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Objective: The purpose of this study was to determine the
feasibility of image-guided laser ablation of demineraliza-
tion from tooth occlusal surfaces using coaxial near-
infrared (NIR) and CO,, lasers.

Materials and Methods: A CO, laser operating at a
wavelength of 9.3-pm was combined with a thulium-doped
fiber laser operating at 1880-nm for the selective removal
of simulated occlusal caries lesions from 10 tooth samples.
Serial NIR reflectance images at 1880-nm were used to
guide the COy laser for image-guided laser ablation.
Polarization-sensitive optical coherence tomography
(PS-OCT) was used to assess the initial depth of the
lesions before removal and assess the volume of sound and
demineralized tissue removed by the CO; laser.

Results: PS-OCT scans indicated that roughly ~99% of
the lesion was removed by image-guided laser ablation. A
mean volume of 0.191-mm?® or 11.9-um/voxel of excess
enamel was removed during lesion removal.
Conclusion: A co-aligned NIR/CO; laser scanning system
has great potential for the highly selective removal of
dental decay (demineralization). Lasers Surg. Med. ©2018
Wiley Periodicals, Inc.

Key words: selective laser ablation; carbon dioxide laser;
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INTRODUCTION

Despite the many advances in dentistry, dental decay
remains the most common chronic disease in children [1].
Greater emphasis is being placed on minimally invasive
procedures to preserve healthy tooth structure [2]. A
highly selective tool that removes unwanted decay, yet
leaves sound enamel intact will markedly reduce the
amount of healthy tissue loss that is generally associated
with conventional cavity preparations. Overaggressive
cavity preparations could lead to pulpitis and consequently
require more invasive and expensive treatments, particu-
larly tooth extraction or root canal treatment. Addition-
ally, incomplete removal of demineralized carious tissue or
cariogenic bacteria in the fissure can harbor an active
biofilm and lead toward risk of secondary caries [3-5].

Lasers can be focused to very small spot sizes and are
ideally suited for the removal of debris, and deminerali-
zation and sterilization of the pits and fissures of the
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occlusal surface prior to the placement of sealants [6].
COg laser wavelengths at A =9.3-9.6-um coincide with
the strongest molecular absorption bands in dental hard
tissues due to the phosphate ion in hydroxyapatite [7,8].
Moreover, CO; lasers can render the irradiated surface
more acid-resistant to prevent future decay [9-16].
Lasers can be operated at high pulse repetition rates
and precisely scanned at high speeds using galvanometer
based scanners or micro-electromechanical systems
(MEMS) [17].

Several imaging approaches have been investigated for
guiding the removal of dental decay. Fluorescence has been
proposed as a means of guiding caries removal by both
laser and mechanical means [18-21]. Increased levels of
porphyrins accumulate in dentinal caries lesions due to the
high porosity and that fluorescence has been employed for
caries detection; the Diagnodent device uses such fluores-
cence. However, the fluorescence is not specifically
associated with cariogenic bacteria since they do not
contain porphyrins nor is it correlated with the degree of
demineralization. Moreover, the fluorescence is weak and
diffuse and poorly suited for precise guidance of the laser.
In addition stains can lead to false-positive readings, which
is a major problem for fluorescence imaging. However, the
highly-conjugated organic molecules associated with
staining do not absorb near-infrared (NIR) light at wave-
lengths longer than 1200-nm [22-26].

Previous studies have established that imaging dental
decay using NIR wavelengths coincident with higher water
absorption and longer wavelengths yield markedly higher
contrast between carious and sound tissue [27,28].
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Demineralized tooth surfaces are highly porous producing
markedly higher light scattering compared to sound tooth
surfaces. NIR light is ideally suited for image-guided laser
ablation since the contrast between sound and deminer-
alized enamel is highest at wavelengths longer than 1400-
nm and there is no interference from stain [22]. Therefore,
using NIR images of teeth to guide the COg laser over areas
of demineralization is an ideal approach for selective caries
removal. A recent study indicated that even higher
contrast of demineralization is obtainable at wavelengths
longer than 1700-nm due to the further reduction in the
light scattering in sound enamel [29]. In this study, we
used NIR light at 1880-nm which yields significantly
higher contrast of demineralization than 1450-nm which
was previously employed for image-guided ablation [30].

Previous studies established that NIR reflectance
images can be used to guide a CO4 laser for the selective
removal of caries lesions on smooth and occlusal
surfaces [31,32]. This was accomplished by re-iterating
a four-phase process until complete caries removal:
taking the NIR reflectance image with an InGaAs
camera, segmenting demineralization, generating abla-
tion maps or look-up tables (LUTSs) of the caries lesion,
and scanning the COg laser over demineralized areas for
removal. However this approach had significant limita-
tions, the setup was not integrated and it was challenging
to precisely align the path of the CO; laser with the NIR
reflectance images; furthermore, lesion segmentation
was performed by manually adjusting a global threshold,
which is not ideal. In this new study, we used coaxial CO,
and NIR lasers to both acquire images of demineraliza-
tion on the tooth surface and remove it selectively. In
addition to greatly reducing the cost of the system since
an InGaAs camera is no longer needed, the system
eliminates alignment errors since the tooth does not need
to be removed from the system for serial NIR imaging.
Moreover, light can be used at wavelengths longer than
the sensitivity of conventional InGaAs cameras
(A >1700-nm) where higher contrast is attainable such
as 1880-nm.

New lesion detection/segmentation tools were also
investigated and developed to accurately identify areas
of demineralization on tooth surfaces for subsequent
laser ablation. In order to assess the accuracy and
selectivity of lesion removal, prior knowledge of the lesion
volume is required before removal. Previous studies
performed selective removal analysis using histological
samples to verify absence of lesion, however new methods
for monitoring and evaluating dental caries excavation
are readily available. Polarization-sensitive optical co-
herence tomography (PS-OCT) is capable of measuring
the initial depth and volume of the lesions before removal
and assessing the volume of sound and demineralized
tissue removed [33-35]. By nondestructively scanning
the tooth before and after lesion removal, PS-OCT was
used to demonstrate that a coaxial NIR/CO. image-
guided laser ablation system is capable of selectively
removing early occlusal surface demineralization with
high selectivity.

MATERIALS AND METHODS

Sample Preparation

Ten human teeth with non-carious occlusal surfaces
were collected and sterilized with gamma radiation. Tooth
occlusal surfaces were abraded using air abrasion with
50-pm glass beads for 20 seconds to remove all stain and
debris from the fissures and remove the outermost fluoride
rich layers of enamel to facilitate the demineralization of
those surfaces. Next, teeth were mounted in black
orthodontic acrylic blocks. Samples were stored in a moist
environment of 0.1% thymol to maintain tissue hydration
and prevent bacterial growth. The outlines of a 4 x 4 mm
window (roughly 50-um deep) were cut on the occlusal
surfaces of each tooth using a CO; laser (GSI Lumonics,
Impact 2500), operating at a wavelength of 9.3-pm, pulse
width of 15-ws, and repetition rate of 5-Hz. These markings
served as a reference point to denote the demineralized
area. The enamel surrounding the 4 x 4 mm windows was
covered with acid resistant varnish. Subsurface artificial
lesions with intact surfaces were created within the
4 x 4mm windows by immersing each tooth into a 50 ml
aliquot of a Ca/PQOg4/acetate solution containing 2.0 mmol/L
calcium, 2.0 mmol/L phosphate, and 0.075 mol/L. acetate
maintained at pH of 4.5 and incubated for 48 hours at 37°C
(see Fig. 1A) [36]. Non-destructive cross-polarized optical
coherence tomography (CP-OCT) was used to verify lesion
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Fig. 1. (A) Depth composition digital microscopy image of one of
the 4 x4mm windows with demineralization taken at 25x
magnification. (B) 2D projection image of the lesion depth of the
same sample generated from CP-OCT scans.
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presence and measure the depth of demineralization
(lesion depth) that varied between 50 and 150-um deep
(see Fig. 1B).

Coaxial NIR/CO, Laser System

A diagram of the experimental setup is shown in
Figure 2. An air-cooled RF-excited laser prototype, Model
DL-500 from Access Laser Co (Everett, WA) operating at a
wavelength of 9.3-pum was used with a pulse duration of
25-pus and a pulse repetition rate of ~50-Hz (max rate
500-Hz). The laser energy output was monitored using a
power meter EPM 1000, Coherent-Molectron (Santa Clara,
CA), and Joulemeter ED-200 from Gentec (Quebec,
Canada). The laser beam was focused to a beam diameter
of 250-pm using a f=100-mm ZnSe scanning lens from
II-VI Inc. (Saxonburg, PA). A razor blade was scanned
across the beam to determine the diameter (1/e%) of the
laser beam. The incident fluence was 31dJ/cm?, which
removes ~30-pm of sound enamel per pulse. Computer-
controlled XY galvanometers 6200HM series with
MicroMax Series 671 from Cambridge Technology, Inc.
(Cambridge, MA) were used to scan the CO; laser beam over
the sample surfaces. An air-actuated fluid spray delivery
system consisting of a 780S spray valve, a Valvemate 7040
controller, and a fluid reservoir from EFD, Inc. (East
Providence, RI) was used to provide a uniform spray of fine
water mist onto the tooth surfaces at 2 ml/min.

Fig. 2. Diagram of the NIR/CO;, laser scanning system with (A)
CO; laser, (B) beamsplitter, (C) XY galvanometer scanner, (D)
NIR fiber laser with polarizer; (E) ZnSe scanning lens, (F) water-
spray nozzle, (G) InGaAs detector, (H) tooth, and (I) XY stages.

In order to acquire reflectance images, 1880-nm NIR
light from a thulium-doped fiber laser, Model TLT-5 (IPG
Photonics, Oxford, MA) was focused onto the occlusal
surface of the sample using the same ZnSe f=100-mm
lens. Crossed polarizers were placed after the light source
and before the detector to remove specular reflection
(glare) that interferes with measurements of the lesion
contrast. We had intended to acquire the NIR images using
the same XY galvanometers used to scan the CO, laser
however we required images of the entire tooth and the
imaging area was limited by the fixed field of view of the
our detector. Therefore we scanned the tooth using the
mechanical stages for NIR image acquisition. Computer-
controlled high-speed stage actuators, UTM150 and 850G,
from Newport (Irvine, CA) were used to scan tooth surface
across the NIR fiber laser beam with a 50-pm pixel pitch.
At each scanned point, backscattered NIR light was
collected and averaged over five times using an extended
range InGaAs photodetector, PDA10DT (ThorLabs, New-
ton, NJ) and reconstructed into a 2D 8-bit grayscale
reflectance image. Prior to imaging, tooth surfaces were
air-dried for 10—20 seconds.

Lesion Segmentation and Removal

The flowchart shown in Figure 3 outlines the steps used
for the selective removal of demineralization from tooth
surfaces. NIR reflectance images were taken by scanning
the tooth across the NIR laser beam and acquiring
backscattered signal with the extended-range InGaAs
photodetector. These data were rasterized into a NIR
image. The lesion segmentation algorithm detects and
creates a LUT that maps out lesion areas. LUTs were used
to direct the CO; laser using galvanometer mirror
scanners over demineralized areas. The distance between
laser pulses was 50-pm, roughly 1/5 of the 250-pm laser
spot diameter. Repeated NIR reflectance images and LUTs
were taken and these steps were repeated until the lesion
was no longer discriminated by the detection algorithm. All
image analysis was carried out using Labview (National
Instruments, Austin, TX).

Speckle noise is an inherent concern with narrow band
laser imaging. An opening operator (3 x 3%) filters out
speckle noise by clearing lone pixels while preserving the
foreground image and its shape. A lesion segmentation
program built using Labview was used to evaluate the
intensity of each pixel, which represents the acquired
backscattered signal. Highly scattering demineralized

Scan point- Produce .
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over tooth image presence
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N

Fig. 3. Flow-chart of experimental procedures.
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surfaces confer higher signal or appear brighter in NIR
reflectance images, while sound tissues appear dark. Pixel
intensities were clustered automatically through an
adaptive thresholding method based on Otsu’s method
(six cluster groups) [37]. This classifies groups of pixels as
either sound or demineralized by deriving the optimal pixel
intensity threshold of each cluster for the least possible
variance.

As the lesion is removed, differentiating the decreasing
amount of lesion pixels from an increasing amount of
sound tissue pixels becomes challenging. The bimodality
between lesion and sound pixels of the image is lost as the
lesion and its pixels are removed. This causes ambiguity
in defining thresholds for classifying lesion and sound
tissue groups. A lesion control or phantom of deminer-
alized tissue pixel intensity is necessary, therefore the
initial NIR reflectance image containing demineraliza-
tion was appended with the newly acquired scanned
image to serve as a reference. In order to append these
images together, a scattering reference target was
scanned along with the sample to represent the maxi-
mum signal from scattering so that sequential NIR
reflectance images could be normalized and compared
with each other. Healthy sound enamel structure outside
the artificially generated lesion was imaged to provide a
positive control of sound tissue pixel intensity. A LUT
was created that demarcated lesion areas for removal by
the CO,, laser.

PS-OCT System

The initial lesion depth, the volume of tissue removed by
the laser and the residual demineralization after removal
were all assessed using PS-OCT. An all-fiber-based optical
coherence domain reflectometry (OCDR) system (time-
domain) with polarization maintaining (PM) optical fiber,
high-speed piezoelectric fiber-stretchers, and two balanced
InGaAs receivers that was designed and fabricated by
Optiphase, Inc., Van Nuys, CA was used. This two-channel
system was integrated with a broadband superlumines-
cent diode (SLD) Denselight (Jessup, MD) and a high-
speed XY-scanning system, Newport ESP 300 controller
and 850G-HS stages, for in vitro optical coherence
tomography (OCT). This system is based on a polariza-
tion-sensitive Michelson white light interferometer. The
high power (15 mW) polarized SLD source operated at a
center wavelength of 1317 nm with a spectral bandwidth
full-width at half-maximum (FWHM) of 84 nm. The sample
arm was coupled to a fiber-collimator to produce a 6-mm
diameter, collimated beam. That beam was focused onto
the sample surface using an f=20-mm lens to yield a
lateral resolution of approximately 20-um and an axial
resolution of 10-pm in air with a signal to noise ratio
greater than 40-50dB. The PS-OCT system is completely
controlled using Labview software. The system is de-
scribed in greater detail in Refs. [38,39]. Acquired scans
are compiled into b-scan image files [40]. PS-OCT images
consist of two orthogonal images, a co-polarization image
with the same polarization as the incident light and a

cross-polarization (CP) image with the orthogonal

polarization.

Processing of PS-OCT Images and Analysis of
Selectivity

Both the co-polarization and CP images were utilized in
this study. The co-polarization image was used to assess
the volume of tissue ablated. The CP-OCT image was used
to assess the initial lesion depth and severity. Strong
specular reflection from the tooth surface greatly inter-
feres with the measurement of demineralization near the
tooth surface. Use of the CP-OCT image reduces that
interference and also increases the contrast between sound
and demineralized enamel for more accurate assessment of
lesion depth and severity [33,39].

PS-OCT a-scans were averaged over five times to reduce
speckle noise. Data obtained from the PS-OCT scans were
further processed using Matlab software from Mathworks
(Natick, MA). A global threshold filter was applied using
the mean and four times the standard deviation of the
background, which was calculated from the top 200 pixels
of the a-scans. A 3D anisotropic Gaussian filter based on
Law et al. [41] was used to further remove speckle noise.
Lee and Rhoades demonstrated that applying a 2D
rotating kernel transformation (RKT) to OCT b-scans
improved differentiation of the cartilage-bone border by
suppressing noisy signals while simultaneously keeping
the details of critical components [42,43]. Studies have
shown that the 2D RKT filter can also be used for detecting
dental caries and remineralized surface zones with PS-
OCT [35]. However, occlusal lesions have irregular shapes
and applying a 2D RKT filter on individual b-scans is not
appropriate. When a 2D RKT filter is applied to the edge of
a lesion, these lesion edge signals are unintentionally
filtered out thus underestimating the size of the lesion
body. Therefore, we created a 3D RKT (5 x 5 x 5 kernel) to
fully utilize the 3D dataset and help signals of the lesion
and occlusal surface stand out.

PS-OCT segmentation was used to extract surface and
lesion volume information. Co-polarization OCT images
contain the strong reflections from the tooth surface.
Conversely, CP-OCT filters out specular reflection from
the surface and picks up the subsurface scattering signals
emanating from the lesions. A FWHM growing region edge
detector starting at the top of every a-scan was used to
identify the occlusal surface in CP-OCT images. Lesion
detection was based on previous work by Lee et al. [35]. For
lesion detection an edge locator was used on each a-scan in
the CP-OCT images and two passes were employed to
detect the two edges of the lesion; the top and base. Each
pass starts from the position of the maximum peak
intensity and locates the first pixel, for which the intensity
value is less than e 2 multiplied by the maximum peak
intensity. Lesion depth was estimated by measuring the
distance between the two edges. 3D volumetric datasets
were created based on the lesion and surface segmentation.

Determining the amount of tissue ablated is key to
assessing the selectivity of the integrated caries ablation
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system. A 3D iterative closest point algorithm was used to
register the occlusal surface data before and after laser
treatment (see Fig. 4). Aligning pre- and post-ablation
surface points within the 4 x 4mm window can cause
alignment problems since ablation occurred inside the
windows, therefore these data points were cropped out
during 3D registration. The 3D registration transforma-
tion matrix was applied to the moving data set (post-
ablation) and a linear interpolation algorithm was applied
to fill in the gaps.

Volumetric PS-OCT data can be translated into en face
2D projection images representing the depth and severity
of demineralization [27,33]. We have taken the same
approach for visualizing ablation depth and lesion depth
(shown in Fig. 6A, B, and D). The intensity in these 2D
maps represent the depth of tissue removed and the
remaining depth of demineralization with respect to its
location on the occlusal surface.

Ablation volume was calculated by summation of the
height differences between pre-ablation and registered
post-ablation surfaces. Lesion segmentation was applied to
pre- and post-ablation CP-OCT data to compute the lesion
volume before and after automated removal. Comparisons
made between the initial lesion and the post-ablative
lesion volume and the volume of tissue ablated were used
to calculate the amount of sound tissue removed and the
lesion volume remaining.

Digital Microscopy

Tooth surfaces were examined after laser irradiation
using an optical microscopy/3D surface profilometry
system, the VHX-1000 from Keyence (Elmwood, NdJ).
The VH-Z25 lens with a magnification from 25 to 150x
was used. Depth composition digital microscopy images
(DCDM) were acquired by capturing serial images of
varying depth and reconstructing a depth composition
image with all points at optimum focus displayed in a 2D

image. Images of the samples were acquired before and
after ablation at 25x and 50x magnification.

RESULTS

Demineralized enamel was selectively removed from the
4 x 4 mm windows on the 10 teeth according to the process
described in the flowchart in Fig. 3. Sequential point-to-
point NIR reflectance images were taken during the
ablation process using the NIR fiber laser and the InGaAs
detector (Fig. 5A-D). Demineralization appears whiter due
to increased scattering and the sound tissue structure
appears dark. The mean lesion to sound contrast ratio for
the ten sample windows was calculated to be 0.67 +0.09.
Contrast varies from 0 to 1 with a maximum contrast of 1.
Therefore a mean contrast of ~0.7 can be considered
extremely high. Lesion detection was performed within the
4 x 4-mm windows using an adaptive thresholding method
(outlined in “Lesion Segmentation and Removal” section).
Afterwards, a LUT was created and demarcated lesion
areas for laser treatment (Fig. 5E-H). Using the LUTSs, the
CO,; laser was scanned over the identified lesion area for
removal. As the lesion was removed, areas of high
reflectivity within the 4 x 4 mm window diminished until
the lesion was no longer detected (Fig. 5).

PS-OCT scans taken before and after selective laser
ablation were used to assess caries removal. A 2D ablation
depth map (Fig. 6A) was created by the registration and
subtraction of the initial and final surfaces from the co-
polarization OCT scans. Brighter pixels in these depth
maps represent deeper ablation depths. For comparison,
the initial 2D lesion depth map (Fig. 6B) displays the lesion
depth localized within the 4 x4mm lesion area. The
distinct shape of the tissue removed (in Fig. 6A) correlates
well with the shape of the initial lesion (in Fig. 6B),
suggesting that the lesion detection algorithm used for the
point-to-point NIR reflectance image matches well with
the CP-OCT 2D projection image of the initial lesion depth.

Fig. 4. 3D surfaces imaged with co-polarization OCT. (A) 3D preablation surface; (B) 3D
postablation surface; (C) Pre-/post-ablation surface 3D registered to determine volume of tissue

removed.
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Fig. 5. (A-D) Sequential NIR reflectance images generated by the point-to-point NIR scanning
system. (E-H) Look-up-table (in red) overlaid on top of the acquired NIR reflectance images. (D and
H) Final NIR point-to-point reflectance image of the sample. After eight iterations (H),
demineralization can no longer be detected, suggesting the lesion was completely removed within
the 4 x 4 mm window.

CP-OCT images were taken again after treatment with the  (Fig. 6C) and after (Fig. 6E) laser treatment also indicate
integrated laser scanning system and previously estab- complete removal. The white demineralization is apparent
lished CP-OCT lesion detection algorithms indicate that on the visible occlusal surface (Fig. 6C) and it extended a
the lesion was removed (Fig. 6D). Visible depth composi- bit beyond the initial laser incisions marking the 4 x 4 mm
tion digital microscopy (DCDM) images were taken before windows (Fig. 6C red-dashed box). The demineralization

(w) yidaq

Fig. 6. (A) 2D ablation depth map created by registering and subtracting the initial and final
surfaces derived from co-polarization OCT scans showing the area ablated by the laser. (B) Initial
2D lesion depth map created from cross-polarized OCT. The area of ablation in (A) correlates well
with the initial lesion area in (B). (C) Depth composition digital microscopy (DCDM) image of the
artificially generated lesion before treatment (50 x). The white chalky demineralization is visible on
the occlusal surface. (D) Final 2D lesion depth map taken after selective caries ablation. The
absence of bright pixels within the 4 x 4 mm window (red dotted square) indicates the lesion was
removed. (E) DCDM image of the occlusal surface after selective removal (50x). Note the absence of
demineralization within the 4 x 4 mm window (red dotted square).
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within the window is absent in the final image after
removal (Fig. 6E).

The sum of the pixels within the 4 x 4 mm windows on
the 2D depth maps was calculated to determine the total
volume ablated, initial lesion volume, and final lesion

volume. The average volume ablated was 0.602-mm?

whereas the average initial lesion volume was 0.411-mm?.
Thus 0.191-mm?® of excess sound tissue was removed,
which equates to a mean 11.9-pum/voxel of excess enamel
removed over the entire 4 x 4 mm window. CP-OCT images
taken after laser removal indicate that the average
remaining volume of demineralization is 2.02 x 107°-
mm?®, roughly 99% of the initial lesion was removed using
the coaxial NIR/CO, laser ablation system.

DISCUSSION

The ultimate objective of this work is to develop an
image-guided laser system that can be used for the
selective removal of dental caries. In this study, the
system removed over 99% of the demineralization with a
mean loss of a layer of only 11.9-um of sound tissue. This
degree of depth selectivity likely exceeds what would be
achievable with the hand-held dental drill.

Previous lesion detection algorithms relied on the user
setting a global threshold to identify lesions [32]. This was
not ideal as it subjects the selective caries removal to user
judgment and bias. In this study, we used an adaptive
thresholding method (Otsu’s method) and developed
controllable variables for accurately detecting occlusal
lesions in a non-biased manner. This method is desirable
for automating a selective caries ablation system for future
studies, since it does not require user input in between
every NIR reflectance image. Although, the selective caries
ablation system performed well in removing occlusal
demineralization, factors including noise, object size,
mean differences, contrast, and variances between the
object and background can affect this segmentation
technique [44]. More avenues of lesion detection, including
machine learning, are to be explored in future.

In previous selective ablation experiments, the CO; laser
caused surface roughening which caused higher reflectiv-
ity in irradiated areas and ultimately led to unnecessary
tissue removal [32]. However, in this study, the CO, laser
did not cause any significant surface roughening that
interfered with the NIR reflectance images (“Lesion
Segmentation and Removal” section) as indicated in the
final visible images (Fig. 6E). This is consistent with
previous COq laser studies indicating that there were no
significant changes in the contrast of sound enamel at NIR
wavelengths after laser irradiation and suggests that the
previous surface roughening was likely caused by align-
ment issues between the CO, laser and the NIR reflectance
camera [45].

The use of a scanned laser for imaging is a less
expensive alternative to using InGaAs cameras for NIR
image acquisition. The point-to-point NIR laser scanning
system yielded images comparable to ones previously
taken with InGaAs cameras. The same scanning system
can be used for the NIR and the CO; laser. In this study,

we used an XY stage to scan the tooth to acquire the NIR
images. This was required to scan the entire occlusal
surface in addition to a scattering reference (maximum
14 x 14-mm imaging window). Further integration will be
needed for a practical clinical system. A single scanning
system will be required for both lasers that can
encompass the entire area of the tooth that is fast
enough for rapid acquisition of NIR images. Large area
MEMS mirrors are available that can handle the
relatively low single pulse energies (<20-md pulses)
utilized in this study. The use of multiple fiberoptic
cables is a compact method for collecting and delivering
backscattered light to the photodetector and this ap-
proach can sample a larger scanning area and acquire
signals that may be obstructed by the convoluted occlusal
topography. The Access COy laser used for this study is
unique in that it is compact and does not require water-
cooling which is advantageous for use in the dental clinic.
The IPG Photonics NIR fiber laser used for this study will
need be replaced with a more compact diode laser or LED
source. The next step is to produce a fully integrated
COo/NIR image guided laser ablation system that is
compact enough to be fitted into a dental handpiece. We
have produced a fully integrated CO; spectrally guided
laser system for the selective removal of composite
restorations from tooth surfaces and that system is
currently being used in a clinical study [34].

A secondary goal of this study was to demonstrate
that PS-OCT could be used to assess the lesion volume
and measure the volume of tissue ablated. We used a
previously established PS-OCT lesion detection pro-
gram for nondestructively quantifying lesion volume
and severity and compared this to a new method of
analyzing tissue removed [35]. There were some
challenges to overcome in measurement of tissue
removal volume. Most noticeably during the 3D OCT
registration of the initial and final surfaces, the
surrounding edges of the occlusal surface did not align
well and produced artifacts within the 2D ablation
depth map (Fig. 6A). This can be attributed to slightly
different angles during PS-OCT imaging and/or the
detection of surface edges prior to 3D registration.
However, multiple registrations of different PS-OCT
scans of the same tooth demonstrated that this method
can be reliably used to quantify tissue volume loss. This
same approach can be used to evaluate conventional
mechanical dental cavity preparations.

In future studies, micro-computed tomography (nCT)
can be used to further evaluate the lesion and tissue
removal volume. The primary advantage of using wCT is
that lesions of any size can be imaged prior to removal in
contrast to OCT that has limited penetration in the tooth.
However, in contrast to OCT, wCT cannot be used in vivo to
assess the volume of tissue removed.

In conclusion, we found that this integrated selective
caries ablation system is highly selective in removing
demineralization. The correlation between the tissue
removed and initial lesion volume demonstrates the high
selectivity of this system.
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