Near-infrared multispectral endoscopic imaging of deep artificial
interproximal lesions in extracted teeth
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Background and Objective: A safer alternative method to radiographic imaging is needed. We present a
multispectral near-infrared scanning fiber endoscope (nirSFE) for dental imaging which is designed to be the smallest
imaging probe with near-infrared (NIR) imaging (1200-2000nm).

Materials and Methods: The prototype nirSFE is designed for wide-field forward viewing of scanned laser
illumination at 1310, 1460, or 1550 nm. Artificial lesions with varying sizes and locations were prepared on proximal
surfaces of extracted human teeth to examine capability and limitation of this new dental imaging modality. Nineteen
artificial interproximal lesions and several natural occlusal lesions on extracted teeth were imaged with nirSFE, OCT
and microCT.

Results: Our nirSFE system has a flexible shaft as well as a probe tip with diameter of 1.6mm and a rigid length of
9mm. The small form factor and multispectral NIR imaging capability enables multiple viewing angles and reliable
detection of lesions that can extend into the dentin. Among nineteen artificial interproximal lesions, the nirSFE
reflectance imaging operating at 1460-nm and OCT operating at 1310-nm scanned illumination exhibited high
sensitivity for interproximal lesions that were closer to occlusal surface. Diagnosis from a non-blinded trained user
by looking at real-time occlusal-side nirSFE videos indicate true positive rate of 78.9%. There were no false positives.
Conclusions: This study demonstrates that nirSFE may be used for detecting occlusal lesions and interproximal
lesions located less than 4 mm under the occlusal surface. Major advantages of this imaging system include multiple
viewing angles due to flexibility and small form factor, as well as the ability to capture real-time video. The
multispectral nirSFE has the potential to be employed as a low-cost dental camera for detecting dental lesions without
exposure to ionizing radiation.

Keywords: dental imaging, near infrared imaging, artificial lesion, optical coherence tomography (OCT), micro
computed tomography (uCT).
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1 Introduction

Dental caries can cause pain and can lead to systemic problems, negatively impacting quality of
life and resulting in significant economic and social burden on individuals and families'. Coronal
carious lesions are generally formed in a process initiated by loss of minerals due to a shift in the
dynamic balance between demineralization and remineralization of enamel. This happens in the
acidic environment generated by cariogenic bacteria biofilms metabolizing dietary carbohydrates.
The current gold-standard clinical technique for detecting carious lesions is the two-dimensional

bitewing x-ray imaging, which is interpreted in combination with visual inspection under adequate
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light and magnification. Limitations of the radiographs include image artifacts, lack of
quantification and risk for ionizing radiation to patients and clinicians®. Interproximal lesions and
occlusal lesions are the two most common types of lesions. And they can be difficult to detect
using visual, tactile and radiographic examinations. Thus there is a need for a safer alternative
method to radiographic imaging for caries detection.

Over the past 40 years, there has been continuous effort on developing new imaging modalities for
dental diagnosis*®. Among various methods, near-infrared (NIR) optical imaging has great
potential. Specifically, in the wavelength range of 1200-1800 nm, NIR light has over 20x lower
attenuation coefficient p, (e.g. 2-3 cm™ at 1310 nm) in healthy enamel than visible light (e.g. 60
cm! at 632 nm) as well as lower water absorption coefficient than longer wavelength’, as shown
in Fig. 1. Importantly, p,increases with more mineral loss from demineralization due to higher
NIR light scattering!®. Thus, carious lesions can appear brighter in NIR reflectance imaging since
NIR light is scattered by lesions'!'!*. Additionally, NIR wavelength is more transparent to stains
and non-calcified plaque which can lead to false-positive errors during visual examination and
fluorescence-based imaging modalities® '°. High lesion contrast has been demonstrated in vitro

¢ However, the smallest available NIR

using NIR-sensitive cameras based on InGaAs sensor’
camera MQO22HG-IM-SM5X5-NIR  (XIMEA, Miinster, Germany) has size of
26mmx26mmx31mm. This large form factor is undesirable for patients, especially for pediatric
patients.

In this report, we present the first near-infrared scanning fiber endoscope (nirSFE) with advantages
of miniature probe size, expected low cost as well as real-time video with good quality. The nirSFE

provides a multispectral NIR beam of light that is scanned to form high frame-rate images from a

miniature probe with diameter of 1.6mm, which is nearly the diameter of a round toothpick. The



nirSFE fiber-coupled light sources and point detectors are low in cost as they are routinely used in
telecommunications, at laser wavelengths of 1.31 to 1.55 um. In order to compare to existing and
emerging dental imaging systems, artificial interproximal lesions are created on extracted human
teeth, and the nirSFE images are analyzed in comparison to the microCT images and the OCT

system at the School of Dentistry, University of Washington.
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Fig. 1 Attenuation coefficient of light in dental enamel layer and water ™.

2 Instrumentation

As shown in Fig. 2(a), a cantilevered single-mode optical fiber (SM1250G80, Thorlabs Inc.,
Newton, NJ) is attached to a quartered piezo tube actuator by epoxy adhesive and then mounted in
a collar, which is encapsulated along with the lens assembly inside the scanner housing. Several
multi-mode return fibers surround the scanner housing and are protected by an outer sheath. When
the four piezo tube electrodes apply sinusoidal signals with phase difference on the actuator, the
central illumination fiber is driven to scan in a spiral pattern. As signal amplitude increases, the
spiral expands so that the active scanning of the laser beam covers the whole field of view (FOV)
whose size is determined by the resonance deflection amplitude of the scanning fiber as well as

magnification of the lens assembly fixed in front of the scanning fiber. Meanwhile, the back-



scattered light is collected non-confocally through fibers into a point detector whose output is
mapped onto the final image. The SFE scope has diameter of 1.6mm and a rigid length of 9 mm,
which is over 800 times smaller in volume than the smallest commercial InGaAs camera.

We are using the standard scanning cantilever with a length of ~2.27 mm and primary resonance
frequency of ~1 1KHz in nirSFE probe. The maximum deflection amplitude during scanning is + i

mm. The number of scan spirals per frame is typically 250. Electronic system has detection
sampling rate of 10 MSps (Mega samples per second) and frame rate of 7Hz which is determined
by resonance frequency and number of scan spirals per frame, and can reach 20Hz but is currently
limited by the FPGA board (USB-7856R, National Instruments Corp., Austin, TX). Typical
working distance from SFE tip to tooth is 20 mm to view an entire tooth surface, and depth of field
is even greater since the scanned beam is nearly collimated. We use laser diodes with wavelength
1310 nm (LPSC-1310-FC, Thorlabs Inc., Newton, NJ), 1460 nm (QFBGLD-1460-150, Thorlabs
Inc., Newton, NJ) and 1550 nm (FPL1009S, Thorlabs Inc., Newton, NJ) and power of around
50mW in ex-vivo imaging experiments for optimal image quality. The NIR optical detection is
achieved by using ten multimode collection fibers (FP200ERT, Thorlabs Inc., Newton, NJ)

coupled to two InGaAs photodiodes (FGA21, Thorlabs Inc., Newton, NJ).
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Fig. 2 (left) Schematics of near-infrared scanning fiber endoscope (nirSFE) which is drawn off scale to display
functionality. Note that the middle image on the illumination plane is from the occlusal side of an extracted human
tooth at 1460 nm illumination. (right) Falloff of brightness from the nirSFE 1310 nm image is displayed using
checkerboard target of | mm squares.



Due to the Lambertian reflection law as well as the 0.5 numerical aperture of the return fibers,
edge collection efficiency 71, which is the ratio of collected light scattered from the edge of FOV
and all scattered light from the edge of FOV, is approximately 0.23 times of the center collection
efficiency 7n.. Falloff of collection efficiency limits the visible FOV, which reduces signal-to
background ratio (contrast) at the border of FOV as shown in Fig. 2(b). The image resolution is
limited by Gaussian beam spot size, number of scanning spirals and total number of pixels. Tested
on USAF-1951 target (MIL-STD-150A), nirSFE has resolution of 140 um with a working distance
of 20 mm. By moving the probe closer to the target, the resolution can be improved to 35 um with

a working distance of 2 mm.

3  Methodology

A total of nineteen artificial interproximal lesions are created in five extracted human posterior
teeth. Cavitation was prepared on the mesial or distal surface with a 330 carbide bur using a high-
speed handpiece, and the cavities were filled with hydroxyapatite powder (P316R-CAPTAL R,
Plasma Biotal Limited, Derbyshire, UK) and sealed with cyanoacrylate resin. Lesions are prepared
at varying depth from occlusal surface from 1.43 mm to 3.45 mm, varying axial lesion depths to
pulp from 0.58 mm to 3.35 mm (maximum depth of drilling), and varying lesion diameter varying
from 0.5 mm to 2.28 mm. All lesions were not visible from the occlusal surface when teeth are
mounted on a black Delrin® block for nirSFE imaging in air.

Because of the miniature size and flexibility, nirSFE probe can image from multiple perspectives,
for example, from occlusal side or from buccal or lingual side with varying angulation, as shown
in Fig. 3. Videos are acquired by a trained user from both occlusal side and buccal side of the teeth

with frames selected for this report. Micro-CT (X5000, North Star Imaging, Minnesota) 3D



reconstructions were acquired by a trained engineer on these teeth to serve as the gold standard for
measurement of lesion location and size. Pre-commercial 1310-nm swept source OCT (Yoshida
Dental Mfg., Tokyo, Japan) with 110-nm band and 50-kHz scan rate are also used by a trained
clinician to acquire 3D scans of the teeth from the occlusal views with a 10 x 10 x 8§ mm? imaging
range, and 11 pum axial resolution. Analyses of microCT data and OCT data were done using
Amira™ software. Since artificial interproximal lesions are separated from each other, one
microCT slice may not contain all lesions. Furthermore, it was difficult to match nirSFE images
with the cross-section slices, which lack surface topology. The microCT slices within selected
range were superimposed to display lesions of interest for the convenience of displaying tooth
surface topology and accurate matching of the lesions. Other useful small features, such as natural
occlusal lesions found on these extracted teeth, were identified by aligning the crosshairs on 3D

microCT view and then inspecting the corresponding cross-section slice.

Occlusal-side <
imaging nirSFE probe tip

Buccal-side
imaging

Fig. 3 Schematics of nirSFE imaging interproximal lesion (top) from occlusal side and (bottom) from buccal side of
the tooth with 1310 nm light. Images of two imaging modes are on the right.

4 Results

Nineteen artificial interproximal lesions are inspected by occlusal-side nirSFE imaging. Diagnosis

from a trained user by looking at real-time nirSFE videos indicates sensitivity of 78.9% (15 true



positives and 4 false negatives out of 19 lesions, not blinded). Clinicians were asked to inspect
both presence and location of lesions. Since no clinicians marked any false positives on sound
regions of teeth, the true negative rate in this study is 100%. Diagnosis from two dental clinicians
by looking at saved nirSFE videos and/or video selected video frames indicates sensitivity (true
positive rate) of 68.4% (13 true positives and 6 false negatives out of 19 lesions, not blinded) and
63.2% (12 true positives and 7 false negatives out of 19 lesions, blinded). Between two clinician
examiners, the kappa statistic reached 80.3% which satisfies the minimum acceptable interrater
agreement of 80%. The higher sensitivity from trained user may result from the advantage of real-
time videos which provide more information than saved videos and snapshots who could detect all
interproximal lesions under less than 4-mm-thick enamel layer. Clinicians were also asked to
inspect both existence and location of lesions according to OCT images, the true positive rate and
true negative rate are both 100%.

Figure 4 and Fig. 5 show two examples of samples and the corresponding images from three
different modalities. Lesions show up as increased intensity within nirSFE reflectance images and
OCT images since lesions scatter more light than sound enamel. In contrast, lesions appear dark
in microCT scan due to reduced mineral content. 1310-nm nirSFE image captures the contour and
surface of tooth, which can be beneficial when matching different imaging modalities and locating
lesions, while 1460-nm nirSFE image provides higher contrast between lesion and sound enamel.
In Fig. 4, the tooth has a dentin lesion and an enamel lesion on opposing interproximal surfaces.
The enamel lesion and dentin lesion are clearly seen in both nirSFE images using 1310-and 1460-
nm and OCT scans at 1310-nm. Due to the attenuation of NIR light, OCT can only detect the
occlusal border of the advanced interproximal dentinal lesion, but gingival extent of the

interproximal lesion is unresolved. When nirSFE and OCT were used for buccal-side imaging, the



occluso-gingival aspect of lesion could be evaluated. Similar to nirSFE, OCT scan also suffers
from distortion caused by varying enamel thickness and birefringence of enamel prisms. The red,
orange and yellow dashed circles in Fig. 4 and Fig. 5 indicate natural occlusal lesions which are

detected by both nirSFE and OCT, and confirmed with microCT.

Fig. 4 Comparison of different modalities imaging on a tooth with a dentin lesion and an enamel lesion on each
interproximal surface. (a) Occlusal-side nirSFE images using 1310nm laser diode (left) and 1460nm laser diode (right).
(b) OCT b scan taken at the red line. (c) Superimposition of microCT slices. Note that the range of superimposed
slices is chosen so that visibility of lesions matches the nirSFE image. (d) Micro-CT 3D view and 2D slices which
contain natural occlusal lesions. (¢) Visible light images of occlusal surface and two interproximal surfaces of the
tooth. Note that the blue dashed frames indicate the artificial interproximal lesions and the red, orange and yellow
dashed circles indicate natural occlusal lesions.

In Fig.5, we observe a tooth with three dentin lesions with various axial depths and four dentin
lesions with various diameters on each interproximal surface. The left two lesions (One has a depth
of 3.45 mm under the occlusal surface which is the largest among all 19 lesions, the other one has
a diameter of 0.50 mm which is the smallest among all 19 lesions) are not detectable with nirSFE,
while they were detected with OCT. The lesions that are under cusps are usually more difficult to
detect using nirSFE due to thicker enamel layer on occlusal surface and a prominent cusp, which

can be imaged more closely from another perspective, i.e. interproximal surfaces from buccal or



lingual perspective, where the lesion can be imaged through thinner enamel layer. In addition, we
found several natural occlusal lesions on the tooth which were confirmed in microCT and observed

using nirSFE and OCT, see red and yellow circles.

Fig. 5 Comparison of different modalities imaging on a tooth with three dentin lesions with various axial depth and
four dentin lesions with various diameter on each interproximal surface. (a) Occlusal-side nirSFE images using
1310nm laser diode (left) and 1460nm laser diode (right). (b) OCT b scan taken at the red line. (c) Superimposition of
microCT slices. Note that range of superimposed slices is chosen so that visibility of lesions matches the nirSFE
image. (d) Micro-CT 3D view and 2D slices which contain natural occlusal lesions. (e) Visible light images of occlusal
surface and two interproximal surfaces of the tooth. Note that the blue dashed frames indicate the artificial
interproximal lesions and the red and orange dashed circles indicate natural occlusal lesions.

In both Fig. 4(a) and Fig. 5(a), there are specular reflection patterns in the nirSFE images which
can look similar to the signal patterns from lesions. However, specular reflection patterns usually
appear on glossy and curved surfaces like cusp tips where natural caries lesions rarely form. Also,
interproximal lesions viewed from occlusal side have lower intensity than the saturated specular
reflection patterns. Because occlusal lesions usually form in the pits and fissures on the occlusal
surface, clinicians who are familiar with tooth anatomy and dental diagnostics can easily

distinguish between specular reflection patterns and lesion signals.



The occlusal-side nirSFE image shows the diameter and axial depth to pulp of the interproximal
lesions while the buccal- or lingual-side nirSFE images show the occluso-gingival aspect of lesions.
Figure 6 shows an example of samples inspected by buccal-side nirSFE imaging. From the buccal
side, the NIR light can penetrate through enamel and more light is scattered back by the nearest
lesion (indicated by the blue dashed frame) and generate a bright pattern in the image which

resolves the position and size of the lesion. The blue arrows indicate enamel defect on the border

between enamel and root.

Fig. 6 In the (right) visible light image, the interproximal lesion noted by blue dashed frame can be captured clearly
by (left) nirSFE imaging from buccal side using (from left to right) 1310nm, 1460nm and 1550nm laser diodes. Note
that the arrows indicate surface calculus which also appears bright in NIR images.

5 Discussion and Conclusion

In summary, we developed a multispectral nirSFE based on scanning fiber endoscope which may
lead to the smallest InGaAs-based camera with low cost for pediatric dentistry. Using a lab-bench
prototype nirSFE system we conducted the first comparison study on imaging of nineteen artificial
interproximal lesions as well as some natural occlusal lesions on extracted human teeth, a
prototype OCT and a microCT as gold standard. The cross-sectional and 3D views of the prototype
OCT system showed highest sensitivity while the nirSFE was able to detect lesions less than 4mm
below the occlusal surface without false positives in a pilot study of 19 teeth. Prototype dental
OCT systems even at 1310 nm for 932 teeth do have difficulty diagnosing caries below 2 mm in
depth!”. In general, clinical OCT systems are complex and costly, and may require larger probe
size and operator skill to cover a wide range of views'®. In contrast, nirSFE systems are less
complex and real-time multispectral video systems can be produced at lower cost. Video
recordings of nirSFE imaging occlusal side of extracted tooth with two artificial lesions at 1310

nm and 1460 nm are provided as supplemental information Video 1.
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Video 1 Snapshots of nirSFE videos on occlusal side of the same extracted tooth with one artificial lesion on left and
right sides at (a) 1310 nm and (b) 1460 nm (two MP4 files, 1.1 MB each). The two videos show the same tooth rotating
from right side to left side. Note that as the tooth rotates, contrast of lesions changes and also specular reflection
patterns move. Thus, real-time video has greater potential in detecting lesions and distinguishing them in presence of
specular reflection.

Although not directly compared, commercial NIR-camera-based dental imaging systems use
wavelengths below 900nm so that inexpensive small silicon-based cameras can be used. However,
these wavelengths have 10 times higher optical scattering coefficient than 1200-1800nm which
may limit its imaging depth and diagnostic accuracy'®?°. Current 1200-1800-nm NIR imaging
requires InGaAs-based pixel-array cameras which are bulky and expensive?!. With a diameter of
less than 2 mm, the nirSFE can be placed within a hand instrument for pediatric dentistry*?, and
capture images in multiple perspectives around a tooth for better lesion detection.

In our previous work, we demonstrated nirSFE can detect both shallow artificial and natural
occlusal lesions on extracted human teeth’*?*. From this study along with previous works, we
conclude that nirSFE has significant potential in detecting occlusal lesions and interproximal
lesions covered by less than 4mm enamel layer, which cannot be seen by visual inspection. The

multispectral imaging capability which provides molecular-based absorption contrast from
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multiple perspectives allowed by the small probe tip on the flexible shaft can provide a low-cost
indication for a follow-up X-ray image. Future application can be monitoring these lesions heal
over time with new remineralization therapies®’, possibly applied and monitored at home with a
low-cost portable system. Finally, due to notable absorption features tissue constituents such as
water, lipids and collagen in the range of 1000-2000nm wavelength, the nirSFE could play an
important role in other health-related fields, including the characterization of conditions such as

atherosclerotic plaque, breast cancer, and burns?®.
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Caption List

Fig. 1 Attenuation coefficient of light in dental enamel layer and water.

Fig. 2 (a) Schematics of near-infrared scanning fiber endoscope which is drawn off scale to display
details better. Note that the image on the illumination plane is the SFE image from the occlusal
side of an extracted human tooth. (b) Falloff of brightness of an nirSFE image of checkerboard
target.

Fig. 3 Schematics of nirSFE imaging interproximal lesion (top) from occlusal side and (bottom)
from buccal side of the tooth. Images of two imaging modes are on the right.

Fig. 4 Comparison of different modalities imaging on a tooth with a dentin lesion and an enamel
lesion on each interproximal surface. (a) Occlusal-side nirSFE images using 1310nm laser diode
(left) and 1460nm laser diode (right). (b) OCT b scan taken at the red line. (c) Superimposition of
microCT slices. Note that the range of superimposed slices is chosen so that visibility of lesions
matches the nirSFE image. (d) Micro-CT 3D view and 2D slices which contain natural occlusal
lesions. (e) Visible light images of occlusal surface and two interproximal surfaces of the tooth.
Note that the blue dashed frames indicate the artificial interproximal lesions and the red, orange

and yellow dashed circles indicate natural occlusal lesions.
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Fig. 5 Comparison of different modalities imaging on a tooth with three dentin lesions with various
axial depth and four dentin lesions with various diameter on each interproximal surface. (a)
Occlusal-side nirSFE images using 1310nm laser diode (left) and 1460nm laser diode (right). (b)
OCT b scan taken at the red line. (¢) Superimposition of microCT slices. Note that range of
superimposed slices is chosen so that visibility of lesions matches the nirSFE image. (d) Micro-
CT 3D view and 2D slices which contain natural occlusal lesions. (e) Visible light images of
occlusal surface and two interproximal surfaces of the tooth. Note that the blue dashed frames
indicate the artificial interproximal lesions and the red and orange dashed circles indicate natural
occlusal lesions.

Fig. 6 In the (right) visible light image, the interproximal lesion noted by blue dashed frame can
be captured clearly by (left) nirSFE imaging from buccal side using (from left to right) 1310nm,
1460nm and 1550nm laser diodes. Note that the arrows indicate surface calculus which also
appears bright in NIR images.

Video 1 Snapshots of nirSFE videos on occlusal side of the same extracted tooth with one artificial
lesion on left and right sides at (a) 1310 nm and (b) 1460 nm (two MP4 files, 1.1 MB each). The
two videos show the same tooth rotating from right side to left side. Note that as the tooth rotates,
contrast of lesions changes and also specular reflection patterns move. Thus, real-time video has

greater potential in detecting lesions and distinguishing them in presence of specular reflection.
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