintained at a
temperature of 37°C.

2.2 Laser Treatment
The enamel samples were irradiated with a transverse excited
atmospheric �TEA� pressure CO2 laser, Impact 2500 �GSI
Lumonics, Rugby, United Kingdom� operating at 9.3 �m, a
fluence of 1 J /cm2, an energy of 8 mJ per pulse, and pulse
duration of 15 �s. Laser energy calibration and measurement
was done using a laser energy/power meter, EPM 1000,
Coherent-Molectron �Santa Clara, CA� with an ED-200 Joule-
meter from Gentec �Quebec, Canada�. A planoconvex ZnSe

Fig. 1 Reflected light image of a bovine sample following laser irra-
diation and before coating with varnish and immersion in the dem-
ineralization solution showing the three partitioned areas on each
sample F, P, and D. The laser-treated areas are in the center of each of
the three zones and are labeled �L� in the image and are clearly visible
on the surface. The left side is marked F and demarcates the area
where the topical fluoride was to be applied; the central zone marked
�P� was covered with acid-resistant varnish to protect the surface be-
fore immersion in the demineralized solution; and the right side,
marked �D�, denotes the area that remained unprotected and
untreated with fluoride.
September/October 2008 � Vol. 13�5�2
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ens with a focal length of 100 mm was used to focus the
aser to a beam diameter of �1 mm. The laser beam diameter
1 /e2� at the sample position was determined by scanning
ith a razor blade across the beam. Two- and three-
imensional images of the laser spatial profile was acquired
sing a Spirocon Pyrocam™ I pyroelectric array �Logan, UT�.
he laser spatial beam profile showed that the laser was op-
rating in a single spatial mode, Gaussian spatial beam. Irra-
iation was performed by scanning the laser operating at a
epetition rate of 200 Hz continuously at a scanning rate of
.0 mm /s across the surface of the bovine blocks to create
he three irradiation zones �Fig. 1�. A computer-controlled
tage high-speed motion control system with Newport �Irvine,
alifornia� UTM150 and 850G stages and an ESP300 control-

er was used to create controlled movement of the samples
uring laser irradiation. For this study, the samples were irra-
iated without introducing water to the enamel surfaces.

.3 PS-OCT System
n all fiber–based optical coherence domain reflectometry

OCDR� system with polarization-maintaining optical fiber,
igh-speed piezoelectric fiber stretchers and two balanced In-
aAs receivers that was designed and fabricated by Op-

iphase, Inc., Van Nuys, California, was integrated with a
roadband high-power superluminescent diode DL-
S31159A, �Denselight, Singapore� and a high-speed
Y-scanning system �ESO 300 controller and 850-HS stages,
ational Instruments, Austin, Texas� and used for in vitro op-

ical tomography. The system was configured to provide axial
nd lateral resolution of approximately 20–25 �m with a
ignal-to-noise ratio of greater than 40–50 dB. The all-fiber
CDR system is described in more detail in Ref. 31 The
S-OCT system was completely controlled using Lab-
IEW™ software �National Instruments, Austin, Texas�.

.4 Polarized Light Microscopy �PLM� and Digital
Transverse Microradiography �TMR�

fter the samples were imaged with PS-OCT, the bovine
amples were cut into sections approximately 200-�m thick
sing an Isomet 5000 saw �Buehler, Lake Bluff, Illinois� for
LM and digital TMR. During this step, some thin sections
ere lost due to the inherent brittleness of enamel coupled
ith the existence of the induced artificial lesions, which
ade the samples even more susceptible to fracturing. PLM
as carried out using a Scientific Series 7 optical microscope

Westover Scientific, Mill Creek, Washington� with an inte-
rated digital camera, Canon EOS Digital Rebel XT �Canon
nc., Tokyo, Japan�. The sample sections were imbibed in wa-
er and examined in the brightfield mode with cross polarizers
nd a red I plate with 500-nm retardation. The lesions appear
ark due to the demineralization causing strong scattering that
esults in a loss of birefringence �Figs. 5�a� and 5�b��. A
ustom-built digital TMR system was used to measure min-
ral loss in the different partitions of the sample. A high-speed
otion control system with Newport UTM150 and 850G

tages, and an ESP300 controller coupled to a video micros-
opy and laser targeting system was used for precise position-
ng of the tooth samples in the field of view of the imaging
ystem.
ournal of Biomedical Optics 054027-
2.5 Integrated Reflectivity, Quantitative Mineral Loss
Profiles, and Lesion Depth Measurements

The integrated reflectivity and integrated mineral loss were
calculated in each of the six areas for each sample. Line pro-
files were taken from the orthogonal polarization ��-axis� PS-
OCT images or b-scans in each of the six regions, and the
reflectivity was integrated from the enamel surface to a real
depth of 200 �m, yielding the integrated reflectivity, �R, of
the regions in units of decibels per micron. Previous studies
have shown that �R correlates directly with the integrated
mineral loss �volume % mineral � microns� called �Z.6 Simi-
larly, line profiles were taken from the digital TMR of the thin
sections cut along the same position scanned by OCT. X-ray
attenuation was converted to volume percent mineral using a
sound enamel calibration curve. The line profiles in the four
treatment �lesion� areas were subtracted from the sound min-
eral profiles to yield the integrated mineral loss. The line pro-

Fig. 2 �a� Reflected light image of a bovine sample following laser
treatment with immersion in the demineralization solution with F, P,
and D marking the fluoride treated, varnish protected, and unpro-
tected zones, respectively. The gray lines mark the approximate posi-
tion of those zones on the enamel surface. Areas of more severe min-
eral loss with increased reflectivity appear white. The red line in �a�
indicates the approximate location of the PS-OCT scan ��-axis� that is
shown in �b�. A red-white-blue false color scale in decibel is shown
below the scan. More severe lesion areas with the most intense
reflectivity/scattering appear in red. In this particular sample, low re-
flectivity in the sound enamel region �P� does not attenuate the light
allowing deeper penetration and the highly reflective DEJ can be seen.
The laser zone in the middle of the sound region �P+L� is more re-
flective and decreases the penetration of the light. The arrows indicate
the location of the laser-treated areas. Note the increased lesion se-
verity on the nonfluoride-treated side. �Color online only.�
September/October 2008 � Vol. 13�5�3
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les were integrated from the edge of the sample to a depth of
00 �m to give units of �Z �volume % � microns�. In some
ases, where samples had cavitated, the edge of the sample
as linearly extrapolated by calculating the slope along the

ample surface and the integration started from the calculated
oint. This yields a mineral value of �20–25% in areas
here the mineral was completely lost, which is consistent
ith the mineral volume at which point the enamel matrix

ollapses. The integrations were performed using Igor Pro
oftware �Wavemetrics, Lake Oswego, Oregon�. Prior to tak-
ng the line profiles for the OCT images, a 10�10 convolu-
ion filter was applied to smooth out the images using the
onvolution filtering function from the Image Processing
ackage of Igor Pro.

.6 Fluorescence Loss Measurements �LIF�

namel surfaces were irradiated with a frequency-doubled di-
de pumped solid-state Nd:YVO4 laser ��=473 nm� DPSS
aser model BLM-50 �Extreme lasers, Houston Texas� with
n incident intensity of up to 50 mW. A 500-nm long-pass
lter no. C47-616 �Edmund Scientific, Barrington, New Jer-
ey� and a DFK 31AF03 FireWire camera �resolution 1024

768� from the Imaging Source �Charlotte, North Carolina�
ere used to image the fluorescence from the surface at wave-

engths of �500 nm. Imaging was carried out in the dark to
void the interference of ambient light. The image contrast
as calculated by subtracting the intensity of the fluorescence

ntensity taken from the treatment areas from the fluorescence
ntensity of the sound protected region on each sample and
ubsequently dividing by the fluorescence intensity of the
ound-protected region. The fluorescence image contrast var-
es from 0 to 1 with 1 being very high contrast and 0 being no
ontrast. A negative contrast indicates that the fluorescence
ntensity of the treatment area was higher than the fluores-
ence intensity of the sound-protected region.

Results
he surface of a bovine enamel block is shown in Fig. 1 after

rradiation by the CO2 laser. Optical changes caused by melt-
ng and recrystallization due to the laser beam are visible to
he naked eye and can also be seen on the PS-OCT images
efore exposure to the demineralization solution. A close up
iew of a laser-irradiated area is shown in Fig. 3�a� showing
he surface morphology and the width of the laser-irradiated
one. The laser beam produces a Gaussian-shaped intensity
rofile on the enamel surface inducing melting in the center
egion of the beam and visible changes in the enamel surface
n the region of melting. PS-OCT scans taken after the laser
reatment and subsequent exposure of the samples to the dem-
neralization solution show that there is also increased resis-
ance to acid dissolution at the outer wings of the laser energy
istribution at irradiation intensity levels that are below the
hreshold that causes visible changes in the enamel surface
i.e., which increase the reflectivity of the enamel in the PS-
CT images�. This is clearly apparent from the ��-axis� PS-
CT image of Fig. 3�b� that shows the laser-treated area on
uman enamel after exposure to the demineralization solution.
he minimum reflectivity is at the wings of the Gaussian dis-

ribution of the laser energy. The melted area at the center of
he Gaussian beam has an increased reflectivity. The increased
ournal of Biomedical Optics 054027-
reflectivity from the melted area has the potential to interfere
with the assessment of the lesion severity. However, the depth
of modification is fairly shallow and the rise in reflectivity in
the lesion area is substantially higher; therefore, it is still fea-
sible to use PS-OCT to assess lesion severity as is demon-
strated in this study.

Reflected light images of bovine and human enamel
samples along with the corresponding ��-axis� PS-OCT im-
ages are shown in Figs. 2 and 4. The areas that have the most
severe decay or white spot lesions appear more opaque or
whiter. The area on the left side, where fluoride was added, is
more translucent than the right side, without the fluoride, for
the sample shown in Fig. 2. In fact, the lesion was so severe
on the right side that part of the enamel surface eroded or
cavitated due to extensive demineralization. The areas treated
by the laser appear more translucent because demineralization
was less severe in those areas compared to the surrounding
enamel. A ��-axis� PS-OCT image or b-scan is shown below
for the same sample. A red-white-blue false color scheme is
used and the intensity scale in decibel units is shown below
the image. The strong areas of scattering/reflectivity, such as
lesion areas, and the underlying dentin at the dentin-enamel
junction �DEJ� appear red. Areas of high reflectivity not only
appear with stronger intensity but also attenuate the penetra-
tion of the light deeper into the enamel as well. The DEJ is
clearly visible in the protected area near the center, and it is
clear that the thermal modification of the enamel at the very
center attenuates the light to the degree that the DEJ is not
visible at the position directly under the zone melted by the
laser. The effect of both the laser and fluoride in inhibiting
lesion development are quite dramatic on this sample. The
lesion is clearly less severe on the fluoride-treated side, and

Fig. 3 �a� Reflected light image of a laser-treated area on human
enamel before exposure to the demineralization solution at higher
magnification zone showing the melted areas and the changed sur-
face morphology. Subsequent ��-axis� PS-OCT scans, such as the one
shown in �b� taken after exposure to the demineralized solution, show
that the lowest reflectivity occurs at the “wings” of the Gaussian
shaped laser profile at an intensity just below that which melted the
enamel surface. The reflectivity is actually higher at the center of the
laser-treated area because the enamel transformed by the laser caused
an increase in reflectivity near the surface. The area outside the laser
zone shows increased reflectivity in depth due to the formation of a
lesion �i.e., a zone of demineralized enamel�.
September/October 2008 � Vol. 13�5�4
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he lesion is also much less severe in the laser-treated areas on
oth lesion areas. Lesions are less severe overall on the hu-
an enamel samples as can be seen on the example shown in
ig. 4. The lesions are much less severe in the laser-treated
reas on this sample as well. The severity of the lesions varied
arkedly from sample to sample even on the bovine enamel

amples that were expected to exhibit a greater uniformity of
emineralization. The lesions were typically less severe for
he human enamel samples, and the lesions are much less
evere in the laser-treated areas and for the fluoride-treated
ide versus the nonfluoride-treated side.

Figure 5 shows a composite of PLM images taken at 40x
agnification across the entire 200-�m-thick section cut

rom one of the bovine enamel samples along with the corre-
ponding ��-axis� PS-OCT scan. In the PLM images, the le-
ion areas appear dark due to loss of birefringence and the
epth of the lesion can be accurately measured. It was diffi-
ult to section the samples for PLM and TMR without dam-
ge to the fragile lesions, and many samples exhibited loss of
ineral from the lesion areas. The sample of Fig. 5 mani-

ested cavitation on the lesion only side �D� due to severe
emineralization and lesion damage during the sectioning
rocess on the fluoride side �F�. Cavitation is visible on both
ides of the laser treated area on the right side �nonfluoride-
reated D� in the PS-OCT image before sectioning for histol-
gy. A severe but noncavitated lesion is present on the left
ide �fluoride-treated F� just to the right of the laser-treated
rea in the black circle. That area is only cavitated in the PLM
mage, indicating it was damaged during the sectioning
rocess.

ig. 4 �a� Reflected light image of a human enamel sample following
aser treatment with immersion in the demineralization solution. The
ed line indicates the approximate location of the PS-OCT scan ��-
xis� that is shown in �b�. Lesions are less severe in the laser-treated
reas, and there is no visible cavitation in the lesion areas. �Color
nline only.�
ournal of Biomedical Optics 054027-
Figure 6 contains a PLM image of a human enamel section
along with a TMR image of a bovine enamel section. The
laser-treated areas are visible in PLM images even in the
sound regions but are not visible in the TMR images. The
laser treatments melt and change the structure of the enamel
near the surface, causing a loss of birefringence, but had no
effect on the overall mineral density. A deep �180-�m lesion

Fig. 5 Polarized light microscopy image �a� and ��-axis� PS-OCT
scan �b� for a bovine enamel sample that manifested cavitation on the
untreated side �no fluoride� due to severe demineralization and lesion
damage on the fluoride side due the sectioning process. Cavitation is
visible on both sides of the laser-treated area on the right side �no
fluoride� in the PS-OCT image before sectioning for histology. A se-
vere but noncavitated lesion is present on the left side �fluoride
treated�, just to the right of the laser-treated area in the black circle.
That area is only cavitated in the PLM image, indicating it was dam-
aged during the sectioning process.

Fig. 6 �a� A composite of several PLM images taken across a human
enamel sample with the F, P, and D regions marked. The areas where
mineral loss occurred appear darker. The arrows show the position of
the laser-treated areas. The laser-treated area at the center of the
sound-protected area shows a thick black zone, indicating that the
thermal modification of the enamel causes a loss of enamel birefrin-
gence to a depth of �20 �m. The lesion to the right of the laser
treated area in �D� is very severe, and the lesion in the fluoride area
�F� is clearly visible on both sides of the laser-treated zone. �b� A
composite of transverse microradiographs of a different bovine
enamel sample with severe demineralization and some cavitation in
the unprotected areas is shown. The left and right black arrows mark
the position of the laser-treated areas. The right unprotected side �D�
of the sample has a large area of cavitation just to the right of the
laser-treated zone. A red-white-blue false color scale was also used for
TMR to show volume-percent mineral. �Color online only.�
September/October 2008 � Vol. 13�5�5
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s visible on the right side of the unprotected area �D� in the
LM image �Fig. 6�a�� while smaller lesions are visible on the
uoride-treated side. The lack of lesion development in the

aser-treated zones is clearly evident �black arrows�. The
MR image on another sample shows very similar behavior
ith the laser-treated areas �black arrows� inhibiting lesion
evelopment and more severe demineralization on the right
ide of the sample. On this particular bovine enamel sample,
he lesion was very severe on the right side, resulting in
avitation/erosion.

A reflected light image and a fluorescence image of the
urface of a bovine enamel sample are shown in Fig. 7 after
aser treatment and immersion in the demineralization solu-
ion. The fluorescent images resemble an inverted reflected
ight image. The highly scattering lesion areas block the fluo-
escence from the underlying sound enamel and dentin, and
hose areas manifest reduced levels of intensity �appear dark�.
n contrast to the reflected light image in which the more
evere lesion areas strongly scatter light and cause an increase

ig. 7 Reflected light �a� and fluorescence �b� images of a bovine
namel sample following laser treatment and immersion in the dem-
neralization solution. Lesions appear lighter in the reflected light im-
ge and darker in the fluorescence image.

Table 1 Mean �s.d.� values for PS-OCT, TMR,
Sample sizes are indicated in the first column. G
different �p�0.05�.

F F+L

PS-OCT
�dB·�m�
�n=9�

1444�692�
a,b

752�534�
c,d

272
c

TMR
�vol% ·�m�
�n=7�

1618�777�
a

284�368�
a

—

PLM ��m�
�n=8�

100�30�
a

78�24�
a

—

LIF
contrast
�n=9�

0.54�0.14�
a

0.095�0.39�
b

—

ournal of Biomedical Optics 054027-
in intensity. The laser treatment areas on the sound enamel
were not significantly darker than the untreated areas, and the
florescence intensity in some laser-treated areas was even
higher than the sound nonirradiated area, producing a nega-
tive fluorescence image contrast for the bovine enamel
samples. It is surprising that some of the laser-irradiated areas
actually have increased levels of fluorescence compared to the
sound enamel. This result was unexpected because the laser-
irradiated zones also manifest increased attenuation of the in-
cident near-IR light in the PS-OCT images. It is possible that
the melted surface produced by the laser treatment reduced
the effective surface roughness of the enamel surface, allow-
ing more fluorescence to exit normal to the enamel surface
and thus appear brighter.

The mean integrated reflectivity measured with PS-OCT
�depth 200 �m�, the mean integrated mineral loss measured
with TMR �depth 200 �m�, the mean lesion depth measured
with PLM, and the mean florescence image contrast between
sound and lesion areas are all tabulated in Tables 1 and 2 for
human and bovine enamel. Groups with the same letter in
each row indicate no significant difference between groups.
Sample groups were compared using repeated measures
analysis of variance �ANOVA� with a Tukey-Kramer post hoc
multiple comparisons test. Instat™ from GraphPad software
�San Diego, California� was used for the statistical calcula-
tions. The mean integrated reflectivity measured with PS-
OCT for all the bovine and human enamel groups is plotted in
Fig. 8 after subtraction of the integrated reflectivity from the
sound area from each of the nonlaser-treated areas and sub-
traction of the integrated reflectivity from the sound laser-
treated area from each of the laser-treated lesion areas. This
subtraction was carried out to both correct for the reflectivity
of the sound enamel and the increase in reflectivity caused by
the laser modification of the enamel surface. The integrated
reflectivity was significantly lower for all the groups versus
the unprotected lesion �D� area, with the exception of the
fluoride only group. We were able to resolve a significant
reduction �p�0.05� in the integrated reflectivity between re-
gions treated with the combination of laser and fluoride �F
+L� versus regions that were completely untreated �D�, as

nd LIF for the bovine enamel treatment groups.
ith same letter in each row are not significantly

P+L D D+L

607�389�
c,d

1778�657�
b

942�566�
a,d

— 4114�1911�
b

979�789�
a

32�10�
b

151�29�
c

94�42�
a

−0.10�0.16�
b

0.62�0.11�
a

0.055�0.15�
b

PLM, a
roups w

P
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ell as distinguish between regions treated only with the laser
D+L� versus the untreated region. PS-OCT was unable to
etect a significant difference between laser plus fluoride �F
L�, fluoride �F�, and laser only �D+L� groups, nor could
S-OCT significantly distinguish between fluoride �F� and un-

reated �D� regions. The differences in integrated reflectivity
f the protected laser �P+L� and sound enamel �P� regions
ere also not statistically significant �p�0.05�. This was sur-
rising because on many of the PS-OCT images, the laser-
reated enamel was readily visible. This is likely due to the
elatively shallow depth of the modified enamel in compari-
on to the integration depth of 200 �m.

As anticipated, the severity of the lesions generated in the
ovine enamel samples were more severe than for the human
namel samples and we were able to better discriminate sig-
ificant statistical differences between treatment groups for
he bovine samples. Although bovine enamel is structurally
imilar to human enamel, bovine enamel is more porous and

Table 2 Mean �s.d.� values for PS-OCT, TMR,
Sample sizes are indicated in the first column. G
different �p�0.05�.

F F+L

PS-OCT
�dB·�m�
�n=10�

1154�679�
a,b

716�257�
b,c,d

27
c

TMR
�vol% ·�m�
�n=9�

1903�2256�
a,b

41�335�
a

—

PLM ��m�
�n=8�

82�44�
a

27�12�
b,c

—

LIF
contrast
�n=10�

0.54�0.17�
a

0.36�0.18�
a,b

—

ig. 8 Mean �s.d� values of the integrated reflectivity or �R for bovine
nd human enamel samples imaged with PS-OCT including four of
he treatment groups after subtraction of the �sound+laser� or �sound�
eflectivity. The integrated reflectivity was calculated to a depth of
00 �m. The data are paired with the human enamel bars on the left
nd bovine enamel bars on the right. Bars sharing the same color or
attern among each enamel type, bovine or human, are not signifi-
antly different �p�0.05�.
ournal of Biomedical Optics 054027-
more susceptible to demineralization as well as fluoride ab-
sorption; thus, the effects of lesion-inhibiting treatments are
more pronounced. For example, there was a significant differ-
ence between the �F� and �F+L� regions for the bovine
samples, but not for the human samples prior to subtracting
the reflectivity from the sound areas.

The integrated mineral loss or �Z values and the lesion
depth measured with PLM for both the human and bovine
enamel groups are plotted in Figs. 9 and 10, respectively.
These measurements were taken from the 200-�m-thick
transverse sections cut from the samples. For the bovine
samples, both TMR and PLM indicated significant differences
between laser-treated regions, �F+L� and �D+L�, versus un-
treated areas �D�. Interestingly, both TMR and PLM were able
to detect a significance difference between the fluoride area
�F� and the untreated area �D�. However, this apparent higher
sensitivity is most likely due to specimen damage in lesion
areas during the sectioning process. Because areas of lesion

nd LIF for the human enamel treatment groups.
ith same letter in each row are not significantly

P+L D D+L

590�235�
c,d

1468�499�
a

899�431�
b,d

— 3770�3768�
b

276�408�
a

20�4�
b

146�41�
d

70�67�
a,c

0.10�0.10�
b

0.50�0.31�
a,c

0.25�0.23�
b,c

Fig. 9 Mean �s.d� values of the integrated mineral loss or �Z for bo-
vine and human enamel samples imaged using TMR including four of
the treatment groups. The integrated mineral loss was calculated to a
depth of 200 �m. The data are paired with the human enamel bars on
the left and bovine enamel bars on the right. Bars sharing the same
color or pattern among each enamel type, bovine or human, are not
significantly different �p�0.05�.
PLM, a
roups w

P

2�162�
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oss/cavitation are counted as 20% mineral in the calculation
f the integrated mineral loss, damage to the very fragile le-
ion areas that may contain mineral content of �20% �see
ig. 5� leads to an overestimation of the mineral loss by TMR.
herefore, the �Z values in more severe lesion areas, such as
roup �D�, are most likely considerably inflated. The fluores-
ence contrast is plotted in Fig. 11 for both human and bovine
namel. There were significant differences between the laser-
reated areas and the nontreated areas for bovine enamel;
owever, LIF was not very successful in discriminating be-
ween the fluoride �F� and lesion only areas �D�. For human
namel, LIF was not successful in discriminating a significant
ifference between the �D� and �D+L� groups.

Discussion
he purpose of this study was to determine whether PS-
CT—a nondestructive optical imaging tool—can be used to

esolve significant differences in the severity of demineraliza-

ig. 10 Mean �s.d� values of the lesion depth in microns for bovine
nd human enamel samples measured with PLM including five of the
reatment groups. The data are paired with the human enamel bars on
he left and bovine enamel bars on the right. Bars sharing the same
olor or pattern among each enamel type, bovine or human, are not
ignificantly different �p�0.05�.

ig. 11 Mean �s.d� values of the fluorescence contrast for bovine and
uman enamel samples including five of the treatment groups com-
ared to sound enamel. The data are paired with the human enamel
ars on the left and bovine enamel bars on the right. Bars sharing the
ame color or pattern among each enamel type, bovine or human, are
ot significantly different �p�0.05�.
ournal of Biomedical Optics 054027-
tion on areas treated by a CO2 laser after exposure to a regi-
men of artificial demineralization. The laser thermally modi-
fies the enamel to render it more resistant to demineralization;
however, those thermal changes also modify the reflectivity
and optical appearance of the enamel that may confound ac-
curate assessment of lesion severity. We have also examined
the influence of applying fluoride to both laser-treated and
untreated areas. The fluoride serves as a positive control and
also as a treatment group because several studies have shown
a synergistic effect between laser and fluoride treatments. PS-
OCT was able to discriminate between the laser-treated and
lesion groups on both human enamel and bovine enamel
specimens, even without the subtraction of the background
reflectivity from sound areas.

It is interesting that we found there was inhibition of dem-
ineralization at the wings of the laser intensity distribution
where the enamel surface was not visibly changed by the
laser. This suggests that it may be feasible to sufficiently
modify the enamel for caries inhibition without changing the
appearance of the enamel. The phase transformation of car-
bonated apatite to the more resistant purer phase hydroxyapa-
tite is a multistage process that is initiated at 420°C, and
complete carbonate loss occurs near the melting point of
enamel near 1280°C.7,32,33 Additional studies are needed to
determine if it is feasible to control the incident fluence at a
level that sufficiently modifies the enamel over large uniform
areas without significantly altering the enamel reflectivity.

The most obvious advantage of optical coherence tomog-
raphy over existing methods of assessing the severity of early
demineralization is the potential for in vivo imaging because
this method is nondestructive. PS-OCT is also advantageous
for in vitro dissolution studies on extracted teeth because it is
difficult to acquire transverse sections through lesion areas
without damaging the very fragile lesions for PLM and TMR
analysis. Although TMR is considered the gold standard for
assessing lesion severity, it is not very sensitive and optical
techniques, such as LIF, PS-OCT, and PLM, are better suited
for assessing early demineralization. There are also difficul-
ties in accurately assessing the mineral density in the outer
50 �m of enamel due to the tooth curvature. The error caused
by the surface curvature can be overcome to some degree by
subtracting line profiles in lesion areas from a line profile in
the sound area on the same section; however, this still intro-
duces some error. PLM is superior to TMR for measuring
lesion depth due to the much higher sensitivity to mineral
loss; however, it is very difficult to get a quantitative estimate
of the mineral loss from PLM.

Because QLF or LIF has been advocated as a nondestruc-
tive tool to assess early demineralization and commercial sys-
tems are now available for this purpose, it is valuable to com-
pare this method with PS-OCT. An obvious advantage of QLF
is the ability to acquire images of the entire surface of interest
even though there is no depth-resolved information. However,
simple visible examination or reflected light images of the
enamel surface, such as Figs. 2�a� and 4�a�, also show contrast
between sound and demineralized in a similar manner to QLF
albeit with reduced contrast. Therefore, one can always use
reflected light images or visible examination to guide the po-
sition of the OCT scans. In addition, new high-speed OCT
systems are now available that are fast enough to acquire 3-D
OCT images at video rates over large areas of the tooth.
September/October 2008 � Vol. 13�5�8
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In this study, we chose to use both bovine and human
namel specimens for investigation. Bovine enamel is more
niform in composition; however, it is more porous and typi-
ally manifests a greater rate of demineralization versus hu-
an enamel. Moreover, the greater porosity may influence the

erformance of topical fluoride because fluoride adheres bet-
er to rougher and more porous surfaces. We also observed
reater variability among the human samples versus the bo-
ine enamel. This greater variation in the susceptibility of the
uman enamel samples to demineralization may be caused by
revious exposure to fluoride in the oral environment. Even
ith the smaller lesions and greater variability in susceptibil-

ty to dissolution, the benefit of laser irradiation with and
ithout fluoride treatment were still obvious for the human

namel samples. In conclusion, these studies have shown that
S-OCT can be used to assess demineralization in areas irra-
iated by a CO2 laser and therefore can be used to assess the
fficacy of CO2 laser treatments in vivo without the need to
xtract the teeth for more conventional assessment using
MR or PLM. Future studies will investigate the use of PS-
CT to assess the inhibition of demineralization at laser irra-
iation intensities sufficient to remove/ablate enamel and in
reas that are subsequently filled with sealants and restorative
aterials after laser-treatment.
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