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Abstract:

Optical coherence tomography (OCT) is a non-invasive imaging modality, which
provides real-time near-histology resolution images. In dentistry, OCT has been used
for early detection of carious lesions, malignant changes in the oral tissues and other
indications. However, to the best of our knowledge there is no information regarding the
ability of this imaging modality in differentiating between different types of tissues in the
oral cavity. If OCT proves to be able to render information regarding the properties of
tissues, it can be used to detect pathological changes at an early stage, which results in
better treatment outcomes. In this study, we imaged five types of tissues, i.e., human
enamel, human cortical bone, human trabecular bone, rat masseteric muscle and fatty
tissue plus water and air using OCT (Axsun Inc. Billerica, MA). We then developed an
algorithm to determine the intensity profile, pixel intensity values and histograms for
each sample. The same tissues plus water and air were also imaged using cone beam
computed tomography (CBCT) and gray scale values were measured for each tissue.
The mean pixel intensity values and gray scale values for the OCT images and CBCT
scans of each tissue were reported, respectively. A similar pattern was observed in the
pixel intensity values and gray scale values in both imaging modalities. Therefore, within
the limitations of this study, it was concluded that OCT can reliably differentiate between
different tissues (hard and soft tissues) in vitro and the results are comparable to CBCT

gray scale values.



Introduction:

With the discovery of X-rays in 1895 by Wilhem Roentgen, radiographic imaging has
become an essential component in the diagnosis and follow-up of a variety of
pathological conditions. Over the years, researchers have been working on advancing
the field in order to better understand the disease process with optimum accuracy and
efficiency. Therefore, diagnostic imaging has undergone many changes to develop the
most effective and efficient imaging modality that is diagnostically acceptable and
exposes the patient to the minimum detrimental effects associated with ionizing
radiation (1). The challenges associated with ionizing radiation forever will caution the
clinician to consider the risk-benefit analyses before any diagnostic radiation exposure.
While the fundamental principle of As Low as Reasonable Achievable (ALARA) remains
the cornerstone for responsible imaging, an evolving concept known as ALADA (As low
as diagnostically acceptable) forms the basis for the development of new and advanced
imaging modalities in medicine and dentistry that either mitigate the radiation exposure
or work on alternative sources of imaging. Science and industry work together to

advance the field of diagnostic imaging based on this principle (2).

For years, clinicians have been trying to establish an accurate and reliable method to
detect and quantify changes in the properties of the tissue that is undergoing
pathological changes. This enables the clinician to understand the disease process
better and to detect changes in an early stage resulting in more successful treatment

outcome (3-5).

It has been well documented that any changes in tissue characteristics due to a

pathological or physiological process affects the tissue attenuation coefficient, tissue



echogenicity, tissue diffusion coefficient and its optical properties which are detectable
using computed tomography (CT), ultrasonography (US), magnetic resonance imaging

(MRI) and optical coherence tomography (OCT), respectively (6-11).

Multi-detector computed tomography (MDCT) and cone beam computed tomography
(CBCT) differentiate tissues on the basis of their attenuation characteristics, which in
turn are primarily a function of tissue density (12). In medical CT (MDCT), a standard
scaling scheme has been established to differentiate between the attenuation
coefficients in different tissues, known as Hounsfield Units (HU), whereas in dental CT
(CBCT), the manufacturers have not yet been able to establish a standard system for
scaling the grey levels representing the reconstructed values. The absence of such a
system makes it difficult to compare tissue densities between different machines (13-
16). To date, the use of Hounsfield units (HU) has probably been the most reliable
method for differentiating between tissues. However, due to the significant detrimental
effects associated with high dose ionizing radiation delivered during a CT scan,
researchers are working towards developing post-processing algorithms to be able to
extrapolate information regarding tissue properties from less-invasive imaging

modalities such as US, MRI and OCT.

Ultrasonography is a non-invasive imaging modality that can provide valuable
information regarding tissue properties based on the acoustic backscatter coefficient of
the tissue (11). Using the spectrum analysis method, researchers have been able to
reliably demonstrate the ability of US imaging in detecting pathological changes in

various organs such as the eye, breast, prostate, kidney and liver (17-20).



Another non-invasive imaging modality that has revolutionized the field of diagnostic
sciences is magnetic resonance imaging (MRI). This modality is based on the
electromagnetic properties of tissues and can assist the clinician in differentiating
between diseased and non-diseased tissues (21, 22). Ever since the invention of MRI in
medicine, researchers have been trying to expand upon the various applications of this
modality and enhance its efficiency by reducing the examination time and improving the

image quality (23, 24).

Optical imaging techniques have contributed to numerous cellular and molecular
biological discoveries in medicine and dentistry by providing microscopic like detailed
information using near-infrared light (9,25). Optical coherence tomography is a high-
resolution optical modality, which uses broadband light and provides high-resolution
subsurface tissue images. The images are obtained in real-time and near histo-
pathological level resolution (26-30). OCT is analogous to ultrasound B mode imaging
except that it uses light rather than sound, therefore achieving unprecedented image
resolutions (1-10 um), approximately 100 times higher than conventional ultrasound by
using broad bandwidth light sources in combination with interferometric detection

techniques (31).

Since its invention in the early 1990s, the original concept of OCT was to enable non-
invasive optical biopsy, i.e., the real time, in situ imaging of tissue microstructure with a
resolution approaching that of histology, but without the need for tissue excision and
post-processing. In order to accomplish this goal, recent research in OCT has achieved
guantum advances in resolution (sub-um), data acquisition speed (more than 1,000,000

measurements/s), optimization of tissue penetration (up to 2 mm). Hence OCT can now



be considered as an optical analogue to CT or MRI, but with microscopic resolution for

superficial tissue (31, 32).

In dentistry, the imaging modality of choice for the majority of procedures is still
conventional two-dimensional imaging. With the introduction of cone beam computed
tomography (CBCT) in the early 1990’s, dental radiology has entered a new era and
researchers and manufacturers have been working on improving the image quality,
definition and resolution of the images while reducing the patient’s exposure to radiation
(33,34). Compared to multi-detector computed tomography (MDCT) in medicine, CBCT
generally delivers less radiation to the patient, making it the three dimensional imaging
modality of choice for a variety of procedures including implant treatment planning,
diagnosis of pathosis in the maxillofacial region and contemporary approaches to
orthognathic surgery (33,35,36). However, like any other diagnostic technique, CBCT
has its own limitations including low contrast resolution compared to MDCT, which does
not provide sufficient information regarding soft tissue structures. Furthermore, similar to
MDCT and any other imaging modality that uses ionizing radiation, it does not typically
demonstrate pathological changes at early stages, i.e., molecular/cellular levels.
Another disadvantage with CBCT is that despite the significant improvement in reducing
radiation doses, it still involves the use of ionizing radiation (37). Therefore, the focus of
several researcher groups has been towards developing modalities that do not use
ionizing radiation as a source for imaging such as dental MRI and optical coherence

tomography (38, 39).

Optical coherence tomography has been studied extensively for the detection of early

carious lesions, micro-fractures, pulpal inflammation, properties of dental materials,



early dysplastic changes in oral malignancies, early inflammatory changes in the

periodontal tissues and PDL changes due to orthodontic tooth movement (27, 40-61).

Extensions of OCT have been developed that enable non-invasive depth resolved
functional or contrast enhanced imaging, providing spectroscopic, metabolic,
polarization-sensitive, blood flow or physiologic tissue information. These new OCT
technologies promise to not only improve image contrast, but also enable the

differentiation of pathology using localized metabolic properties or the functional state.
Refractive index

In optics, the refractive index (n) of an optical medium is a number that describes how

light, or any other radiation, propagates through that medium. It is defined as: n =§ :

where c is the speed of light in vacuum and v is the phase velocity of light in the
medium. For example, the refractive index of water is 1.33, meaning that light travels

1.33 times faster in a vacuum than it does in water (62).

The refractive index determines how much light is refracted, when entering a
material. The refractive indices also determine the amount of light that is reflected when

reaching the interface, as well as the critical angle for total internal reflection (63, 64).

The refractive index varies with the wavelength of light. This is called dispersion and
causes the splitting of white light into its constituent colors in prisms, and chromatic
aberration in lenses (62). In general, the refractive index of a glass increases with
its density. However, there does not exist an overall linear relation between the
refractive index and the density for all silicate and borosilicate glasses. A relatively high

refractive index and low density can be obtained with glasses containing light metal



oxides such as Li2O and MgO, while the opposite trend is observed with glasses

containing PbO and BaO (65).

Traditionally, the n of a tissue has been determined by immersing the tissue in fluids
with matching n. However, over the years, new methods have emerged including
employing low-coherence interferometry, a principle on which OCT is based (66, 67).
Hariri and colleagues have shown that optical coherence tomography can estimate the
mineral content in the enamel and dentin (67). Furthermore, Gandjbakhche and
colleagues have developed a method to quantify parameters associated with
pathological changes in breast tissue for functional characterization of tumors using
optical imaging (9). In dentistry, there is limited information on optical coherence
spectroscopy and tissue characterization using optical imaging, therefore, the purpose
of this study is to evaluate the ability of OCT to characterize selected samples of hard

and soft tissues in the oral cavity.



Hypotheses:

1. Optical coherence tomography can differentiate between a range of hard and soft
tissues, water and air based on their densities.

2. Cone beam computed tomography can differentiate between a range of hard and
soft tissues, water and air based on their densities.

3. Pixel intensity values obtained from OCT are comparable to gray scale values

obtained using cone beam computed tomography.



Materials and methods
Study design:

This is a comparative observational study in which we attempted to evaluate the ability
of OCT in tissue characterization and quantify optical density for a range of biological
tissues. We then compared the values obtained from OCT images with grayscale

values of the same tissue obtained from CBCT volumes.
The study was done in two phases:
Phase 1: Imaging with Optical Coherence Tomography

Five different tissues (rat masseteric muscle, fatty tissue, human cancellous bone,
human cortical bone, human enamel) were prepared in blocks of 5mm x 5mm x 3mm
(width x length x height). Water was also poured in a container with similar dimensions.
The surfaces of the tissues were kept hydrated for optimal light penetration and
refraction (68). The OCT machine that was used in the present study was a prototype
OCT unit provided by Axsun Technologies (Axsun Technologies Inc., Billerica, MA)
(Figure 1). It is a swept source OCT machine operating at wavelengths ranging between
1250 nm and 1360 nm with an average power of 18 mW and a scan rate of 50-100

KHz.
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Figure 1- OCT machine, Axsun Inc.

The probe was placed atop a 2cm x 2cm stabilizing device to maintain a standard
distance from the samples. Figure 2 illustrates a schematic diagram of the experimental
setup. Ten samples from each tissue were imaged and the images were imported and
saved in jpeg format. The images were then subjected to post-processing mathematical
algorithms in MATLAB in order to determine the intensity profiles and histograms for the

tissues. The mean pixel intensity values for each group of samples were calculated.



Figure 2- Schematic illustration of the experimental setup. A: OCT machine, b:

Stabilizing device, c: Sample
Phase 2: Imaging with cone beam computed tomography

Similar tissues from each type of tissue were scanned using 3D Accuitomo 170 CBCT
scanner (J Morita Corp., Kyoto, Japan) operating at 80 Kvp and 5 mA with a focal spot
size of 0.5 mm. The image acquisition time was 17.5 seconds and the field of view was
40mm x 40mm. The machine has three different modes of acquisition: standard (scan
time: 17.5 secs), high resolution (scan time: 30.8 secs) and high fidelity (scan time: 30.8
secs). In this study, we used the standard mode. The volumes were then reconstructed
in the i-Dixel software version 2.1 and exported into the Invivo software (Anatomage 3D)
for grey scale evaluation. The grey scale value was measured in three areas within

each sample and the mean value was reported.
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Figure 3 illustrates representative samples of each tissue type imaged using CBCT and
gray scale values measured in each image. In order to have an accurate measurement
for air, we had to image an object and measure the gray scale value for air relative to
that object. In this case (Figure 3a), we imaged a piece of wax and measured the gray
scale value for air in the area adjacent to the wax. For water, a container full of water
was scanned (Figure 3b). For fatty tissue, the gray scale value for the superficial fat
layer was measured (Figure 3c). For muscle tissue, the human masseteric muscle was
considered for gray scale value measurement (Figure 3d). For trabecular bone, the
trabecular bone in the area of mental foramen was imaged and subjected to grayscale
value measurement (Figure 3e). For cortical bone, the cortical bone in the same cross
section at the level of the mental foramen was considered and measurements were
done in this area (Figure 3f). For enamel, measurements were done in the enamel of an

impacted tooth (Figure 3g).

11



Figure 3(a-g) — Representative CBCT images of each type of tissue and grayscale
values for each tissue. A: air, b: water, c: fatty tissue, d: muscle tissue, e: trabecular

bone, f: cortical bone, g: enamel.

12



Results:

Figures 4 and 5 show the OCT image and the corresponding intensity profile, contour
plot and histogram for air. The intensity profile provides information regarding surface
characteristics as well as internal texture of the tissue/specimen. The intensity profile for
air was very homogeneous and at a low spectrum. Only one spike was observed which
is reflective of the vertical line going through the corresponding OCT image (Figure 4).
The contour plot and the histogram confirm the homogeneity of the imaged sample (air)

[Figure 5].

Air
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Figure 4- Intensity profile and corresponding OCT image for air
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Histogram of OCT Image
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Figure 5- Contour plot and histogram for air

The intensity profile for water (Figure 6) shows a relatively slight degree of
heterogeneity compared to air which may be due to the presence of particles in water. A
spike is seen in the profile which corresponds to the vertical line in the OCT image. The
contour plot is slightly denser compared to air and the histogram is broader which

indicates that scatter characteristics of water is different compared to air (Figure 7).
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Water
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Figure 6- Intensity profile and corresponding OCT image for water
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Figure 7- Contour plot and histogram for water

The intensity profile for fat (Figure 8) lies at a higher spectrum and is more
heterogeneous compared to water and air, however, it is less heterogeneous compared
to muscle (Figure 12). The contour plot shows some degree of heterogeneity at the
surface, which may be due to surface roughness. The histogram of the OCT image has
a broader base compared to water and air and is slightly denser within the spectrum

(Figures 8 and 12).

Fat
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Figure 8- Intensity profile and corresponding OCT image for fatty tissue
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Contour Plot of OCT Image Histogram of OCT Image
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Figure 9- Contour plot and histogram for fatty tissue

The intensity profile for muscle (Figure 10 and 11) is more heterogeneous compared to
fat and this is confirmed in the contour plot of the corresponding OCT image (Figure 10)
with more areas of red spots. The histogram has a broad base and is generally denser

compared to fat (Figures 8 and 9).
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Muscle
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Figure 10- Intensity profile and corresponding OCT image for fatty tissue
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Contour Plot of OCT Image Histogram of OCT Image
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Figure 11- Contour plot and histogram for muscle
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Figure 12- Intensity profiles, contour plots and histograms of muscle, fat and water
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The intensity profile for trabecular bone shows significant degrees of heterogeneity,
which corresponds with the internal structure and the texture characteristics of the
tissue (Figure 13). The contour plot shows two different layers; the superficial layer
depicted in red indicates the struts and the underlying layer depicted in green is
indicative of bone marrow spaces. The deep layer depicted in blue is most likely void

due to lack of penetration of light into the deep layers (Figure 14).

Trabecular bone
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Figure 13- Intensity profile and corresponding OCT image for trabecular bone
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Contour Plot of OCT Image Histogram of OCT Image

70,20 W ) SNl 5 T AN i = € TR 4 B O Tt R B =,
N LT -4

50 ._ 4500
100f
180 F .

200F °

250

300 F

380k .

s B2

o DY e T ST iy By PRIV, 455
50 50 200 250 350

Figure 14- Contour plot and histogram for trabecular bone

The intensity profile for cortical bone is heterogeneous and dense (Figure 15). The
contour plot shows a thin superficial layer (red) and a relatively homogeneous dense
underlying layer (green) [figure 16]. The histogram of the OCT image is also

homogeneous and dense.
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Cortical bone

OCT Image Intensity Profile of OCT Image

110

100}

90

80

701

0 100 200 300 400 500
Distance along profile

6.8016  7.0495 71.9393 16.3663

Figure 15- Intensity profile and corresponding OCT image for cortical bone
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Contour Plot of OCT Image
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Figure 16- Contour plot and histogram for cortical bone

The intensity profile for enamel is very heterogeneous and lies mainly at the middle
portion of the spectrum (Figure 17). The contour plot shows a relatively narrow dense
superficial layer (red) and a dense layer underneath (green). Penetration into enamel is
the least compared to all other experimental tissues, therefore, a denser area of void

(blue) is seen under the green layer which indicates lack of penetration of light into the

deep layers (Figure 18).
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Enamel
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Figure 17- Intensity profile and corresponding OCT image for enamel
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Figure 18- Contour plot and histogram for cortical bone
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Figure 19 compares the intensity profiles, contour plots and histograms of enamel,

cortical bone and trabecular bone.
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Figure 19- Intensity profiles, contour plots and histograms of enamel, cortical bone and

trabecular bone
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Table 1 shows the means and standard deviation for gray scale values obtained from
CBCT images for the imaged tissues. The highest value is for enamel and the lowest is
for air. Figure 20 provides a comparison between the gray scale values obtained from
CBCT images and the pixel intensity values obtained from OCT images of the
representative samples of each type of tissue. Both graphs show a similar pattern in

terms of the values obtained from different tissues.

Table 1- Grey scale values for the imaged samples (air, water, fat, muscle, trabecular

bone, cancellous bone, enamel)

Gray Enamel Cortical bone Trabecular Muscle Fat Water Air
scale bone

values

Mean 3283.4 1227.3 716.6 98.4 -205 -599 -1147
(SD) (89.59) (300.63) (140.41) (45.16) (40.81) (230.15) (124.40)
Min 3132 1008 528 38 -279 -1050 -1446
Max 3459 2092 891 186 -122 -320 -1018

26




(a) (b)

3500 ‘ . ‘ ‘ . ‘ ‘ 5
3000
2500} 0r 1
[
8 20007 C 65
& 15000 8
5 1000} E oo .
—
500
= Q o ]
ol O
X 500 . 50 1
-1000F
45 '
1500 : ! : ‘ L ‘ ‘ 1 2 3 4 5 6 7
1 2 3 4 5 ) \
C) (Z 4 X .
D < (2 & \3 . o & & R @ & $
0 & ) $ o o & < &
N N\) 9 03 O O\ >
Q‘b& R @\,e < $‘§ ™ & 3 KO Q
< & 0\‘) “\c é\\
e < P\

Figure 20- Comparison between grayscale values in CBCT images (a) and pixel

intensity values in OCT images (b)

27




Discussion

Optical coherence tomography is a non-invasive imaging modality, which uses near-
infrared light to obtain tissue information at subsurface levels. Numerous studies have
reported the application of OCT in various fields of dentistry including caries detection,
periodontal evaluation and detection of soft tissue pathologies including oral

malignancies among other conditions (25, 31, 56, 69, 70).

One of the most valuable pieces of information one can get from an imaging exam is
information regarding the tissue characteristics and contents. This helps the clinician to
better understand the disease process and can potentially eliminate the need for further
invasive diagnostic procedures such as biopsy. Currently, the alternative for biopsy to
understand the contents and characteristics of a lesion based on imaging is measuring
Hounsfield units in CT exams or gray scale values in CBCT exams. In this study we
sought to evaluate the ability of OCT in differentiating between different tissues in

comparison to CBCT.

Our results showed that pixel intensity values obtained from OCT images follow a
similar pattern in comparison with gray scale values obtained from CBCT exams.
Optical coherence tomography works on the basis of light refraction and scattering at
tissue interfaces. Light scattering depends on the refractive indices of each tissue,
which in turn is partly related to the density, and thickness of the tissue (71, 72).
Therefore, based on the fact that tissues have different densities, differences in the

mean pixel intensity values pertaining to different tissues can be explained.

28



Studies have used optical coherence tomography in combination with infra-red
spectroscopy or optical coherence elastography to characterize tissues based on their
chemical, molecular or mechanical properties (73, 74). Gandjbakhche and colleagues
(2003) developed a fluorescence based optical imaging technique in order to detect and
monitor tumor status in breast tissue. Furthermore, they were able to evaluate the
metabolic activity at the tumor site by monitoring changes in the pH and in signals

obtained from different metabolites in the region (9).

In the present study, we developed an algorithm using an imaging analyses program
called MATLAB to determine the mean pixel intensity values and histograms for each
type of tissue. Post image processing, was performed on 2D images directly imported
from the machine. In the signal processing literature, the importance of phase
information, which forms the basis of image production, has been repeatedly reported.
Phase (wave) is the initial angle of a sinusoidal function and phase contrast in optical
imaging refers to changes in the signals while traveling through a medium other than
vacuum. This change is dependent on the properties of the medium (75, 76). There
have been many studies in the literature reporting tissue characterization using phase
information in optical imaging, however, to the best of our knowledge, our study is the
first to have used pixel intensity values obtained from 2D OCT images to determine
changes in tissue densities. Our findings demonstrate that the post-processing
mathematical algorithm we developed based on pixel intensity values for OCT images
was able to show a pattern similar to gray scale values obtained from CBCT scans for

different tissues.

29



The intensity profile is indicative of surface irregularities and the degree of heterogeneity
within the tissue. Air and water had the most homogeneous profiles compared to the
other specimens. This information can be used for the evaluation of early changes at
the surface of the tissue. Contour plots also provide information on the surface
characteristics of the tissue. This is a more visual presentation of changes in the
contour of a tissue and accentuates minor changes occurring as result of a pathological
process. Figure 16 provides a good example of a meaningful comparison between the
contour plots of three different tissues with different densities. The blue area is
indicative of no signal and has a higher concentration in enamel with the highest
density, followed by cortical bone, which is followed by trabecular bone. This confirms

the fact that light penetration is limited in tissues with higher density.

One of the limitations of the present study was the inability to image the same sample
for each type of tissue by the two imaging modalities; however, an attempt was made to
choose representative samples of each tissue type. For example, enamel, cortical and
trabecular bone, water and air were similar in both imaging modalities, however, for
muscle, we imaged a mouse masseteric muscle with OCT and human masseteric
muscle with CBCT, and for fatty tissue, we imaged butter with OCT and gray scale
values for CBCT were calculated in the human buccal fat pad. This inconsistency may
result in obtaining different absolute values for each type of tissue/sample. However, the
mean values fell within a range that was comparable in both imaging systems. For
optimal OCT imaging, the surface of the tissue/specimen should be moderately
hydrated for optimal scattering and refraction of light as it travels through the medium

(68). In the present study, it was difficult to maintain the same level of hydration for all
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specimens, specifically the hydrophobic tissues such as fatty tissue. However, the

overall pattern was not altered by this inconsistency.
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Conclusion:

Optical coherence tomography can reliably differentiate between different tissues in
vitro based on the pixel intensity values and renders a pattern that is comparable to

gray scale values obtained from CBCT scans.
Future directions:

1. Evaluate the efficacy of optical coherence tomography in characterizing tissue
properties in a wider range of tissues with more samples of each tissue in in vivo
conditions.

2. Evaluate the efficacy of optical coherence tomography in detecting pathological
changes based on pixel intensity values.

3. Evaluate the efficacy of a combination of optical and ultrasound imaging in

detecting pathological changes with more accuracy and precision.
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