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ABSTRACT

Oral health is indicative of a person’s overall health. Even with advances in medical
science, dental diseases are very much prevalent in our society. Dental imaging techniques help in
the early detection of these dental diseases and eventually avoids the risk of poor oral health as
well as medical expenses. Current dental imaging techniques rely mostly on X-ray imaging whose
ionizing property is a concern amongst the population. Near-infrared spectrum is known to have
tissue penetration property and they belong to the non-ionizing part of the electromagnetic
spectrum. This study utilized a contrast agent assisted near-infrared imaging for common dental
diseases. In specific, the advantages of using near-infrared window | (650nm-950nm) and near-
infrared window Il (950-nm -1700nm) with Indocyanine Green (ICG) as an imaging contrast agent
in the detection of common dental diseases were explored and compared with X-ray dental
imaging. ICG assisted near-infrared fluorescence (ICG-NIRF) imaging was successfully able to
identify dental caries, dental decays as well as dental cracks. This study was able to detect enamel
cracks which 3-D reconstructed X-ray failed to detect. ICG-NIRF provided enhanced contrast in
the detection of enamel-dentin junction. It was observed that within a small immersion time a good
contrast and fluorescence were seen using ICG-NIRF technique. Another major advantage of this
method compared to the traditional radiographs is that it is a real time dental imaging technique.
Lastly, the cost of the whole equipment is around $18,000 which is much lower than the 3-D X-
ray equipment which is at least $100,000. This makes the equipment cost 5.5 times less than the
currently used 3-D X-ray machines. Overall, this study has shown that ICG-NIRF provides good

results in visualizing dental diseases and thus can be used as an alternative to X-ray imaging.

Vi



INTRODUCTION
Importance of Oral Health and Some Statistics on Common Dental Diseases

Oral health is a window to the overall health of the person. Poorly managed oral health can
lead to difficulties in managing other systemic health related conditions. It could give rise to
serious infections and in cases malnutrition as well. In elderly people it is also a factor that leads
to poor self-esteem (Coleman, 2002). The World Health Organization defines oral health as “a
state of being free from chronic mouth and facial pain, oral and throat cancer, oral infection and
sores, periodontal (gum) disease, tooth decay, tooth loss, and other diseases and disorders that limit
an individual’s capacity in biting, chewing, smiling, speaking, and psychosocial wellbeing.”
(Petersen, 2003; WorldHealthOrganization, 2018). As estimated by the Global Burden of Disease
Study 2016, dental diseases affect approx. 3.58 billion people across the world. One of the most
common dental disease called caries, affects the permanent teeth of an astounding 2.4 billion
people and the primary teeth of approx. 486 million children (Vos et al., 2017). According to
National Health and Nutrition Exam Survey (NHANES), for the year 2015-2016, the prevalence
of caries both treated and untreated in the youth group aged 2-19 was 45.8% (Fleming & Afful,
2018). Apart from caries, a leading cause for tooth loss is severe periodontal disease (Coleman,
2002). In 2016, it was estimated that severe periodontal disease, was the 11" most prevalent
disease globally (Vos et al., 2017).

Cracked tooth, is another common dental disease. A statistical estimate shows that, cracked
teeth is present in about 35% of the population (Hasan, Singh, & Salati, 2015). Cracked tooth can
be define as the “incomplete fracture of the dentine in a vital posterior tooth that involves the
dentine and occassionally extends to the pulp” (Bethany Cadman, 2018; Da Rosa, Pradebon,

Brondani, Piva, & Da Silva, 2017). Cracked tooth can often lead to cracked tooth syndrome, which



is characterized by brief sharp pain in tooth, often not understood untill a piece fractures off (TURp
& Gobetti, 1996) (Merskey, 1994). It is also one of the most difficult diseases to diagnose as it
doesn’t present defined symptoms (Banerji, Mehta, & Millar, 2010). This is a major cause for the
often failed early disgnosis of cracked tooth. If untreated, tooth cracks can give rise to to bacterial
infection and inflammation. (Rivera & Walton, 2008) With cracked tooth, the information of their
location, direction as well as extent of crack are valuable information to the practitioners in
designing the treatment plan (Rivera & Walton, 2008). According to the American Association of
Endodontists (AAE) there are five types of dental cracks. They are craze lines, fractured cusp,
cracked tooth, split tooth, and vertical root fracture (Da Rosa et al., 2017; Rivera & Walton, 2008).
Figure 1 shows the four major types of cracked tooth excluding craze lines. The early stage benign
cracks are called craze lines. Craze lines are mostly present in the enamel and can be found either
in the occlusal, lingual or buccal region of the tooth (Mariona & Antony, 2018). It is a challenge
for the clinicians to differentiate between the five types of cracks as they are not always clearly

distingushable (Lubisich, Hilton, Ferracane, & Northwest, 2010).

Fractured Cusp Cracked Tooth Cracked Tooth Split Tooth Vertical Root
Treatable Non - Treatable Fracture

Figure 1. Types of Cracked Tooth



Today, the clinicians use the help of several techniques to diagonse cracked teeth. They
usually begin with the anlysis of the dental history of the patient. This analysis helps the clinicians
understand if the patient has bitten or chewed on a hard object, or if they have had previous dental
treatments that could be the possible cause for the cracked tooth or its related symptoms. Tactile
examination using a probe also called as the dental explorer can be used as a diagnostic method to
detect cracks (Bethany Cadman, 2018; Mathew et al., 2012). Although, not the most efficient mode
of diagnosing cracked tooth, visual examination aided by magnifying tools are also utilized by
clinicians (Bethany Cadman, 2018). The clinicians awareness of dental cracks is a key factor in
diagnosing cracked tooth and can prevent the progress of the crack into the tooth
structure.(Mathew et al., 2012)

According to the World Health Organization, 5% of the total health expenditure is due to
dental treatment as well as around 20% of the out of pocket expenditure (Blas & Kurup, 2010). In
industrialized countries, oral health treatment is ranked the fourth most expensive treatment
(Petersen, 2004). This makes dental treatment a costly affair. Also, socio — economic factors play
an important role in people being able to afford quality dental treatment (Blas & Kurup, 2010). A
statistic relating the economic condition to oral health showed that the chances of children from
low income families suffering from cavities is almost twice (25%) than that of the children from
higher income households (11%) (Dye, Li, & Beltran-Aguilar, 2012).

Current Dental Imaging Techniques

X-ray is the current state of the art technique when it comes to dental imaging. They reveal
information about the tooth structure as well as the surrounding bone and soft tissue. X-rays assist
the clinician in providing information which maybe not be seen with just a visual examination.
They can also aid as a diagnostic tool post treatment of the dental structure (Oliveira & Proenca,

2011). X-ray dental imaging can be categorized into 2-D and 3-D X-ray. 2-D X-ray has been a
3



popular bio medical imaging tool since its discovery in 1895. 2-D X-ray can be divided into
bitewing, periapical, and occlusal type of projections. However, 2-D X-ray imaging cannot access
the area around the teeth. They also suffer from loss of spatial information due to 3-D object being
constructed as a 2-D image. Another disadvantage of 2-D X-ray is that the object of interest, in
this case the human teeth is obstructed due to the superimposition of its overlying structures (Shah,
Bansal, & Logani, 2014). Additionally, one of the common dental defect, cracked tooth most often
tends to be in the parallel direction of the radiographic plane, and hence is not captured in the
radiographs (Mathew et al., 2012). Rarely occurring cracks on the buccolingual direction can be
detected using radiographs. They also fail to provide correlation between the soft and the hard
tissue. Recent advancements have given rise to more sophesticated 3-D X-ray devices such as the
Cone Beam Computed Tomography (White, 2008). But the major concern of using 3-D X-ray is
that the radiation exposure increases significantly. Also, it has very poor resolution when
identifying thin dental cracks and craze lines. Moreover the total cost of a CT scan is much higher
than the traditional radiographs (Shah et al., 2014).

Patients hesitate to use X-rays as the imaging modality due to the adverse effects of
ionizing radiations in X-rays. lonizing radiations are either particles or certain electromagnetic
waves which have sufficient energy to remove electrons from an atom and thus ionizing the atom.
These radiations are harmful to the human body and can ultimately lead to cancer (Radiation,
2000). A 2000 Report of the United Nations Scientific Committee on the Effects of Atomic
Radiation to the General Assembly noted that in developed countries, the average level of exposure
to ionizing radiation due to medical usage was approximately equal to 50% of the global average

level of natural exposure (Radiation, 2000).



In dental imaging an alternative to the harmful ionizing X-rays, Magnetic Resonance
Imaging (MRI) has been explored to detect and diagnose certain types of dental defects. An
advantage that MRI has over X-ray is that it has better contrast sensitivity towards the soft tissues
(Boeddinghaus & Whyte, 2008; Shah et al., 2014). However, MRI is known to be poor in
distingushing between early benign stages of tumor and the later malignant tumor and may provide
false-positive results (LaMarca et al., 2011; Shah et al., 2014). A major limitation of MRI is that
patients with foriegn bodies containing ferromagnetic materials implanted in them, for example a
pacemaker, cannot benefit from MRI as the ferromagnetic substance in the pacemaker would
interact with the magnetic component of the MRI machine and could cause harm to the patient’s
body. In cases where patients suffere from claustrophobia, MRI machine may not be considered
as an option. The scanning time for MRI is longer than that of X-ray imaging. In terms of cost,
MRI is not cost effective (approx. $600-$2600) and costs more than the regular radiographic
alternatives (Shah et al., 2014).

Like MRI, ultrasound imaging is a non-ionizing alternative to X-ray dental imaging
(Marotti et al., 2013; Shah et al., 2014). Ultrasound technology was explored by Buam et al. in
1963 for dental imaging. A transducer with 15MHz was used, however the clarity of the radio
frequency was not favorable. Studies have shown that it can be used for the early diagnosis of
periodontal diseases. Ultrasound can be used to detect bony structures. However, in cases where
structures beneath the bony surface has to be analyzed, ultrasound fails to identify the structure.
Interpreting ultrasound images requires a highly trained and skilled ultrasound technician (Shah et
al., 2014).

Fluorescence imaging is commonly used to visualize biological structures and processes.

Due to difference in illumination as well as emission wavelength, fluorescence imaging technique



provides better contrast than traditional transillumination methods (Alander et al., 2012). Also,
small quantity of the dye is required to make the structure under study visible thus providing better
sensitivity (Alander et al., 2012). Indocyanine green (ICG) is an Food and Drug Administration
(FDA) approved fluorescence dye, that has been used in the field of clinical as well as surgical
imaging such as retinal angiography, study of the lymphatic system (Alander et al., 2012; Marshall
et al., 2010) and cancer detection (Guyer et al., 1992; Kitai, Inomoto, Miwa, & Shikayama, 2005;
Unno et al., 2008). Kodak Research Laboratories developed the ICG dye in 1955 for near-infrared
imaging (Alander et al., 2012; Bjornsson, Murphy, & Chadwick, 1982; Engel et al., 2008).
Intravenous injected ICG was first used in early 1970 by Flower and Hochheimer to image
choroidal circulation (Flower, 1972; Stanga, Lim, & Hamilton, 2003). In a study by Takeaki
Ishizawa et al., ICG assisted microscopic examination was succesfully utilized to detect
hepatocellular carcinoma (HCC) and colorectal carcinoma (CRC) (Ishizawa et al., 2009). Another
study utilized near-infrared ICG fluorescence as a lymphographic technique in assessing lymph
function (Unno et al., 2008). It is considered safe as it is low in toxicity value i.e. LDso of 50-80
mg/kg for animals, where LD stands for lethal dose. Additionally, they are rapidly excreated into
the bile (Alander et al., 2012; Hartzler, 2019). When illuminated with near-infrared light, ICG has
a peak wavelength of 830nm. In human body, ICG binds to the plasma-protiens and these plasma
protien then emit the peak wavelength light (Ishizawa et al., 2009; Landsman, Kwant, Mook, &
Zijlstra, 1976). ICG assisted near-infrared fluorescence imaging has tissue penetration property.
An added advantage is that it helps in real time visualization of the affected subject (Unno et al.,

2008).



Near-Infrared Based Dental Imaging with ICG as Fluorescence Agent

To overcome the current limitations observed in X-ray, MRI and ultrasound dental
imaging, this study concentrated on designing a novel experimental setup that exploits the
advantages of ICG assisted near-infrared fluorecence imaigng. This design is a non-invasive, non-
ionizing method that can be used to detect common dental diseses such as dental caries, dental
decay as well as dental cracks. Near-infrared window | (650nm-950nm) as well as near-infrared
window Il (950nm-1700nm) were utilized in this study. Near-infrared is known to have reduced
autoflourescence properties (Frangioni, 2003). Studies have shown that tissues have reduced
absorption of the near-infrared light and good penetration (Maier, Walker, Fantini, Franceschini,
& Gratton, 1994). Figure 2 helps in visualizing the electromagnetic spectrum and shows the
wavelength range of near-infrared rays. It can also be observed (Figure 2) that the near-infrared
wavelength falls under the longer wavelenght region in comparision to X-rays, which belong to

the shorter wavelength region (1nm=0.001pm).

Wavelength (um)
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Figure 2. Schematic Diagram of the Electromagnetic Spectrum

A pilot dental imaging study was conducted on animal (rat) model (Li et al., 2018). It was

a precurssor to this study. In the animal experimental model, an endoscopic imaging setup was



utilized to image unerrupted molars in the animal dental structure. The pilot study was successful
in the detection of both erupted as well as unerupted molars since NIR light has tissue penetration
properties. The study was taken further to optimize the imaging conditions for the rat (Hartzler,
2019; Li, Yao, & Xu, 2019). As animal molar structure have shown to have similarity to the human
molar structure, the study by (Li et al., 2018) showed promising results for future human dental
imaging.

The challenge in treatment of the dental diseases is their early detection and our method
can be used for the early detection of dental cracks as well as caries (Li, Zaid, et al., 2019). Our
previous study was the first to explore ICG assisted NIR dental imaging in the second NIR window
(950nm-1700nm). It also helps in the early detection of cracked tooth, especially the craze lines.
The total cost of our imaging set up is around $18,000 making it an affordable option in
comparision to 3-D X-ray imaging equipment. This method also helps the clinician visualize the
enamel-dentin boundary. Figure 3 provides an anatomical illustration of human tooth and can be
utilized to visualize the enamel-dentin boundary. Also, the enamel becomes transparent when

immersed in ICG and incident with the NIR light.

* Enamel
Dentin
> Pulp

. Root Canal
Gum «

Nerves « > Bone

Figure 3. Anatomy of Human Dental Structure



MATERIAL AND IMAGING METHODOLOGY

Animal In-Vivo Imaging Setup

Animal (rat) study has been the precursor to this study (human) (Hartzler, 2019; Li, Yao,
et al., 2019; Li et al., 2018). The imaging set up to capture the dental NIR fluorescence images
consisted of the following key elements: near-infrared camera (NIR Camera), spectrometer, filters,
endoscope and computer (Figure 4) (Li et al., 2018). The NIR light source used was a 785nm laser
diode (Turnkey Raman Lasers-785 Series). A custom-made bifurcated endoscope (OSF-3;
Olympus Corporation) was used to guide the laser light as well as capture the fluorescence from
the dental structure. The spectrum of the fluorescence obtained is analyzed using a spectrometer
(QEPro; Ocean Optics, Inc). A wide field camera (Guppy F038B; Allied Vision Technologies
GmbH) with filters (band-pass: 800 nm) were used to capture the image and processed using a
computer. The filters aided in removing the noise created due to background light and the near-
infrared excitation. ICG powder, purchased from Sigma-Aldrich (St. Louis, USA), was diluted

with ultrapure water (18.2 MQ) at 1mg/mL concentration for the injection dose.

NIR Camera \

Filter

Spectrometer

Filter

Endoscope

Computer
NIR Laser Source

Figure 4. Animal ICG-NIRF Dental Imaging Setup



The rats used in the experimentation were Sprague-Dawley and were bred in the vivarium
of the School of Veterinary Medicine, Louisiana State University. Due to their rapid as well as
similar molar development model as humans, the rats were an ideal candidate for the pilot
experimentation. All experiments were approved by the Institutional Animal Care and Use
Committee of the Louisiana State University and in accordance to the ethical guidelines for animal
care.

The imaging cycle were divided as per the eruption phase of the rat molars into unerupted
molar phase and the erupted molar phase. The rat mandibles were extracted and were imaged using
a wide field camera and an endoscope. The NIR images were then compared with 2-D X-ray as
well as CT (SANCO Medical AG, model uCT 40).

Human Extracted Tooth Imaging Setup

NIR Camera 1n
Occlusal View

Supporting / ~
Holder T s

NIR Camera in
Facial View

Optical Fiber %

g =
"

I Tooth Holder with
==l — 360° angle rotation

Figure 5. Extracted Human Tooth Experimental Setup

NIR Laser

Source

In this study we further explore the effects of ICG enhanced dental NIR imaging (ICG-
NIRF) specific to detection of some common dental diseases such as dental cracks, dental caries

as well as dental decays and comparing them with the images obtained from micro CT and 3-D
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reconstructed X-ray images. The cracked teeth were collected from Louisiana State University
Health Science Centre — Department of Oral and Maxillofacial Surgery (Baton Rouge, USA).

The reagents utilized were neutral buffer formalin solution, PBS (Phosphate Buffered
Saline), ICG powder (Indocyanine Green) and ultra-pure water. Before imaging, the human teeth
samples were subjected to 10% neutral buffer formalin solution and subsequently kept in PBS.
Simultaneously, a 50 uM ICG solution was made with mixing ICG with ultra-pure water. The
teeth were then stored in the 50 UM ICG solution for 24-hours. The next step was imaging the
tooth.

The custom imaging platform seen in Figure 5 is similar to the previous animal
experimental setup (Li et al., 2018). The key elements of the human experimental setup were as
follows: Near-infrared laser, optical fiber, near-infrared camera (NIR Camera), tooth holder and a
computer. The NIR light source consisted of a 785nm laser source as well as a 1300 nm laser
source. The Y shaped optical fiber cable was used to focus the light to the exposed tooth. A tooth
holder was utilized so the extracted dental structure could be rotated to 360°. The NIR camera with
filters were utilized to capture the images. The computer was used to view and analyze the images.
Imaging in NIR I (700nm-950nm) window requires a NIR laser diode with 785nm filter (bandpass
lens: 785 nm, Thorlabs Inc) and the corresponding NIR camera used was Guppy F038B from
Allied Vision Technologies GmbH, with an 800nm filter (long pass lens: 800 nm, Thorlabs Inc).
The NIR 1l imaging source required a similar 785 nm laser, meanwhile the corresponding NIR |1
camera was an InGaAs camera (Goldeye G-008; Allied Vision Technologies GmbH) with 950 nm
filter (long pass lens: 950nm; Thorlabs Inc). This study was in line with the ethical guidelines for
human subjects of research and was approved by the Institutional Review Board of Louisiana State

University (IRB#E11061).
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The processing of the images was done in gray scale format as they were black and white
images. The grayscale format is utilized quite often in image processing to analyze the intensity of
light and it ranges from 0-255, 0 being black and 255 being white. In order to analyze contrast of
the obtained NIR images an objective contrast parameter called intensity mean difference (IMD)
was defined (Equation 1). It is the difference between the florescence intensity of the foreground

and that of the background.

S n (8r—8B)
Dmean.airy = av9 (2= 0.5+(avg(Zito gF)+avg(Tit, ) @

Where gr (foreground) and ge (background) were the greyscale values of each individual
pixel in the queues (line) of the foreground and background regions. n is the number of pixels in
the measured queues (line) from the image.

A schematic describing the contrast calculation is show in Figure 6. For example, if the
contrast of the cracked tooth must be observed, two parallel 2-dimensional lines were drawn across
the obtained NIR images. One over the dental crack (CL) which is the foreground and the other
slightly over to the side of the dental crack (BL) which is the background. The schematic of the
tooth and the lines is observed in Figure 6 (a). Similarly, in order to calculate the contrast
difference between the enamel and dentin, two parallel lines were drawn. One over the enamel
region which is the foreground (FL) and the other on the dentin region which is the background

(BL). The schematic of this can observed in Figure 6 (b).

12



(a) (b)

Enamel

BL

CL Dentin

CL= Crack Line FL= Foreground Line
BL= Background Line BL= Background Line

Figure 6. Schematic Diagram for the Contrast Calculation (a) Contrast Calculation Utilizing
Background Line and Crack Line (b) Contrast Calculation Between Enamel and Dentin

X-Ray Imaging Equipment

For the comparative study with X-ray, the LSU School of Veterinary Medicine’s micro CT
machine (SCANCO Medical AG, model uCT 40) was utilized. The specifications for the micro
CT device were 55 Kv, 144 A and 300 ms of exposure. The resolution of the X-ray slices was
16 um. Later, the 3-D reconstructed images were obtained using Avizo Software version 9.4.0
(Thermo Fisher Scientific).

Experimental Design

The experiment was designed to study the effect of ICG assisted near-infrared imaging in
detecting common dental diseases and making a comparison with micro CT as well as the 3-D
reconstructed X-ray. Some of the dental diseases analyzed were dental caries, dental decays as
well as dental cracks. Another concept of study was analyzing the clear distinction between

enamel-dentin junction as well as the effect of incident light angle on to the cracked tooth surface
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in the better identification of the cracks. And lastly, an analysis of the time of immersion of the
dental structure into the ICG solution as a factor contributing to the fluorescence light intensity as

well as the image contrast was also studied.
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RESULTS

Detection of Dental Cracks Through ICG-NIRF I and ICG-NIRF Il Imaging Technique vs
micro CT and 3-D Reconstructed X-ray

30 human dental structures were imaged using the ICG-NIRF technique (ICG assisted
near-infrared imaging technique). The dental structures were also imaged through micro CT and
the corresponding reconstructed 3-D images were obtained. The goal was to visualize the enamel
cracks in the dental structure. The comparison between images obtained from 3-D X-ray and the
ICG-NIRF technique revealed important results. Through the ICG-NIRF imaging technique the
cracks on the enamel were clearly observed. Whereas, the same cracks in the enamel failed to be
observed in the micro CT slices as well as the reconstructed 3D images. Figure 7 describes the
comparison made between ICG-NIRF method and micro CT and their corresponding 3-D
reconstructed X-ray. Figure 7 (al) and (a2) show the dental structure under NIR window | and
window Il. The images obtained in both these windows were successful in identifying the enamel
cracks. Their corresponding micro CT slice as well as the 3-D reconstructed images are seen in
Figure 7 (a3), (a4). These images failed to observe the enamel cracks. Figure 7 (b1-b4) showcase
another human dental structure imaged under the same conditions (i.e. ICG-NIRF vs X-ray) as the
dental structure in Figure 7 (al-a4). The results obtained showed that the ICG-NIRF method was
successful in visualizing the enamel cracks whereas the corresponding micro CT and the 3-D
reconstructed images failed in capturing the enamel cracks. The results presented in Figure 7 also

conveyed that the study showed reproducible results on multiple tooth structure.
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Figure 7. Visualization of the Enamel Cracks as Seen Through ICG-NIRF I and ICG-NIRF Il in
Comparison with micro CT and 3-D Reconstructed X-ray (al) Dental Structure with Cracks
Under ICG-NIRF I (a2) Dental Structure with Cracks Under ICG-NIRF 11 (a3) micro CT Slice
(a4) Reconstructed 3-D Structure (b1-b4) Represent Similar Conditions as Seen Through Images
(al- a4) but for Another Human Dental Structure

Detection of Dental Caries and Decays Through ICG-NIRF | and ICG-NIRF Il Imaging vs
3-D Reconstructed X-Ray Images

Dental structures affected with caries and decays were chosen as subjects for imaging with
ICG-NIRF technique as well as 3-D reconstructed X-ray imaging technique. Figure 8 (al) and (a2)
show images of tooth structure with dental decay imaged using ICG-NIRF | and ICG-NIRF 1l
respectively. Figure 8 (bl) (b2) show images of tooth structure with dental caries imaged using
ICG-NIRF I and ICG-NIRF Il respectively. The study was able to identify the dental caries as well
as decays successfully. Dental decay is seen to have a predominant bright boundary in comparison
to the rest of the tooth structure. Dental caries is seen as a bright dot in comparison to the
background structure. This could be because of the ICG seeping into the caries. They (decay as

well as caries) have been highlighted in Figure 8 using an orange rectangular box. Figure 8 (a3),
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(b3) show the 3-D reconstructed X-ray images of the dental structure with decay and caries. The
caries and decays can be observed as dark spots on the 3-D reconstructed images and have been
highlighted using an orange rectangular box around it. This result shows that the ICG-NIRF dental
imaging can produce comparable results to that of the 3-D reconstructed images without the

harmful effects of X-ray.

3-D
reconstructed

1= :
I | Caries

ICG-NIRF I ICG-NIRF II

Figure 8. Visualization of Dental Decays and Dental Caries Through ICG-NIRF | and ICG-NIRF
Il and Comparing it with 3-D Reconstructed X-ray Images (al-a2) Dental Decay as Seen
Through ICG-NIRF I and ICG-NIRF Il (a3) Dental Decay as Seen Through 3-D Reconstructed
X-ray (b1-b2) Dental Caries as Seen Through ICG-NIRF I and ICG-NIRF II (b3) Dental Caries
as Seen Through 3-D Reconstructed X-ray
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Contrast vs ICG Immersion Time Window

Another major concept covered in this study is the effect of time of immersion on the
contrast of the images. Immersion time for the extracted human dental structure can be defined as
the amount of time the dental structure was immersed in the ICG solution before being imaged.
The extracted human tooth was immersed in the 1CG solution for a varied time interval ranging

from as short as 1 minute to as long as 24 hours. The dental profiles at different immersion time

and in the two NIR window i.e. window | and Il were observed (Figure 9).

s

ICG NIRF I 1 min ICG NIRF I 4 hours ICG NIRF I 24 hours

ICG NIRF II 1 min ICG NIRF II 4 hours ICG NIRF 11 24 hours

Figure 9. ICG Immersion and NIRF Imaging of the Dental Structures at Different Time
Windows (al) ICG-NIRF I at 1 minute (a2) ICG-NIRF 1 at 4 hours (a3) ICG-NIRF | at 24 hours
(b1) ICG-NIRF Il at 1 minute (b2) ICG-NIRF Il at 4 hours (b3) ICG-NIRF II at 24 hours

Figure 9 (al-a3) showed increasing time periods of immersion from 1 minute, 4 hours to
24 hours under ICG-NIRF window I. The same incremental immersion time is seen in Figure 9
(b1-b3) but under ICG-NIRF window II. As seen in Figure 9 (al, bl) starting from 1 minute a

satisfactory contrast was observed. As and when the immersion time increased, the contrast
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increased as well and it can be observed in Figure 9 (a2, b2) for 4 hours of immersion and Figure
9 (a3, b3) for 24 hours of immersion. Figure 9 highlights the enamel clearly as a transparent
structure. Figure 9 has been enhanced externally using Microsoft picture correction properties to
make the dental structure clear to the human eye. Figure 10 shows a graph that describes the
contrast vs time of immersion in ICG-NIRF I. The graph shows a substantial increase in the
contrast with just a minute of immersion into the ICG solution. The contrast remains almost
constant in the case of 1 minute, 4 hours as well as the 24-hour immersion. The contrast described

was calculated using the concept of Intensity Mean Difference (IMD).

Contrast vs Time of Immersion
1.2
1
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*g' 0.4
O 0.2
0
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-0.4 :
Time
®ICG - NIRF |

Figure 10. Image Contrast vs Time of Immersion of ICG(n=3), Where n is the Number of Teeth

Fluorescence Intensity vs ICG Immersion Time

Immersion time for the extracted human dental structure can be defined as the time period
the dental structure is immersed in the ICG solution until its imaged. Different time period was
chosen as the time of immersion starting from 0 minute, i.e. immediate immersion and imaging of
the dental structure, to 24 hours i.e. an entire day of immersion before imaging of the dental
structure. The time window of immersion influenced the ICG florescence intensity. The results

show that intensity from the tooth with immediate ICG immersion and imaging was almost
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negligible (Figure 11). However, when it was immersed in the ICG solution for a short duration,
in this case a minute, the intensity increased exponentially (3663.79 a.u.). Subsequently, the
intensity kept increasing and the maximum value (11286.69 a.u.) was obtained at 1 hour of
immersion. The intensity then gradually begins to drop down and reaches 6021.01 a.u. at 24 hours

of immersion.

Intensity vs Time of Immersion
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Figure 11. Fluorescence Intensity at VVaried ICG Immersion Time(n=3), Where n is the Number
of Teeth

Detection of Enamel-Dentin Junction Using ICG-NIRF | and ICG-NIRF 11 Window

The enamel-dentin junction was identified through ICG assisted NIRF imaging (Figure
12). The dental structure was immersed into the ICG for 1 minute, 4 hours and 24 hours
respectively and imaged under NIR window | (650nm-950nm) (Figure 12 (al-a3)). The same
dental structure with the same immersion time were then imaged under the NIR window II

(950nm-1700nm) (Figure 12 (b1-b3))
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Enamel

ICG NIRF I 4 hours
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ICG NIRF II ICG NIRF II 4 hours ICG NIRF II 24 hours

Figure 12. Detection of Enamel-Dentin Junction (al) ICG-NIRF I at 1 minute (a2) ICG-NIRF |
at 4 hours (a3) ICG-NIRF I at 24 hours (b1) ICG-NIRF Il at 1 minute (b2) ICG-NIRF 1l at 4
hours (b3) ICG-NIRF Il at 24 hours

It can be observed that both ICG-NIRF | as well as ICG-NIRF Il were satisfactory in detecting
the human tooth profile in a small imaging window, i.e. 1 minute. At the 4-hour immersion
interval i.e. Figure 12 (a2) and (b2), the enamel-dentin boundary is clearly visible, and it
improves as it moves on to 24-hour imaging window (Figure 12 (a3), (b3)). Also, human tooth
profile in ICG-NIRF I is seen much clearly than in that of ICG-NIRF II. In Figure 12, the images
have been enhanced externally using Microsoft picture correction properties to make the dental
structures clear to the human eyes. A graph is plotted for both ICG-NIRF | as well as ICG-NIRF
Il between the immersion time i.e. 1 minute, 4 hours, 24 hours and their corresponding contrast

(Figure 13). It is observed that for 24-hour immersion, the contrast is the highest. The contrast
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was obtained by choosing the enamel as the foreground (FL) and the dentin as the background

(BL) and a schematic diagram is seen in Figure 6.

Contrast vs Time of Immersion
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Figure 13. Imaging Contrast vs Different Time of Immersion for ICG-NIRF | and ICG-NIRF 11

Effect of Angle of Light Exposure on the Contrast of the Image

The study concentrated on anlyzing the affect of the angle of light exposure on to the teeth
for the detection of cracks. It was observed that the angled light exposure of a cracked tooth lead
to an underlying shadow. This underlying shadow aided in the clear detection of the cracks. In the
case where the light was angled in a parallel direction to that of the crack, there was no shadow
formation and the corresponding crack detection was not clear. Figure 14 (al), (b1) showed the
schematic representation of an angled light exposure and parallel light exposure respectively. In
the tooth with angled exposure i.e. in Figure 14 (a2), (a3), the images of the tooth in both ICG-
NIRF-1 as well as ICG-NIRF 11 showed good contrast as well as clear detection of the crack
srtucture. However in the tooth with parallel exposure i.e. Figure 14 (b2), (b3) there was poor

contrast as well as the cracks on the enamel were failed to be detected.
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Figure 14. Angled vs Parallel Light Exposure (al) Schematic Representation of the Angled Light
Exposure and the Consequent Shadow Formation (a2) ICG-NIRF | Images of Dental Cracks
Under Angled Light Exposure (a3) ICG-NIRF Il Images of Dental Cracks Under Angled Light
Exposure (b1) Schematic Representation of Parallel Angle of Light Exposure (b2) ICG-NIRF |
Images of Dental Cracks Under Parallel Light Exposure (b3) ICG-NIRF Il Images of Dental
Cracks Under Parallel Light Exposure

Figure 15 provides a graphical representation of the contrast with respect to the angled light
exposure and parallel light exposure. The contrast of the cracked tooth was observed by drawing
two parallel 2-dimensional lines across the obtained NIR images. One over the dental crack (CL)
which is the foreground and the other slightly over to the side of the dental crack (BL) which is

the background (Figure 6).
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Angle of Light Exposure vs Contrast
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Figure 15. Contrast vs Angle of Light Exposure on Cracked Tooth in Both ICG-NIRF | and ICG-
NIRF Il Window

Through the graph it can be seen that the contrast through both ICG-NIRF I and ICG-NIRF 11 in
an angled exposure is higher than that of the parallel exposure. This indicates that the angled
direction of the light on to the tooth structure aides in a better contrast and also increases the chance

of detecting cracks on the enamel.
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DISCUSSION

Oral health is of utmost importance in ensuring the persons overall health (Benjamin, 2010;
McGrath & Bedi, 2004). Early detection of dental diseases gives both the patient as well as the
clinician an edge when it comes to creating a treatment plan and stopping the progress of the
disease. Dental imaging is a useful tool that aids in the detection and diagnosis of dental diseases
in their preliminary stages. The current state of the art dental imaging technology i.e. X-ray fails
in the detection of some of the common dental diseases due to a variety of reasons, some of them
being loss of spatial information and artifacts such as geometrical distortion when conversion from
2-D to 3-D images (Correa et al., 2014; Rondon, Pereira, & do Nascimento, 2014; Shah et al.,
2014). Dental fractures fail to be detected in 3-D X-rays (Computed Tomography-CT) as the
resolution of the CT is lower than that of the fractures (Shah et al., 2014). They also highly rely
on the position of the patient to detect the dental disease (Rondon et al., 2014). This study utilized
ICG assisted near-infrared dental imaging to visualize the dental diseases such as cracks, caries as
well as decays. The results observed through Figure 7 shows the clear identification of dental
cracks through ICG-NIRF I and ICG-NIRF I, however the 3-D reconstructed images failed to
show the same cracks. This in turn implies that the experimental setup has a potential of being
used as the diagnostic tool when a cracked tooth is suspected in a patient. The study also showed
successful results in the detection of dental decays as well as dental caries (Figure 8). Increased
immersion time showed increased contrast as well as increased fluorescence intensity (Figure 10,
Figure 11). The enamel-dentin junction was seen clearly as the enamel turned transparent (Figure
12) as well as good contrast was seen between the enamel and dentin (Figure 13). It is know that
craze lines usually begin in the enamel region (Mariona & Antony, 2018). This implies that if ICG-

NIRF technique is utilized by a clinician suspecting craze lines, they can locate them due to clear
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enamel-dentin differentiation. Also, this study analyzed the effect of an angled exposure of light
onto the cracks (Figure 14). It was observed that with an angled exposure of light onto the crack a
shadow is formed. This shadow helped in improving the contrast of the crack detection (Figure
15). These results emphasize that this study was successful in overcoming the limitation of X-ray
in the detection of common dental diseases.

One of the major concerns of patients on using X-ray to diagnose dental diseases is the
harmful effects of X-rays on to the human body (Angelino, Edlund, & Shah, 2017). In cases of
pregnant women, X-ray poses special challenges. Although studies show that doses within limit
i.e. less than 5 rads does not affect the fetus (Ratnapalan, Bona, Koren, & Team, 2003; Wrzosek
& Einarson, 2009), practitioners are often hesitant in using X-ray dental images on pregnant
women. Studies also show that in cases of emergencies approximately 36-46% of the clinicians
refuse to take X-rays on pregnant women (Abbott, 2000; Monsour, Kruger, Barnes, & Sainsbury,
1988). This puts pregnant women on a diagnostic disadvantage when it comes to detecting dental
diseases. In cases where panoramic X-ray is required, patient positioning is a major factor that
could contribute to errors in the dental imaging (Rondon et al., 2014). Incorrect positioning can
result in misdiagnosis of the disease and can lead to multiple images being taken that can increase
the exposure risk to the patient (Rondon et al., 2014). This study was able to identify dental cracks
(Figure 7), dental decays as well as dental caries (Figure 8) successfully by utilizing non-ionizing
radiation (near-infrared). The results of dental decays and caries detection (Figure 8) showcase
that the results are comparable to that obtained from 3-D reconstructed X-ray images. Also, ICG-
NIRF technique offers the advantage of real-time dental imaging, i.e. the clinician can visualize

the dental structure without any wait time.
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Traditional bitewing X-ray films have a size anywhere between 2-7 cm (Pandula) and the
patient needs to bite it in order to hold the film in position. This could lead to patient discomfort.
In cases where children require bitewing it may be difficult for them to hold the film in place. As
mentioned previously, the position of the patient is crucial when it comes to X-ray dental imaging.
X-ray also requires the patient to be still during the imaging session in order to avoid errors.
However, when children are required to take dental X-rays, they may find it difficult to stay in the
perfect position conducive for X-ray imaging. This study does not require an intra oral film
placement. Additionally, the source of light is the only device placed internal to the oral cavity
which can be very easily maneuvered by the clinician using an endoscope. The tip of the endoscope
utilized in this study is approximately 2 mm. In comparison to the bitewing film, the tip of the
endoscope is approximately 10 times smaller. Hence, the patient need not be extremely still, thus
reducing the level of discomfort to a great extent. In comparison to MRI technigue, the patient
need not be enclosed in a closed space in ICG-NIRF imaging. Hence the population with
claustrophobia can be imaged using this technique. Since MRI interacts with ferromagnets, people
with ferromagnetic implants cannot be subjected to MRI. However, ICG-NIRF has no reaction
with ferromagnetic substances and hence can be used to image patients with ferromagnetic
implants.

The cost of ICG-NIRF imaging set up is around $18,000. The camera system (including
NIR I and NIR Il cameras) approximately costs $10,000 and the laser source costs approx. $8000.
The 2-D X-ray equipment costs around $50,000-$95,000 and 3-D X-ray costs around $160,000-
$300,000 (LoVette, 2019). This makes our equipment cost 5-16 times lesser than X-ray equipment.
The session cost of X-ray imaging can be anywhere between $10-$250 (Unkown, 2019a). In ICG-

NIRF imaging, the cost of ICG is an important factor in terms of analyzing the session cost.
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Pharmaceutical grade ICG costs approximately $76 for 25mg (Unkown, 2019b). When compared
with X-ray session cost, the cost of purchasing ICG is considerably lower. A 1.5-3T MRI
equipment costs anywhere between $1-$3 million and an individual scan can cost anywhere
between $600-$2600 (Reed, 2019). In comparison, ICG-NIRF equipment as well as the session
cost is much lower. Hence, ICG-NIRF dental imaging technique can be considered as a cost-

effective option in comparison to 2-D X-rays, 3-D X-rays as well as MRI.
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CONCLUSION

To summarize, this study concentrated on detecting some of the common dental diseases
utilizing ICG-NIRF imaging technique and making a comparison with the state-of-the-art micro
CT as well as 3-D reconstructed X-ray imaging techniques. Dental cracks were observed
successfully utilizing the ICG-NIRF method whereas the 3-D reconstructed X-ray images failed
to detect the cracks. Micro CT detected the dentin cracks but as the crack progressed into the
enamel it failed in detecting them. The clear detection of enamel is an advantage of using near-
infrared light. The increased time of immersion of ICG improved the contrast of the enamel. The
enamel-dentin junction was also clearly visualized due to ICG immersion of the dental structure
and imaged through NIRF imaging. This improved enamel contrast can assist in the detection of
craze lines, which is the beginning stage of a cracked tooth and are usually present in enamel.
Additionally, the study was successful in identifying dental diseases such as dental caries as well
as dental decays. The effect on fluorescence intensity as well as contrast with varying immersion
time was examined in this study. It was found that as the time of immersion increased, the
fluorescence intensity as well as the contrast increased. This study also laid emphasis on the
importance of the angle of exposure to detect the cracks. In the case of dental cracks, the clinician
not only needs to know the existence of a crack, but also their location and depth. In the future, the
depth analysis of the cracks can be conducted using the angled NIR light exposure to obtain a
shadow from the cracks (Zhonggiang Li ). The imaging set up is cost affective in comparison to
3-D X-ray machines. The compact size of the imaging set up can aid the clinician and provide a
comfortable setting for the patient as well. In conclusion, the study has proven to be a successful
non-ionizing, non-invasive dental imaging method that could be used by the clinicians in the

future.
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Currently, there are certain disadvantages to the ICG assisted near-infrared technique.
Although it provided good enamel detection, it is not successful in detecting diseases and defects
in the dentin. This means that if a dental disease originates internally, i.e. in the pulp or dentin, the
ICG assisted technique would not be able to diagnose it. Also, in the case of cracked tooth further
study is required to calculate the depth of the detected cracks (Zhonggiang Li ) . In the future, for
the human dental structure imaging, an ICG mouth wash may be utilized (Zheng Li Unpublished).
ICG-NIRF method is not label free and the patients may be apprehensive to come in contact with
ICG. It is suspected that in case of in-vivo experimentation, the saliva in the human oral cavity
could interfere with the current experimental criteria. This study in the future will be expanded to
study the detection of other common dental diseases such as periodontal diseases as well as

abscess. This study has scope to be further improved in order to account for the current draw backs.
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