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ABSTRACT
PURPOSE: This study used polarization sensitive optical coherence tomography (PS-

OCT) to measure and quantify enamel demineralization after treatment with fluoride and
Q-switched 355-nm or Er:YAG (2.94 um) laser irradiation. The specific aims were 1) to
test the hypothesis that E:YAG and UV laser irradiation will increase the efficacy of
topical fluoride diffusion to synergistically increase the acid resistance of bovine dental
enamel, and 2) to test the hypothesis that a PS-OCT system can be used to measure
significant differences in the severity of artificial demineralization after laser irradiation
of those areas at ablative laser fluence.

METHODS: Ten samples were used in each laser group. Each sample was painted with
red nail polish to create a control group by protecting the sample from demineralization.
Half of each sample was treated with acidulated phosphate fluoride. Samples were
exposed to demineralization solution for 7 days at pH 4.90. Each sample was analyzed
using polarization sensitive optical coherence tomography, polarized light microscopy,
and digital transverse microradiography.

RESULTS: There was no synergistic nor detrimental effect of laser irradiation combined
with topical fluoride in increasing acid resistance of bovine dental enamel in this study.
PS-OCT had similar demineralization measurements compared with polarized light
microscopy and digital transverse microradiography.

CONCLUSION: PS-OCT can provide an accurate measure of demineralization in
bovine dental enamel. Er:YAG and UV laser irradiation does not synergistically inhibit
demineralization. Fluoride alone is the most efficient way to inhibit demineralization in

bovine dental enamel.
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|. Introduction

Purpose

The purpose of this study was to determine the ability of polarization sensitive optical
coherence tomography (PS-OCT) to measure and quantify enamel demineralization after

treatment with fluoride and Q-switched 355-nm or Er:YAG (2.94 um) laser irradiation.

Specific Aims
1. To test the hypothesis that Er:YAG and UV laser irradiation will increase the
efficacy of topical fluoride diffusion to synergistically increase the acid resistance
of bovine dental enamel.
2. To test the hypothesis that a PS-OCT system can be used to measure significant
differences in the severity of artificial demineralization after laser irradiation of

those areas at ablative laser fluence.

A. Dental Caries

Dental caries is one of the most prevalent communicable diseases in the world. Almost
100% of the population in the majority of countries is affected by dental caries. '
Orthodontic patients are no exception. Patients receiving full-fixed appliance orthodontic
therapy are considered high-risk for the development of these carious lesions. > As many
as 97% of orthodontic patients have decalcification lesions following full-fixed appliance
therapy. ** Nearly 50% of those with decalcification exhibit clinically visible white spot
lesions.’ However, in many cases these lesions are mild, reversible, and avoidable with

improved oral hygiene and caries prevention measures. ® With such a prevalence



worldwide, treatment modalities focusing at minimizing or eliminating caries are an

important area of research.

B. Traditional Imaging Modalities

Radiographic imaging of carious lesions in dentistry has been the standard of care for
decades and is the most widely used diagnostic technique. Bitewing radiography has
been found to be extremely useful for dentinal caries detection on interproximal, occlusal,
and, to a limited extent, approximal surfaces. However, it has virtually no value for
occlusal enamel caries detection. Lesions cannot be detected radiographically until
reaching the dentin, at which time the lesion cannot be remineralized, and a restoration is
required. One additional drawback of bitewing radiography is that it is associated with
ionizing radiation, although the amount of radiation exposure can be reduced by using the

digital technique. ’

Due to the difficulty of detecting occlusal enamel caries radiographically, the clinician
relies on visual observation of texture and discoloration, clinical judgment based upon
experience, and on tactile sense by probing with an explorer. Unfortunately, this method
also suffers from some limitations. The sensitivity of the explorer is reported to be only
about 0.5-0.6. ® It has also been demonstrated that probing with a sharp explorer may
cause damage to newly erupted teeth or create a cavity at the site of a superficial carious

lesion that would not otherwise occur. ®



The limitations of traditional imaging modalities open the door for alternative imaging
methods that can image carious lesions more effectively. An ideal imaging modality
would be noninvasive and sensitive enough to detect early enamel lesions on any tooth b

surface. o

C. Optical Coherence Tomography (OCT) -

Optical coherence tomography is a non-invasive imaging technique that utilizes back- A
scattered light to create cross-sectional images of biological systems. The system might -

be compared to ultrasonic pulse-echo imaging, except that light waves, instead of sound

waves, are detected. > Because the velocity of light is extremely high, its echo time delay :
cannot be measured directly by electronics as in ultrasound. The velocity of sound in
water is approximately 1500 m/sec, whereas the velocity of light is approximately ' ﬂ_ s -

300,000,000 m/sec.

The solution to this problem is low-coherence interferometry. This technology measures
the echo time delay and intensity of backscattered light by comparing it to light that has
traveled a known reference path length and time. delay. Measurements are performed
using a Michelson type interferometer. The light source is directed onto a beam splitter,
and one of the beams is incident onto the sample to be imaged, while the second beam
travels a reference path. As a result of the coherence property of light, the backscattered
light from the sample is correlated with reflected light from the reference arm and
detected with a photodetector at the output of the interferometer in measureable patterns.
The echo time delay and intensity of backscattered light from sites within the sample can

be measured by detecting the interference output of the interferometer while scanning the ]



reference path length.'® The interference output can be translated into a two-dimensional

cross-sectional depth measurement.

OCT is most commonly used for retinal imaging in ophthalmology patients. '' However,
applications have also been found for imaging atherosclerotic plaques, skin, and
gastrointestinal pathology among others. '>** Several dental applications of OCT have
also recently been developed. Colston er al were the first to image oral soft and hard
tissues using OCT. ° Since this initial study, the number of studies examining OCT
imaging in the field of dentistry has increased. OCT imaging applications have been
discovered relating to demineralization, remineralization, periodontal ligaments, root

canal walls, and restorative materials. '¢*!

D. Polarization-Sensitive Optical Coherence Tomography (PS-
OCT)

A limitation of conventional OCT is distinguishing between backscattered light resulting
from carious lesions and the backscattered light that occurs as a result of surface
reflection from the air-enamel interface. PS-OCT incorporates the polarization state of
incident light and measures the intensity and polarization state of the backscattered
signal. A polarizing beam splitter in the detection arm of the PS-OCT system splits the
fast and slow axis components of the light onto two detectors. The fast axis is referred to
as the perpendicular axis and the slow axis as the parallel axis because the light is divided

into vertical and horizontal polarization components. 22



For sound enamel, the parallel axis signal is high due to surface reflection, and the
perpendicular axis signal is low because it only consists of the polarization rotation due to
enamel birefringence. When carious lesions are scanned, the perpendicular-axis signal is 4
high due to the intense depolarization of the reflected signal. The parallel axis signal is :
high for both sound and carious enamel. The difference in the strength of the

perpendicular axis signal between sound and carious enamel makes it ideal for imaging

carious lesions. This is the key difference between polarization sensitive OCT and

conventional OCT. *'

Fried ef al, %2

demonstrated the contrast that exists between the perpendicular and parallel
axis by imaging a polished sample of bovine enamel using both formats (Fig 1). The
image on the right taken in the perpendicular axis illustrates an almost invisible enamel
surface. However, the image on the left taken in the parallel axis clearly outlines the
surface of the sample because the specular reflection from the surface does not depolarize
the light. However, carious enamel does depolarize the incident polarized light,
permitting the PS-OCT to image both the surface and subsurface enamel by recording

changes in the magnitude of scattering and depolarization without “noise” from the

surface reflection.
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Figure 1 - Slow (left) and fast (right) axis images of a polished bovine enamel block with incident
linearly polarized light. The polished surface is visible in the slow axis image, since the specular
reflection from the surface does not depolarize the light.

Baumgartner et al was the first to complete a study comparing conventional OCT and

polarization-sensitive OCT for examining teeth. The study demonstrated the ability of

PS-OCT to record the presence and intensity of backscattered light from a carious lesion.

% Fried et al ** demonstrated that not only can the presence of a lesion be recorded, but
the severity of the lesion can be determined also. The ability to quantify lesion severity
permits the monitoring of lesions to determine their progression. Jones et al ° further
demonstrated the PS-OCT is able to diagnose and quantify demineralization in
traditionally challenging areas like occlusal surfaces of human teeth. In a later study,
Jones et al *’ demonstrated that remineralization as well as demineralization can be
quantified using PS-OCT. Most recently, Chong et al ** demonstrated that PS-OCT is
well suited for assessment of caries inhibition by anti-caries agents around orthodontic

brackets.




E. Lasers and Dentistry

Laser applications have played an increasingly prominent role in dental treatment
modalities. A PubMed search of “lasers” and “dentistry” resulted in 1530 references. In
a 1964 Nature article, Goldman et al ** observed that materials which are colored absorb
more laser energy than uncolored materials. The ruby lasers at that time had a “duration
of impact”of about 1 millisecond. The combination of the two observations made lasers
a potentially useful tool for the removal of dark carious lesions without overheating the

tooth. Since that time, the application of lasers in dentistry has become broader in scope.

One specific application of lasers is the prevention of carious lesions. Dental caries is a
transmissible, bacterial disease. Its progression is driven by acid produced by bacterial
action on dietary fermentable carbohydrates. Demineralization occurs when the acid
diffuses into the tooth and dissolves the carbonated hydroxyapatite mineral - the weakest
part of the enamel mineral.*® Lasers intended to prevent demineralization generally

reduce the carbonated hydroxyapatite either directly or indirectly.

The specific application of lasers to inhibit demineralization was first suggested by Stern
and Sognnaes. 2’ The mechanism for altering enamel solubility largely depends on the
wavelength of laser light utilized and the primary absorber of laser energy in the tissue.
Different wavelengths of light target different materials.”*?* The three most common
laser wavelengths used to increase enamel resistance to decay have three different
primary absorbers. The Nd:YAG laser specifically targets protein (355-nm). The

Er:YAG laser targets water (2.79-um). The CO; laser targets mineral (9.6-um). *




Several of the studies to date have utilized the carbon dioxide (CO,) laser to induce
enamel resistance to decay. >'** Carbon dioxide laser wavelengths include 9.3, 9.6, 10.3,
and 10.6 um. These wavelengths are absorbed by the carbonated hydroxyapatite mineral
of the tooth. The absorbed light becomes heat near the enamel surface and destroys the
carbonated mineral. *' However, more than just the carbonated mineral is affected by the
CO; laser irradiation. The enamel mineral structure is significantly changed after CO,

irradiation due to melting of the prism structure.*®

F. Er:YAG laser

The two laser wavelengths utilized as part of this study were selected based on their
ability to increase resistance to enamel decay while at the same time preserving the
enamel mineral structure. Dental hard tissue ablation is a water-mediated explosive
process at 2.79 um. *’ The Er:YAG laser used in this study operating at a wavelength of

2.79 um targets the water in tissues and can ablate dental enamel.

Keller and Hibst *® clearly demonstrated the difference in tissue morphology between
CO; and Er:YAG lasers following ablation. SEM micrographs showed enamel surfaces
irradiated by erbium lasers appeared etched whereas the CO; laser irradiated surfaces

had a glassy appearance suggesting melting of the mineral structure.

G. UV Laser

UV laser parameters can be adjusted to selectively remove protein and lipid content to

increase fluoride uptake without affecting mineral structure. Wheeler et al * found that

A |
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the protein and lipid sheath surrounding enamel rods is preferentially removed during UV
laser ablation. The prismatic structures can be clearly visualized protruding from the
irradiated areas in SEM micrographs. In contrast to previous studies using carbon dioxide

lasers, there was no evidence of fusion of the enamel prisms.

H. Fluoride

The protective effect of fluoride on dental enamel has been clearly established. It is

difficult to find a toothpaste on a supermarket shelf that does not contain fluoride.

Fluoride protects enamel through three primary mechanisms. 2 These include inhibition
of enamel dissolution, enhancement of remineralization, and antibacterial action.
Fluoride is absorbed onto the tooth surface from a solution or gel carrier. Calcium
fluoride is formed on the surface enamel and microscopically between enamel crystals.

This mineral decreases the solubility of the tooth structure inhibiting demineralization.

Fluoride can also increase remineralization by combining with calcium and phosphate to
form a protective layer on the crystalline surface. This fluorapatite-like veneer replaces
much of the carbonated hydroxyapatite that is lost during demineralization. The

conversion of one mineral to another greatly increases the resistance to decay.

Fluoride also has an antibacterial effect by interfering in bacterial metabolic enzymatic
functions. When the pH in the plaque bacteria decreases due to bacterial acid production,
a portion of the fluoride present in the plaque fluid combines with hydrogen ions to form

HF. HF has the ability to diffuse into the bacterial cell. Once inside the cell, the HF




dissociates, lowering the pH inside the cell and interfering with the cell’s chemical
balance. The fluoride ion also inhibits enolase, an enzyme necessary for the bacteria to

metabolize carbohydrates and produce acids.

. Lasers and Fluoride

The relationship between lasers and fluoride has been explored in several studies. The
ability of laser irradiation to etch dental enamel and promote caries inhibition has been
demonstrated in both bovine and human teeth.***° In addition to the ability of lasers
alone to reduce demineralization, a synergistic effect between laser irradiation and
fluoride treatment has also been suggested in previous studies. However, most of the
studies have been completed using CO; laser irradiation. Featherstone ef al *! observed
that low energy CO, laser treatment combined with fluoride treatment completely
inhibited subsequent lesion progression in a pH-cycling model. Several other studies have

been completed with CO, lasers showing similar results. *!**

There have been fewer studies evaluating the effects of combining other types of lasers
and fluoride. Tagamori and Morioka *’ showed that Nd: YAG laser irradiation increases
fluoride uptake. Samples were treated with solutions of sodium fluoride (NaF) or
acidulated phosphate fluoride (APF) before and after laser irradiation. APF application
after laser irradiation caused a significant increase in acid resistance of the enamel, while
APF application before laser irradiation showed a lesser effect, similar to either APF
treatment alone or laser irradiation alone. APF application after laser irradiation produced
a greater fluoride uptake in the enamel than APF application before laser irradiation. NaF

application caused lesser acid resistance and lesser fluoride uptake than APF application,

10




even when the enamel was treated with laser irradiation. Zhang et al ** also showed
enhanced fluoride uptake following irradiation with an Nd:YAG (1064 nm) laser similar

to results demonstrated with a CO, laser.

Wheeler ef al *° showed that UV laser treatment (355 nm) alone did not inhibit
dissolution of bovine enamel and actually increased the dissolution rate by 14%. Topical
fluoride application alone did not significantly inhibit dissolution in that study either. The
combination of UV laser treatment at 2.5 J/cm? followed by topical fluoride application
inhibited decay by over 50%. Fried et al *° demonstrated 40% and 60 % caries inhibition
following irradiation with Er:YAG (2.94 um) and Er:YSGG (2.79 um) lasers,
respectively. Castellan e al ** compared resistance to demineralization between human
primary teeth treated with fluoride, Nd: YAG laser irradiation, and Er:YAG laser
irradiation. Although the fluoride group had less mineral loss than either laser group,
there was no significant difference between the groups. All 3 groups showed
significantly less mineral loss than an untreated control. Kwon et al *° demonstrated
decreased calcium loss in bovine teeth during demineralization following Er:YAG (2.79
um) ablation and a further decrease when combined with fluoride application. Apel et al
5! reported a lower calcium content was detected in the demineralization solution after
irradiation with the Er:YAG laser. The difference between the laser-irradiated groups and
the untreated control group was not statistically significant. However, a significantly
lower calcium content was found in the demineralization solution after fluoridation.
Delbem et al ** compared a control with Er:YAG irradiation, acidulated phosphate

treatment, and combined treatment in human dental enamel. The control group showed

11




the highest decrease in microhardness, and the Er:YAG and fluoride group showed the

lowest decrease (p < 0.05). Groups APF and Er:YAG showed the same results (p > 0.05).

Based on the current literature, a study comparing the effects of UV and Er:YAG laser

irradiation with fluoride treatment using PS-OCT imaging offers promising possibilities.

II.Methods

Initial Testing

Initial testing was performed primarily to establish the appropriate fluence for use in data
collection and to become familiar with laboratory protocols. Polished acrylic blocks,
5x5x2 mm were prepared from the facial surfaces of gamma sterilized freshly extracted
bovine incisors. Blocks were highly polished with sequential diamond abrasives of 9, 3, 1

and 0.3 um grit. The blocks were stored in 0.01% thymol to prevent bacterial growth.

Prior to beginning the pilot study, three bovine samples were irradiated with an Er:-YAG
laser (Schwartz Electro-Optics, Orlando, FL) to compare different fluences. The samples
were cooled with 1 ml/min of water. One cut was made per block at the following

fluences:
- 16 J/cm?
- 22 J/cm?

— 35J/cm?
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Each sample was imaged wet and dry with polarization sensitive optical coherence
tomography (PS-OCT). Samples that were imaged dry had reduced penetration and an
increased prevalence of artifacts in the image. It was determined that all samples would
be imaged wet to improve image quality. At 16 J/cm? the laser cut did not block imaging.
At both higher fluences there was still some light penetration, but cuts were very deep
and approached the dentinoenamel junction. Therefore, 16 J/cm? was selected as the
appropriate intensity level for the Er:YAG laser in the pilot study.
Six fluences were tested for the UV laser using 3 cuts on each of 2 blocks.

- 1.0 Jem?

- 1.25J)/cm?

- 1.5J)cm?

- L75J)/cm?

- 2.0J/cm?

- 225J)/cm?

Each sample was imaged using PS-OCT. It was observed that a fluence of 1.75 J/cm?
just ablated the surface and still permitted imaging. This parameter was selected for use

in the pilot study.

A Q-switched Nd: YAG laser (New Wave Minilase III system; Sunnyvale, CA), operating

at its third harmonic with a wavelength of 355 nm and a pulse duration of 3-5

nanoseconds, was used to irradiate the surface of the bovine blocks. There was no use of
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either air or water coolant during any of the laser irradiation procedures. The Minilase 11
laser beam was focused onto the surfaces of the samples. A pyroelectric energy meter,

(ED-200, Gentec Ste. Foy, Que, Canada) was used to measure the beam energy.

Following this initial testing, a pilot study was begun using 5 samples for each test group.
The UV scans were completed at a fluence of 1.75 J/cm? with a spot size of
approximately 1 mm. The Er:YAG samples were completed using a continuous scan at
16 J/cm? with a spot size of 217 microns. Each scan was spaced only 50 microns apart
for a high degree of overlap. The water coolant used with the Er:YAG laser was

measured and verified to be 1 ml/min of water.

All ten samples were painted with clear nail polish parallel to the laser cuts, and red nail
polish perpendicular to the cuts. In preparation for placement in demineralization
solution, the solution was tested to verify the calcium concentration using atomic
absorption, and the pH was verified with controls and measured to be 4.94.
Demineralization solution consisted of 2.0 mmol/L calcium, 2.0 mmol/L phosphate, and

0.075 mol/L acetate.

Each sample was placed in 30 ml of demineralization solution at 37 °C for 7 days. The
samples were removed from the demineralization solution and rinsed with deionized
water, and then placed in 0.01% thymol solution until imaged with PS-OCT. PS-OCT

images were analyzed using Igor Pro Software (Wavemetrics, Lake Oswego, Oregon),
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and samples were photographed using a Canon A430 digital camera. (Canon, Lake

Success, NY)
A. Sample Preparation

1. Block Preparation

Following the pilot study, 20 additional polished blocks were prepared from the facial
surfaces of gamma sterilized bovine incisors. The blocks were cut to approximately
5x5x2 mm and polished with sequential diamond abrasives of 12,9, 3, 1 um. They were

stored until use in a 100% humidity environment with 0.01% thymol.

It was determined that the blocks prepared for use with the Er:YAG laser were
overpolished. Overpolishing creates an enamel surface that is too thin to absorb
demineralization, allowing the decay to reach the dentin and complicating the
interpretation of the data. An additional 10 blocks were prepared for use with the

Er:YAG laser with thicker enamel surfaces.

2. Mounting

Twenty resin blocks were made using black orthodontic resin and rectangular aluminum
moldings. The blocks were cut with a precision saw to ensure plano-parallelism and
labeled to identify individual samples for data analysis. The UV laser and Er:YAG laser

samples were mounted on the resin blocks using cyanoacrylate prior to ablation.
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B. Laser Ablation

1. Beam Profile

A beam profile was performed on the UV laser prior to completing the laser cuts to
ensure the accuracy of the chosen laser parameters. The beam profile was determined
using an average power of 2.5 mW at an attenuation setting of 150 and 30 hertz repetition
rate. The beam diameter was approximately Imm wide. The beam diameter was
measured at different distances from the lens to determine the focal length. The focal

length was determined to be 83.5 mm from the lens.

Figure 2 - Illustration of the convergence of the laser beam that occurs at the focal length. The beam
profile determines the focal length of the beam.

2. UV Laser Ablation

Ten samples were ablated using a Q-switched Nd:YAG laser (New Wave Minilase 111
system; Sunnyvale, CA), operating at its third harmonic with a wavelength of 355 nm and
a pulse duration of 3-5 nanoseconds. Two additional samples were cut that were not
demineralized. There was no use of either air or water coolant during ablation. The beam
was focused onto the surfaces of the samples. A pyroelectric energy meter, ED-200

(Gentec Ste. Foy, Que, Canada) was used to measure the beam energy.
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The UV scans were completed at a fluence of 1.75 J/cm?, and the laser beam was =
continuously scanned at an average speed of 1.27 mm/s. The beam diameter was
approximately 1 mm and the distance between cuts was 300 microns. Two cuts were 'f

made per block.

Figure 3 - A digital photograph of bovine enamel block irradiated with two parallel UV laser cuts. b

3. Er:YAG Laser Ablation

Ten samples were ablated using an Er:YAG laser (Schwartz Electro-Optics, Orlando,
FL). Alternative laser parameters were selected for use in the experiment other than -
those used in the pilot study in order to reduce the depth of the cuts. Glass slides were
used to attenuate the laser, and the depth of the cuts was compared using 2, 4, 5, and 6
slides. Each 1 mm thick slide attenuates approximately 30% of the laser beam intensity.

Since no observable ablation took place using 6 slides, it was determined that 5 slides

would be used in order to minimize the depth of the cuts The cuts were completed using a

fluence of 2.56 J/cm? with 5 glass slides for attenuation. The scan distance was 50

»
\

microns between spots and the number of pulses was 6 with a pulse duration of 155 ms

operating at a repetition rate of 5 Hertz. Two cuts were made per block.
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Figure 4 - A digital photograph of a bovine enamel block irradiated with two parallel Er:YAG laser
cuts.

C. Pre-demineralization PS-OCT Scans

The PS-OCT system used has been described in detail by Fried er al. ** An all fiber-based
Optical Coherence Domain Reflectometry (OCDR) system with polarization maintaining
(pm) optical fiber, high speed piezoelectric fiber-stretchers, and two balanced InGaAs
receivers. The OCDR was integrated with a broadband high power superluminescent
diode (SLD) (Denselight, Jessup, MD) with an output power of 15 milliwatts (mW), 83
nanometer (nm) bandwidth, and a high-speed XY-scanning system (ESP 300 controller &
850HS stages, National Instruments, Austin, TX) for in vitro optical tomography. Sixty
scans were taken in the x-axis at 50 um intervals, and 12 scans in the y-axis. The PS-

OCT system used in this study is illustrated in Figure 5.
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Figure 5 - Digital photograph of PS-OCT system.

Linearly polarized light was incident on the tooth samples, and the
reflected/backscattered intensity in both orthogonal polarizations was measured in each
detector channel. The OCDR system is based on a polarization sensitive Michelson white
light interferometer. The high power (20 mW) SLD diode source operating at a center
wavelength of 1310 nm with a spectral bandwidth FWHM of 84 nm was passed through
a linear polarizer, providing 10 mW of horizontally polarized light. This light was
coupled into the slow axis of the polarization maintaining (pm) fiber of the source arm of
the interferometer. This light was split into the reference and sample arms of the
Michelson

interferometer by a 50/50 pm-fiber coupler. The sample arm was coupled to an AR
coated fiber-collimator to produce a collimated beam with a 3 mm diameter. That beam
was focused onto the sample surface using a 20-mm focal length AR coated plano-

convex lens. This configuration provided axial and lateral resolution of approximately 30
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um with a signal to noise ratio of approximately 50 decibels. Both orthogonal
polarization states of the light reflected from the tissue were coupled into the slow and

fast axes of the pm - fiber of the sample arm.

Figure 6 - Schematic of polarization sensitive optical coherence tomography system.

A quarter wave plate (QWP) set at 22.5° to horizontal in the reference arm rotated the
polarization of the light by 45° upon reflection. After being reflected from the reference
mirror and the sample, the reference beams were recombined by the pm fiber-coupler. A
polarizing cube splits the recombined beam into its horizontal and vertical

polarization components or parallel and perperpendicular axis components, which were
then coupled by single mode fiber optics into each detector. The light from the reference
arm was polarized at 45° and, therefore, split evenly between the two detectors. Readings
of the electronically demodulated signal from each receiver channel represent the
intensity for each orthogonal polarization of the backscattered light. Neutral density
filters are added to the reference arm to reduce the intensity noise for shot limited

detection. Acquired scans are compiled into “b” scan files. Image processing was carried
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out using Igor Pro™, data analysis software from (Wavemetrics Inc, Lake Oswego,

Oregon).

All 20 samples were imaged prior to being subjected to the demineralization protocol.
One sample from each laser group was also imaged half wet/half dry for comparison.
Samples were imaged at a 5 degree inclination to reduce surface reflection and improve
image quality. All samples were also photographed prior to demineralization using a

Canon A430 digital camera. (Canon, Lake Success, NY)

D. Varnish and Fluoride Treatment

Select areas of each sample were covered with a red nail polish (Revlon, New York, New
York) parallel to the laser cuts to create a control group between laser cuts that would not
be subject to demineralization. Varnish was also applied to the outside borders of the
samples to isolate the enamel surface. Half of the sample was subjected to the fluoride
treatment of 1.23% acidulated phosphate fluoride Oral B Minute Foam (Gillette, South
Boston, MA) including one laser cut. Following submersion for approximately 60
seconds in fluoride solution, the samples were rinsed with deionized water. This design
effectively created 5 study groups within each sample and reduced intersample
variability:

1. Unprotected enamel

2. Laser cut unprotected enamel

3. Sound protected enamel

4. Laser cut protected (fluoride) enamel
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5. Protected (fluoride) enamel

B-scan

Protected Enamel (F-)

Unprotecfed Enamel
Laser Cut Unpjotected Enamel
Sound Varn shed Enamel
Laser Cut Protgpted Enamel (F-)

Figure 7 — Schematic illustrating the five study groups analyzed in each sample. The control section
was varnished with nail polish to protect the enamel surface from demineralization. Parallel laser
cuts were made on each side of the control prior to covering the surface with nail polish. Half of the
sample was then exposed to 60 seconds of acidulated phosphate fluoride treatment and rinsed with
deionized water. The protocol created the five treatment groups labeled above. The dark line passing
across the schematic represents the direction of the PS-OCT b-scan across the sample.

E. Demineralization protocol

The demineralization solution consisted of 2.0 mmol/L calcium, 2.0 mmol/L phosphate,
and 0.075 mol/L acetate. The pH was verified to be 4.90 prior to submersion. The
samples were placed in 40 ml of demineralization solution at 37 °C for exactly 7 days.
The samples were removed from the demineralization solution and rinsed with deionized

water, and placed in 0.01% thymol solution until imaged with PS-OCT.

F. Post-demineralization PS-OCT Scans

All samples were imaged using PS-OCT following the demineralization protocol. The
varnish layer was removed from the control group to allow imaging. Scans were taken
before and after acetone removal on one sample to verify that the acetone did not affect
the other treatment groups. The integrated reflectivity values (AR) were not significantly

different.
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G. PS-OCT Analysis

1. Line Profiles

By interpreting the interference patterns of light, PS-OCT allows an image to be created
of the surface of the samples as well as any structures that will create backscatter, i.e.,
demineralized lesions, the DEJ, and cracks. From each PS-OCT perpendicular-axis
image, five line profiles (a line on a b-scan which represents an a-scan to be analyzed)

were taken for analysis of the extent of demineralization.

The center of each treatment group was estimated, and the line profile was taken from the

center of each treatment group of each sample (100 line profiles).
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Figure 8 - PS-OCT scan of sample irradiated with UV laser. Each treatment group is labeled and
divisions can be clearly observed between groups. The yellow arrow delineates where the line out

was placed for analysis of the fluoride group. The color bar represents the intensity of backscattered
light in decibals.

A graph of each line-profile, measuring reflectivity verses depth from the detector to the

enamel surface, was generated using IgorPro software to assess backscatter. Figure 9 is a
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graph of a line profile extracted from one of the Er:YAG laser treated samples that is
superimposed with the line profile of the lesion group over the line profile of the control
group. The red line represents the lesion group, and the blue line represents the control
group. The lesion group demonstrates a sharp increase in reflectivity at the enamel
surface and a decrease in intensity as the lesion ends. The magnitude of the difference
between the intensity of light reflected in the lesion group versus the control group can be

observed. The intensity of each line profile was integrated to a depth of 200 um to yield

the integrated reflectivity (AR).
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Figure 9 — Line profile of an Er:YAG laser treated sample that superimposes the line profile of the
lesion group over the line profile of the control group. The red line represents the lesion group and
the blue line represents the control group. The lesion group demonstrates a sharp increase in
reflectivity at the enamel surface and a decrease in intensity as the lesion ends. The magnitude of the
difference between the intensity of light reflected in the lesion group versus the control group can be
observed.

2. OCT Lesion Depth Measurement

OCT lesion depth measurements were calculated by normalizing the intensity level of the
line profile for each treatment group to 1.0 decibels. The corresponding AX value at the

upper and lower limit of the integrated reflectivity curve was recorded at 1/e?~ 0.135.
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H. Sectioning of samples

In preparation for analysis with polarized light microscopy and digital microradiography,
the samples were cut into sections using a precision microtome (Isomet 5000 Linear
Precision Saw, Buehler, Coventry, UK). Sample thicknesses were set for 200 um. Four
sections were cut from each block, and at least two intact sections were recovered from
each sample. However, it was noted following sectioning that the unprotected enamel
group in some sections had fractured due to the excessive amount of demineralization in

that treatment group and the brittleness of the thin sections.

|. Polarized Light Microscopy (PLM)

Sections were placed on glass slides and imbibed with water. The sections were
sequentially examined using 2x, 4x, and 10x magnification with a polarizing microscope
(Series 7, Westover Scientific, Seattle, WA). Sections were photographed at each
magnification with a high-resolution digital camera. If all treatment groups were not
visible in the field of view at a given magnification, then multiple photographs were
taken of each treatment group. The light microscope used for PLM imaging with the

digital camera mounted on top is illustrated in Figure 10.
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Figure 10 - Light microscope used for polarized light microscopy. A digital camera is mounted on
top of the microscope to record images.

On a PLM image, demineralization and laser treatment causes the affected structure to
appear dark due to loss of birefringence. Measurements of the depths of the
demineralized lesion, that layer of enamel appearing very dark brown to black, were
made with the same imaging IgorProsoftware used in PS-OCT analysis. The software is
capable of direct length and area measurement. For each sample, five linear depth

measurements were made corresponding to the five treatment groups used in the PS-OCT

analysis.
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Figure 11 - Polarized light image of an Er:YAG irradiated sample. The dentinoenamel junction can
be seen clearly along the border of the black region representing the dentin. The crater in the sample
is the area that has been irradiated by the laser. The black area on the surface of the sample
demonstrates the demineralized portion of enamel. The red line is the measurement tool used to
make the linear lesion depth measurements for each treatment group.

I. Transverse Microradiography (TMR) Analysis

1. TMR Imaging

Following PLM analysis, sections were mounted on holders for TMR imaging. The
thickness of each section was recorded in microns. Using CuK, radiation from a Philips
3100 x-ray generator and a Photonic Science FDI x-ray digital imager (Microphotonics,
Allentown, Pennsylvania) images were generated and optimized by adjusting exposure
time in 1 second intervals, ranging from four to seven seconds. Background
measurements of air were taken from each holder. The TMR system used is illustrated in

Figure 12.
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Figure 12 - TMR system : High-resolution digital transverse microradiography system with motion
control system, x-ray diffractometer, and sample mount.

The TMR images were converted from 12-bit intensity values representing x-ray
attenuation through the thin sections, to volume % mineral using a calibration plot of the
background signal and the section thickness. To verify that each microradiograph was
able to be used for accurate measurement of AZ, the volume percent mineral was

calculated from a known sound area - the control (protected) group.

2. TMR Line Profiles

For TMR analysis of each sample, four line profiles were taken corresponding to the four
experimental treatment groups and line profile locations used for PS-OCT and PLM
analysis. Figure 13 is a TMR image with a line profile passing through the laser only
treatment group. Using the same software as in PS-OCT analysis, line profiles were

generated, and integrations taken to give relative mineral loss data, expressed as AZ.
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Figure 13 - TMR image of Er:YAG irradiated sample. The blue line out location is demonstrated
passing through the center of the laser only treatment group. The lesion group demonstrates the
fracture complication encountered with several samples during sectioning. The mineral loss made
the lesion group extremely brittle causing fracture in several samples.

From each line profile, two AZ measurements were made. The line profile of each of the
four experimental treatment groups was superimposed on the line profile of the control
group as illustrated in Figure 14. The difference in AZ values was calculated and

recorded to determine an accurate volume percent mineral loss for each treatment group.
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Figure 14 - Line profile of a TMR image taken from a UV irradiated sample. The red line profile of
the lesion group is superimposed on the blue line profile of the control group.
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J. Statistical Analysis

Repeated measures ANOVA was used initially to compare the 5 study groups for each of o
the three imaging methods utilized - PSOCT, PLM, and TMR. The Tukey post-hoc test
directly compared each group to the others. The Instat program was used to compute

statistical significance. (Graphpad Software, Inc., San Diego, CA)

III. Results o
A. PS-OCT Integrated Reflectivity (AR) Values

The brimary purpose of this study was to determine the ability of PS-OCT to accurately
measure demineralization in bovine enamel samples irradiated with Er:YAG or UV
lasers. Integrated reflectivity values (dB x um) were obtained using IgorPro software.
Table 1 shows the mean and standard deviation of the integrated reflectivity values for
the PS-OCT scans completed for all samples included in the study. Higher numbers
represent higher integrated reflectivity which correlates with a greater degree of
demineralization. Figures 15 and 16 compare the integrated reflectivity values for each
laser group in graph form. The color coding demonstrates statistical significance. Bars

that contain the same color are not statistically significant.

In the Er:YAG laser data set, the data shows a significant difference between the lesion
treatment group and all other treatment groups. There was no statistical difference
between the fluoride versus fluoride and laser groups, the fluoride and laser versus laser -

only groups, and fluoride versus protected groups.
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In the UV laser data set, the data shows a significant difference between the laser only
and lesion groups versus the fluoride, fluoride and laser, and protected groups (p<0.05).

There was no significant difference between the laser only versus lesion group. There

were also no significant differences between the fluoride, fluoride and laser, and

protected groups.
Er:YAG | Fluoride | Fluoride and Laser | Protected | Laser Only | Lesion
Mean | .55 47 521.65 192,67 700.76 | 1059.66
StdDev | 257 57 121.65 161.98 25283 | 368.80
uv
Mean | (0723 600.10 386.26 1121.85 | 1277.62
StdDev | 476 40 184.94 472.51 539.76 | 489.69

Table 1 - PS-OCT integrated reflectivity (AR) mean values (dB x pm) for each laser system with the

standard deviation.
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Er:YAG PSOCT integrated Reflectivity

AR - (dB x pm)

Fluoride Fuoride and Laser Protected Laser only Lesicn

Treatment Group

Figure 15 Mean values for Er:YAG PS-OCT integrated reflectivity (AR). Bars that contain the same
color are not significantly different. (p<0.05) Error bars represent the standard deviation.

WV PS-OCT Integrated Reflectivity Mean Values

AR - (dB x um)

Fuoice Fluorick and Laser Protected Laser oty Lesion

Treatment Group

Figure 16 - Mean values for UV PS-OCT integrated reflectivity (AR). Bars that contain the same
color are not significantly different. (p<0.05) Error bars represent the standard deviation.
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The four experimental treatment groups were also compared after subtracting the
integrated reflectivity value of the protected group from each of the experimental
treatment groups. This data was intended to give the true integrated reflectivity caused
by demineralization by subtracting out any reflectivity due to surface reflection. Table 2
shows the adjusted integrated reflectivity mean and standard deviation of the four
experimental treatment groups. Figures 17 and 18 compare the integrated reflectivity
values for each laser group in graph form. The color coding demonstrates statistical

significance. Bars that contain the same color are not statistically significant. (p<0.05)

In the Er:YAG data set, the lesion group was statistically different from all other
treatment groups. There was no statistical significance between the fluoride and laser
versus laser only groups. There was also no statistical significance between the fluoride
versus fluoride and laser groups. The significance of the treatment groups for the

adjusted data set matched the previous data set for the Er:-YAG laser group.

In the UV laser data set, the data shows a significant difference between the lesion group
Versus the fluoride and fluoride and laser groups. There was no significant difference
between the fluoride, fluoride and laser, and laser only groups. There were also no
significant differences between the laser only and lesion group. The change in statistical
significance between the adjusted data set versus the previous data set is most likely

Caused by the increase in the standard deviation of the values for each treatment group.
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Er:YAG Fluoride Fluoride and Laser Laser Only Lesion
Mean 200.50 328.99 508.09 866.99
Std Dev 323.31 215.18 195.88 347.91
Uuv
Mean 220.98 213.84 735.60 891.37
Std Dev 535.33 470.21 445.52 388.25

Table 2 - Adjusted PS-OCT integrated reflectivity (AR) mean values (dB x pm) for each laser system

with standard deviation.

EN:YAG PS-OCT Adjusied infegrated Reflectivity

1200

8 B
8 8

AR - (dB x pm)
8
8

Fuoride Flucride and Laser Laser anly Lesion

Treatment Group

Figure 17 - Adjusted Er:YAG PS-OCT integrated reflectivity (AR) mean values. The mean value of

the protected treatment group has been subtracted from the value of each experimental treatment

group. Bars that contain the same color are not significantly different. (p<.05) Error bars represent

the standard deviation.
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UV PSOCT Adjusted Integrated Reflectivity

AR - (dB x pm)

Fuonde Fuoride and Laser Laser anly Lesion

Treatment Group

Figure 18 - Adjusted UV PS-OCT integrated reflectivity (AR) mean values. The mean value of the
protected treatment group has been subtracted from the value of each experimental treatment
group. Bars that contain the same color are not significantly different. (p<.05) Error bars represent
the standard deviation.

B. PS-OCT Lesion Depth Measurements

PS-OCT depth measurements in microns (um) were also completed using Igor-Pro
software for each treatment group using data from the PS-OCT scans. The mean and
standard deviation for each treatment group is shown in Table 3. Figures 19 and 20
illustrate the significance between groups for each laser. The color coding demonstrates
statistical significance. Bars that contain the same color are not statistically significant.

Error bars represent the standard deviation.

In the Er:YAG data set, the lesion group was statistically different from all other

treatment groups (p<0.05). All other treatment groups were not statistically different.
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In the UV data set, the lesion group and laser only group were statistically different from
the fluoride and fluoride and laser group. There was no statistical significance between

the fluoride, fluoride and laser, laser only group or the laser only versus lesion group.

Er:YAG Fluoride Fluoride and Laser Laser Only Lesion
Mean 97.01 87.01 112.12 155.36
Std Dev 39.17 17.36 38.06 36.16
Uuv
Mean 99.62 108.36 144.42 156.08
Std Dev 62.54 23.33 20.51 36.18

Table 3 - Mean and standard deviation of PS-OCT lesion depth measurements (microns) for each
laser system. Er:YAG values are shown in red and UV values are shown in blue.

Er'YAG PS-OCT Depth Measurements

Flucride and Laser Laser Only

Treatment Group
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Figure 19 - Mean values of the lesion depth measured with PS-OCT for the Er:YAG groups
(microns). Bars that contain the same color are not significantly different. (p<0.05) Error bars
represent the standard deviation.

Microns

Fuoride Fluorice and Laser Laser Orly Lesion

Treatment Group

Figure 20 - Mean values of the lesion depth measured with PS-OCT for the UV groups (microns).
Bars that contain the same color are not significantly different. (p<0.05) Error bars represent the
standard deviation.

C. PLM Linear Depth Measurements

The second imaging method utilized in this study was polarized light microscopy. The
mean linear lesion depth measurements for each laser group divided by treatment groups
including standard deviations are presented in Table 4. Figures 21 and 22 illustrate the
significance between groups for each laser. The color coding demonstrates statistical
significance. Bars that contain the same color are not statistically significant. Error bars

represent one standard deviation.
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In the Er:-YAG data set, the lesion group was statistically different (p<0.05) from all other
treatment groups. There was no statistical difference between the fluoride and laser
versus laser only groups, or the fluoride versus fluoride and laser groups. The fluoride

group was statistically different from the laser only group.

In the UV data set, the lesion and laser only group were statistically different from the
fluoride, and fluoride and laser group. There was no statistical significance between the

lesion versus laser only groups, or the fluoride versus fluoride and laser groups.

Er:YAG Fluoride Fluoride and Laser Laser Only Lesion
Mean 65.52 75.28 102.65 141.30
Std Dev 34.25 23.97 40.52 31.87
RY
Mean 52.96 86.72 134.92 155.50
Std Dev 22.56 31.97 45.16 31.93

Table 4 - Mean and standard deviation of polarized light microscopy (PLM) lesion depth
measurements (microns) for each laser system. Er:YAG values are shown in red and UV values are
shown in blue.
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Er:YAG PLM Measurerments

Fluoide Fluoride and Laser Laser Orly Lesion
Treatment Group
Figure 21 - Er:YAG PLM lesion depth mean values (microns). Bars that contain the same color are
not significantly different. (p<0.05) Error bars represent the standard deviation.

UV PLM Measurements

Microns

Fluoride Fluorice and Laser Laser Only

Treatment Group

Figure 22 - UV PLM lesion depth mean values (microns). Bars that contain the same color are not
significantly different. (p<0.05) Error bars represent one standard deviation.
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D. TMR AZ Values

The third imaging method utilized in this study was transverse digital microradiography.
The mean volume percent mineral loss x microns (vol % x pum) for each laser group
divided by treatment group is presented in Table 5. Figures 23 and 24 illustrate the
significance between groups for each laser. The color coding demonstrates statistical
significance. Bars that contain the same color are not statistically significant. Error bars

represent one standard deviation.

In the Er:YAG laser data set, the lesion group was statistically significant from all other
treatment groups. All other treatment groups were not statistically different from each

other.

In the UV laser data set, the lesion and laser only groups were statistically different from

the fluoride and fluoride and laser groups. However, there was no statistical significance

between the fluoride versus fluoride and laser, or the laser only versus lesion groups.
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Er:YAG | Fluoride | Fluoride and Laser | Laser Only | Lesion

Mean
675.15 739.49 123335 | #7352

Std Dev
681.54 1470.69 895.33 | 3271.89

uv

Mean
1198.27 1254.20 5194.41 | 5529.49

Std Dev
1470.96 957.84 3050.24 | 2938.58

Table 5 - Mean and standard deviation AZ (vol % x pum) values for transverse digital

microradiography (TMR) for each laser system. Er:YAG values are shown in red and UV values are
shown in blue.

ErYAGMR Values

;

5
8

AZ — (Vol % x um)

40000

Fluorids LaserandF Laser Orly Lesion

Treatment Group

Figure 23 - Er:YAG TMR mean AZ values (vol % x pm). Bars that contain the same color are not
significantly different. (p<0.05) Error bars represent the standard deviation.
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UVMR Values

Fuaide LaserandF Laser Orly Lesion

Treatment Group

Figure 24 - UV TMR mean values (vol % x pm). Bars that contain the same color are not
significantly different. (p<0.05) Error bars represent the standard deviation.

IV. Discussion

A. Anticipated Results

The purpose of this study was to evaluate the effectiveness of PS-OCT at measuring
demineralization using two different laser systems in combination with fluoride. Our
specific aims included:
1. To test the hypothesis that Er:YAG and UV laser irradiation will increase the
efficacy of topical fluoride diffusion to synergistically increase the acid

resistance of bovine dental enamel.
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2. To test the hypothesis that a PS-OCT system can be used to measure
significant differences in the severity of artificial demineralization after laser

irradiation of those areas at ablative laser fluence.

The three different methods of analysis included PS-OCT, PLM, and TMR. The four
measurements included PS-OCT scans, PS-OCT lesion depth measurements, PLM linear

lesion depth measurements, and TMR volume percent mineral loss.

The use of bovine enamel samples instead of human enamel samples allowed for better
isolation of the treatment effects. Although there certainly is some genetic and
environmental variability between enamel samples in both bovine and human
populations, a significant amount of variability was eliminated by having all the teeth in
the study exposed to the same diet, drinking water source, and hygiene protocols. This
would not have been possible with human teeth and would have significantly affected the
baseline level of caries resistance in each sample. In addition, the study design created 5
treatment groups within each individual sample, thereby eliminating treatment group

variability within samples.

In order to provide consistency in the analysis of each treatment group between samples,
the line profile selected for extracting data from each sample was determined to be the
horizontal center of each treatment group. In the samples where fractures occurred, the
center of the remaining intact enamel surface was selected for analysis. It was observed

that taking a different area of the treatment group could result in a slightly different value.
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Future studies should take multiple line profiles on the same tooth to determine any
variation that would result in a line profile taken at a slightly different position, and the

results should be averaged to account for any possible variation.

Transverse digital microradiography (TMR) is considered the gold standard against
which PS-OCT can be compared. Polarized light microscopy (PLM) was selected as an
additional imaging system to compare to PS-OCT. Although each imaging system has its
own limitations, the lesion depth measurements between imaging systems correlated
well. The R? linear regression analysis comparing the mean values of each treatment
group were >0.85 in the Er:YAG data set and >0.92 in the UV data set. The highest

correlation rates were found between PS-OCT and TMR for both laser groups.

Fluoride had a profound inhibitory effect in both laser groups. This was an expected
finding based on the results of previous studies. The fluoride inhibitory effect for some
samples was statistically equal to that of the protected treatment group that served as a
control. Laser irradiation improved caries inhibition compared to the lesion group, but
fluoride had a much more significant effect on caries inhibition than laser irradiation
alone. In addition, fluoride served as a positive control to determine if the results of the

experiment were working as anticipated.

The degree of caries inhibition in fluoride groups was not uniform across the entire width

of the sample in some samples. This may have been caused by not exposing the surface

to equal amounts of acidulated phosphate fluoride gel or incompletely rinsing some
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samples. However, carious lesions are seldom uniform. Therefore, the lack of

uniformity in caries inhibition was not surprising.
B. Unexpected Results

The most unexpected finding resulting from analysis of our study data was the lack of a
synergistic effect of laser irradiation and fluoride application. Generally, in all three
imaging systems and both laser groups, there was neither a synergistic nor a detrimental
effect of fluoride combined with laser irradiation. Some previous studies similar to this
study had conflicting results, but were not identical in design. Wheeler et al *° did find a
synergistic effect between laser irradiation and fluoride application. However, that study
looked at surface dissolution while this study looked at subsurface lesions. Wheeler et a/
used the same UV laser used in this study, but operated the laser at a different fluence.
The fluence used in the Wheeler study was 2.5 J/cm?, while the fluence used in this study
was 1.75 J/cm? Tfle difference in treatment results may be due to a variation in the
permeability of enamel with laser type and fluence. While we would still expect similar

results to the Wheeler study, the data cannot be directly compared.

Tagamori ef al *' hypothesized that the synergistic effect of laser and fluoride
demonstrated in their studies was caused by increased permeability of the enamel to
fluoride created by laser irradiation. Tagamori et a/ used an Nd:YAG laser, which
operates at 1064 nm wavelength. The laser used in our study operated at a 355 nm

wavelength which may explain the variation in treatment results. Tagamori also added an
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absorbing dye that increased absorption allowing the temperature of the enamel to reach

its melting point.

Another complication encountered with data analysis was the fracture of samples during
sectioning in preparation for the imaging of samples with PLM and TMR. Of ten
samples in the Er:YAG laser group, nine samples fractured in the lesion group portion of
the sample. We believe the amount of mineral loss in the lesion treatment group as
demonstrated in the PS-OCT scans was so great that the samples were too brittle to cut
into 200 um sections. Of ten samples in the UV laser group, seven samples had fractures
- 7 in the lesion group, 5 in the laser only group, and 1 in the fluoride group. With the
exception of the isolated fracture in the fluoride group, the fractures occurred in those

treatment groups with the greatest amount of demineralization.

The fractures made comparison of demineralization values between treatment groups
difficult. The polarized light microscopy analysis was completed for the fractured groups
by estimating the original thickness of the enamel based on the height of enamel at the
protected control group. Figure 25 demonstrates how the height of the enamel prior to
fracture was estimated. This method worked well for the PLM group because the data

was created from linear measurements.

The same method of estimating the height of fractured samples was used for the

transverse microradiography analysis. However, the analysis of this data was further

complicated by the fact that any portion of the enamel that had fractured was assumed to
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have 100% mineral loss, which was not an accurate representation of the enamel prior to

fracture. This resulted in inflated values for those samples that experienced fracture

during the sectioning process. The general trend between treatment groups remained the 3
same despite the complication of analyzing the data with fractures in some samples. This ey
problem highlights the significance of PS-OCT since there is no need to “section” and
destroy the samples in order to obtain data. Once integrated reflectivity measure with
PS-OCT finds acceptance as a reliable measurement, such sectioning procedures can be

avoided.

Figure 25 - Red line superimposed on polarized light image demonstrating the method used to
extrapolate the height of the enamel prior to fracture. L1

V. Conclusions

The data from this study provides strong evidence that PS-OCT is a method of measuring
demineralization with several significant advantages over traditional radiographs. These

advantages include the ability to image occlusal caries using PS-OCT more efficiently

than with traditional radiographs by nondestructively detecting demineralization before _ |
restorative intervention is required. Occlusal PS-OCT images can also be taken with
orthodontic appliances in place. Although traditional radiographs can also be taken with
orthodontic appliances in place, there is virtually no diagnostic information that is useful
for caries diagnosis when the radiographs are taken with the appliances. These

advantages have significant potential implications for the field of orthodontics. b}
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PS-OCT is also an accurate method of measuring demineralization relative to the gold
standard of digital microradiography and in comparison with polarized light microscopy.
Future studies should include in vivo imaging to verify that the same results can be

repeated.

The data also demonstrated that fluoride alone is the most effective and efficient way to
inhibit demineralization. Fluoride combined with laser irradiation at the two wavelengths
investigated in this study does not appear to have a synergistic or a detrimental effect.
Other studies using pulsed CO, lasers have been more successful since the CO; laser
heats the surface to a high enough temperature for thermal decomposition of the enamel
to form a more acid-resistant surface. 2%°**® However, laser irradiation used in this study
does have a protective effect when compared to enamel that has not been treated with
fluoride. Future studies can experiment with different laser fluence to determine if

fluence has a significant effect on enamel resistance to decay.
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B. Appendix B: PLM Raw Data- Depth measurements (um)

V1. APPENDICES
A. Appendix A: PS-OCT Delta R Values - Raw Data

Fluoride and
Fluoride Laser Protected
633.01 562.38 151.32
309.05 612.71 194.23
326.90 440.62 140.91
91.95 429.03 99.63
210.63 383.83 48.98
112.56 520.02 477.09
420.35 405.46 298.82
707.12 796.07 31.15
700.26 530.22 43.19
419.87 536.21 441.34
393.17 521.65 192.67
227.57 121.65 161.98
Fluoride and
Fluoride Laser Protected
1034.74 961.72 341.65
369.06 599.79 215.11
1027.27 438.41 71.27
164.39 566.91 81.78
714.89 572.00 90.23
1034.97 539.22 1204.58
179.11 528.93 92.94
519.45 761.99 1320.77
874.93 739.51 133.62
153.53 292.52 310.61
607.23 600.10 386.26
376.40 184.94 472.51
Fluoride Fluoride and Laser
Black Yellow Black Yellow
35.51 35.51 61.39 61.39
4838 117.00 87.06 137.22
30.51 30.51 47.94 47.94
26.15 26.15 43.58 43.58
130.79 130.79 56.66 56.66

Laser only
555.57
957.64
912.86
586.79
610.38

1184.90
734.68
506.38
320.12
638.27
700.76
252.83

Laser only
945.95
1435.30
762.30
952.98
1210.61
2457.10
1074.94
1170.82
559.99
648.55
1121.85
539.76

Lesion
737.17
1766.90
884.90
1020.62
744.11
1677.43
820.38
1120.87
944 .31
879.87
1059.66
368.80

Lesion
1334.08
1382.95
763.26
529.18
939.14
2304.90
1556.20
1478.15
1365.12
1123.26
1277.62
489.69

Laser only
Black Yellow
34.87 95.94
119.15  169.92
12799 127.99
68.05 153.12
5240 126.56

Lesion
Black Yellow
166.45 166.45
12426  177.51
196.58 196.58

97.33 192.39
100.74  188.47
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Leé

L7

L8

L9

L10
Averages
Std Dev

uv

E1

E3

ES
E6
E7
E8
E9
E10

Averages
Std Dev

Sample # Fluoride Laser and F Only(LO)

Er:YAG
L1
L2
L3
L4
LS
L6
L7
L8
L9
L10

Averages
St Dev

56.66 113.51
69.81 69.81
65.71 10507
109.82 131.64
81.87 14571
65.52 90.57
34.25 45.95
Fluoride
Black  Yellow
100.47  148.33
35.03 74.17
65.46 65.46
26.37 26.37
39.22 65.37
61.39 61.39
48.97 4897
3487 61.01
7416 10024
43.71 65.37
52.96 71.67
22.56 32.67

91.76
97.96
83.07
65.71
117.72
75.28
23.97

144.17
97.96
118.10
65.71
117.72
89.04
38.33

Fluoride and Laser

Black
117.86
117.43

97.33
35.04
92.49
96.82
131.13
65.46
47.94
65.71
86.72
31.97

Yellow

161.81
117.43
97.33
61.11
92.49
126.79
131.13
108.95
65.37
109.41
107.18
30.26

12569 173.23
126.54 164.69

7873 127.36
12749 127.49
169.72  198.95
102.06 146.52

40.52 30.58

Laser Only

Black Yellow
17468 232.15
192.03 192.03
14571  174.65
123.68 153.86

26.36 65.46
148.52 200.73
108.95 148.33
15434 193.63
126.56 152.68
14833 174.61
13492 168.81

45.16 44.52

144.44  179.18 ,
136.01 186.76
13228 175.48
13576  135.76 .
17919 179.19 T
14130 177.78

31.87  17.21 y

Lesion .

Black  Yellow .
17050 387.88 ;
200.50 200.50
166.45 192.49
12070  120.70 e
126.39  156.89 -
19864 19864
126.43  206.58 -
161.81  196.84 g
11331  156.93
17026  170.26 :
156.50 198.77

31.93  71.71 .

C. Appendix C: TMR Raw Data - Delta Z values

994.60
123.70
55.50
33.60
221.10
652.40
837.70
2157.50
1335.40
340.00
675.15
681.54

Laser
Lesion (L)

465.10 89.50 4932.50 L=X

156.10 1463.40 10685.88 L=X
196.50 1679.20 9949.69 L=X
407.80 77.20 426.30
127.90 705.10 5453.36 L=X
103.70 2997.10 10105.31 L=X
674.80 1609.70 8711.32 L=X
233.90 621.00 7208.34 L=X
4888.43 1257.80 10195.62 L=X
281.70 1933.30 9566.83 L=X
739.49 1233.33 7723.52
1470.69 895.33 3271.89

Fractured=X
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uv

E1

E2

E3

E4

ES

E6

E7

E8

E9
E10
Averages
St Dev

5096.61
700.00
1384.50
544 .80
1896.00
121.40
436.80
186.40
884.90
731.30
1198.27
1470.96

3037.50
426.50
870.40
174.10

1962.00

1927.50

1310.00
193.60
617.70

2022.70

1254.20
957.84

4208.36
9526.32
8452.82
5781.78
2590.10
1786.10
2686.60
7535.62
1345.00
8031.39
5194.41
3050.24

7760.00L,F=X
8234.74L0,L=X
7607.32LO,L=X
4450.07L0,L=X
2391.70L=X
1411.20
4419.06
8557.73LO,L=X
1873.40
8589.67L0,L=X
5529.49
2938.58
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