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Noninvasive structural and microvascular
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Abstract: In this study, we demonstrated the feasibility of using a handheld optical coherence
tomography (OCT) for in vivo visualizations of the microstructural and microvascular
features of various oral mucosal types. To scan arbitrary locations of the oral mucosa, a
scanning probe was developed, composed of a probe body fabricated by a 3D printer,
miniaturized two-axis galvanometer, relay lenses, and reflective prism. With a 3D printing
technique, the probe weight and the system volume were greatly reduced, enabling the
effective improvement of imaging artifacts from unconscious motion and system complexity.
Additionally, in our design, the distal end of the probe can be switched to fit various oral
conditions, and the optical parameters of the probe, such as the transverse resolution, working
distance, and probe length can be easily varied. The results showed that the epithelium and
lamina propria layers, as well as the fungiform papilla and salivary gland, were differentiated.
Moreover, various microcirculation features at different mucosal sites were identified that are
potentially effective indicators for the diagnosis of premalignant lesions. The demonstrated
results indicate that the developed OCT system is a promising tool for noninvasive imaging of
oral mucosae.

© 2017 Optical Society of America

OCIS codes: (170.4500) Optical coherence tomography; (170.2655) Functional monitoring and imaging; (170.3880)
Medical and biological imaging.
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1. Introduction

Oral cancer has become a severe health problem worldwide, affecting over 325,000 people
and causing more than 157,000 deaths in 2015 [1]. Fortunately, with diagnosis and proper
treatments in the premalignant conditions or the early-stage oral cancer, the survival rate, on
average, can exceed 70%. Generally, an oral mucosa consists of two main layers including
the epithelium and lamina propria [2]. In the premalignant stage, the abnormal cells start to
emerge from the basal membrane which is the boundary between the epithelium and the
lamina propria [3]. Therefore, the symptoms of the morphological change in the epithelium
and lamina propria layers can be utilized to detect the premalignant conditions of the oral
cavity. Moreover, previous reports have demonstrated that oral premalignant and malignant
lesions cause microcirculation changes [4—6]. According to the functionality, oral mucosae
can be divided into three types: lining, masticatory, and specialized mucosae. Moreover,
lining mucosa includes labial, buccal, and alveolar mucosae. Gingival mucosa belongs to
masticatory mucosa, and the dorsal surface of the tongue is a specialized mucosa. However,
the morphological and microcirculation features of different mucosal types vary. Therefore,
an imaging tool enabling the in vivo reconstruction of the microstructure and micro-
angiography of various oral mucosal types is highly useful for the diagnosis of oral lesions
[7,8].

Currently, different optical imaging methods have been proposed to diagnose oral
premalignant/malignant lesions because of their high-resolution and noninvasive natures,
such as harmonic [9], multiphoton [10,11], confocal [12,13], photoacoustic [14]
microscopies, as well as optical coherence tomography (OCT) [15,16]. For oral cavity
imaging with microscopic techniques including harmonic, multiphoton, and confocal
microscopies, the penetration depth is limited to hundreds micrometers, which may not be
deep enough to investigate the existence of abnormal cells in the premalignant or malignant
stage. Moreover, exogenous fluorescence dyes are likely to be required when using confocal
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microscopy for microvascular imaging. Although photoacoustic microscopy is a promising
label-free method for microvascular imaging, it is difficult to acquire the structural
information of the oral mucosa. In addition, the imaging speed of photoacoustic microscopy
could be a key issue, making in vivo the studies on human subjects challenging. In contrast, it
has been proven that using OCT enables in vivo imaging of oral mucosa and identification of
the morphological changes. The OCT technique was first proposed by D. Huang ef al. in
1991, using an interferometer to retrieve depth-resolved information [17]. The invention of
the Fourier-domain OCT technique, including swept-source OCT (SS-OCT) [18,19] and
spectral-domain OCT (SD-OCT) [20,21], greatly improve the system sensitivity and the
imaging speed. In our previous studies, the results indicated that OCT can provide high
sensitivity and specificity to differentiate various early stages of oral cancer as well as
squamous cell carcinoma [22]. Moreover, OCT was used to determine the boundary between
normal and cancerous tissue [23]. However, for in vivo scanning oral cavity with OCT, a
handheld probe is requested. Different OCT handheld probe designs have been proposed. W.
Jung et al. proposed to use a two-axis MEMS-based scanner to achieve 3D imaging of the
oral cavity [24]. C. D. Lu et al. developed a handheld ophthalmic instrument based on a 2D
MEMS-based mirror [25]. However, the driving voltage of the electrostatic MEMS-based
mirror must be greater than tens of volts, which would pose safety concerns for use in
endoscopic applications. In particular, the MEMS mirrors are mostly designed in the distal
end of endoscopic catheters. Additionally, the implementation of a fiber-optic rotary pullback
catheter can effectively minimize the probe size and provides wide-field imaging of oral
mucosa [26,27]. Because oral mucosa is not a tubular structure, the acquisition efficiency sine
half of the data set was not usable. With rotary and pullback mechanisms, linearity and
stability could be major concerns to acquire OCT angiography. In contrast, the galvanometer
has become a common solution to provide precise beam scanning because of the high
linearity and stability. Using a two-axis galvanometer accompanied by a forehead or chin rest
can restrict involuntary movement during OCT measurements [28,29]. W. Jung et al.
demonstrated a handheld OCT system with a galvanometer-based probe as a point-of-care
instrument [30]. The previous study also revealed that a galvanometer-based OCT probe
enabled the acquisition of angiography of oral mucosa, nasal cavity, and retina in human
subjects [31,32]. Therefore, a two-axis galvanometer was implemented in our handheld
probe. Additionally, in previous reports using galvanometers for OCT probe designs, the
weight of the scanning probe is an important issue, with the potential to cause motion artifacts
during OCT measurement.

Additionally, wvarious OCT-based angiography techniques have been intensively
developed including Doppler/Doppler-variance OCT [33,34], optical micro-angiography
[35,36], speckle-variance OCT (sv-OCT) [37,38], and correlation-mapping OCT (cm-OCT)
[39,40]. In particular, the OCT intensity-based angiographic methods include sv-OCT and
c¢cm-OCT, which estimate the intensity variance or cross-correlation between time-variant B-
scans obtained at the same location. Such approaches are independent of the phase stability
and can be applied for current OCT systems without increasing the complexity of the system
setup. In this study, a handheld probe was developed for oral cavity scanning to provide in
vivo microstructural and microvascular imaging. To reduce the probe weight and simplify the
fabrication, the body of the probe was fabricated by a 3D printer to assemble the optical
components and the optical scanning device. Additionally, in our design, the distal end of the
probe can be switched to fit various oral conditions. Then, an SS-OCT system with the
developed probe was used to scan various sites of oral mucosa to in vivo investigate the
difference in morphology and microcirculation. Here, the 3D angiography was based on the
estimation of correlation between inter-frames obtained at the same tissue location. Finally,
the different features of various mucosal types were identified and compared.
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2. Experimental setup and method

2.1 Design of optical scanning probe

(a) ©

Galvo Y

(c)

80 mm

57 mm

Fig. 1. Design of a handheld probe for oral cavity scanning. (a) Optical path of the probe
simulated by Zemax; (b) assembly of the handheld probe; (c) size of probe; (d) probe picture.
Col: collimator, Galvo: galvanometer, AC: achromatic lens, and RP: right-angle prism mirror.

The design of an optical scanning probe is an important issue for scanning arbitrary oral
mucosal sites. In addition, to reduce unconscious motion artifacts during OCT scanning, an
OCT system with a high frame rate is necessary. On the other hand, a probe with a low
weight is also effective in reducing motion artifacts induced by the physicians. In this study,
the body of the probe was designed using SOLIDWORKS (SolidWorks Corporation,
Massachusetts, USA), and the optical path of the probe was simulated using Zemax (ZEMAX
LLC, USA). The body was then fabricated by a 3D printer to mount the optical and
mechanical components. Figure 1 shows the mechanical and optical layouts of the scanning
probe consisting of a probe body, collimator (FO28APC, Thorlabs, Inc., NJ, USA), two-axis
galvanometer (6200H, Cambridge Technology, MA, USA), three achromatic lenses (AC064-
013-C, AC064-013-C, AC064-015-C, Thorlabs, Inc., NJ, USA), and a right-angle prism
mirror (MRAO05-GO1, Thorlabs, Inc., NJ, USA). Figure 1(a) shows the optical layout of the
probe. The optical beam from a single-mode fiber was connected to a collimator. Then, the
optical beam was incident on the two-axis galvanometer to provide beam scanning along the
X and Y directions. Subsequently, the optical beam was incident into the relay lenses, and the
beam was focused and reflected by a right-angle reflective prism. Also, the distal end of the
probe can be easily switched to meet different clinical requirements. However, the oral cavity
is a salivary-rich environment and the mucosal tissue presents a curvature structure, making
scanning of the oral cavity challenging. Therefore, we used a plastic membrane attached at
the output end of probe that could be replaced after use. In addition, in our probe design, the
optical beam was designed to be focused at a depth of 200 um beneath the tissue surface.
Figures 1(b) and 1(c) show the probe layout for the integration of the optical and mechanical
components, and Fig. 1(d) shows the photo of the optical scanning probe.

2.2 Setup of SS-OCT system

Figure 2 shows the schematic diagram of the SS-OCT setup which was similar to the setup in
the previous study [41]. A MEMS-based swept source (HSL-20, Santec Corp., Japan)
centered at 1310 nm provided a scanning speed of 100 kHz with a spectral range of 100 nm.
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The SS-OCT system was based on a Mach-Zehnder interferometer which split the light beam
into the reference and sample arms. Then, the scanning probe was connected to the sample
arm of interferometer. Because the optical components in the reference and sample arms were
different, it resulted in redundant dispersion that could degrade the longitudinal resolution of
the OCT system. A dispersion compensator was inserted in the reference arm and a software
dispersion compensation was implemented to further eliminate the dispersion. Finally, the
two light beams from the output ends of the 50/50 fiber coupler were detected by a balanced
detector (PDB460C, Thorlabs, Inc., NJ, USA) and digitized by a high-speed digitizer
(ATS9350, Alazar Technologies, Inc., Canada). The measured axial and transverse
resolutions of the OCT system were approximately 8 and 10 pm, respectively. The physical
scanning range of the developed OCT system was 2 x 2 x 2 (mm?°).

Fig. 2. Schematic diagram of the SS-OCT system. SS: swept-source, CIR: circulator, FC: fiber
coupler, DC: dispersion compensator, M: mirror, BD: balanced detector, DAQ: data
acquisition board, and PC: personal computer.

In addition, to acquire a micro-angiograph of oral mucosa from the OCT intensity images,
the correlation mapping method was implemented in this study [39]. To compare the cross-
correlation relationship between the time-variant OCT images obtained at the same location,
two sequential B-scans at the same location were performed. Therefore, the fast axis (X) of
the galvanometer was driven by a triangular wave to acquire two sequential B-scans at the
same location. Then, the correlation coefficient, Corr(x,z), between two B-scans can be
estimated as follows:

m_ n

ZZ[IA(X+i,z+j)—E][IB(x+i,z+j)_E]
COI’V()C,Z): i=1 j=1

(M

n

\/iZn:[IA(x+i,z+j)—Z]2~i [L,(x+iz+ )~ 1,T

i=1 j=1 i=1 j=1

where m and n are the grid sizes to obtain an average result and to reduce the noise,
respectively [42]. In our study, both m and n were equal to 5. I,(x, z) and I(x, z) are the pixel

intensities of two sequential OCT images obtained at the same location. E and E are the

mean values of each grid. x and z correspond to the locations along the transverse and depth
directions, respectively. The other axis of the galvanometer was driven by a step function to



Research Article Vol. 8, No. 11 | 1 Nov 2017 | BIOMEDICAL OPTICS EXPRESS 5007 I

Biomedical Optics EXPRESS A

perform the C-scan. To complete 3D micro-angiography, 1000 B-scans were recorded with
two repetitions obtained at each location. Therefore, a 3D volume consisted of 1000 (X) x
500 (Y) x 1024 (Z) voxels, which corresponded to a physical size of 2 x 2 x 2 (mm?). Each
3D image took 10 s, which is acceptable for volunteers to restrain from unnecessary motion.

3. Experimental results

To evaluate the feasibility of the in vivo imaging with the developed probe and to identify the
microstructural and microvascular features of various oral mucosa sites, different oral
mucosal types of healthy volunteers were scanned. The experiments were approved by the
Institutional Review Board in Chang Gung Medical Foundation. As mentioned in the
introductory section, oral mucosa can be divided into three main types: lining, masticatory,
and specialized mucosae. First, the lining mucosae, including the labial and buccal mucosae,
were scanned with the developed OCT system. Figure 3 shows in vivo OCT images of the
upper lip obtained from a healthy 24-year-old male volunteer. Figures. 3(a) and 3(b) are the
2D and 3D OCT images of the labial mucosa, respectively, in which the epithelium and
lamina propria layers can be clearly identified along with a salivary gland, as indicated by the
white arrow in Fig. 3(a). The strong backscattered signal, indicated by the white arrow in Fig.
3(b), was due to the strong reflection from the plastic membrane used for preventing the
optical components in the probe from being polluted by saliva. Figure 3(a) also illustrated that
the lamina propria layer showed a stronger backscattered intensity than the epithelial layer.
Figures. 3(c)-3(h) show the maximum intensity projection of angiographies at varying depths
of 300-310, 350-360, 400410, 450-460, 500-510, and 300-600 pm, respectively. The
results showed that the vessels existed in the lamina propria layer and the sizes of the vessels
were smaller in the shallower depth range. For the labial mucosa, the capillaries showed a
tortuosity as indicated by the loop structures from the arterioles [43,44], which were also
observed in the OCT angiographic images as specified by the yellow arrows in Fig. 3(f). In
general, the majority of the capillary tortuosity was categorized by five types according to the
number of twists (from zero to four twists). Additionally, Figs. 3(c)-3(h) illustrated the
microcirculation of labial mucosa, showing a hairpin-shaped conformation in the shallow
depth that was coincident with the results of the previous report [45]. Additionally, such
capillary tortuosity in the labial mucosa can be altered by diseases, and the visualization of
the capillary tortuosity could be an important tool for early diagnosis.

Fig. 3. In vivo OCT images of the upper lip obtained from a healthy 24-year-old male
including a (a) 2D image, (b) 3D image, and (c)—(h) projection-view angiographies obtained at
varying depths of 300-310, 350-360, 400-410, 450-460, 500-510, and 300-600 pm,
respectively, beneath the lip surface. E: epidermis, LP: lamina propria, and SG: salivary gland.
The scale bar in (a) represents 500 um. The yellow arrows indicate the twists of capillaries.
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Moreover, the average vessel diameter and vessel density in Figs. 3(c)-3(g) were
estimated and reported in Fig. 4. Twenty different vessel locations were randomly selected in
each angiographic image, allowing a manual estimation of the average vessel diameter
accordingly. As shown in Fig. 4(a), the estimated average vessel diameters were 48, 59, 69,
73, and 83 um, respectively, indicating the vessel diameter increased with the depth. In
addition, for the estimation of the vessel density, each angiographic image was thresholded to
reject areas with low OCT angiographic signal intensities (for example, background noise). In
each angiographic image, the threshold value was determined by averaging the OCT
angiographic signal intensities over the entire angiographic image. Then, areas with OCT
angiographic signal intensities higher than the threshold value were summed and divided by
the area of the entire OCT angiographic image afterward to estimate the average vessel
density. Figure 4(b) shows the results of the estimated average vessel densities of Figs. 3(c) —
3(g). Similar to the trend observed in Fig. 4(a), the average vessel density also increased with
depth.
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Fig. 4. Estimated results of (a) the averaged vessel diameters and (b) the vessel densities of
Fig. 3(c)-3(g).

Subsequently, the buccal mucosa of a healthy 25-year-old female was scanned with the
developed OCT system. Here, buccal mucosa also belongs to the lining mucosa. Figure 5
shows the 2D OCT, 3D OCT, and projection-view OCT angiographic images of the buccal
mucosa. Similar to the results of Fig. 3, two main layers including the epithelium and lamina
propria were distinguished, and the epithelial layer showed a weaker backscattering property
than that of the lamina propria layer. Similarly, the salivary gland was also found as indicated
by the white arrows in Fig. 5(a). Figures 5(c)-5(h) show the representative projection-view
OCT angiographies at varying depths. In the same way, capillaries of the buccal mucosa also
showed a twist feature as indicated by the yellow arrows. Here, the OCT angiography in Fig.
5 shows a similar microvascular network as Fig. 3, including the capillary tortuosity and the
hairpin-shape conformation, due to the lining mucosal type.
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Fig. 5. In vivo OCT images of the right buccal mucosa obtained from a healthy 25-year-old
female including a (a) 2D image, (b) 3D image, and (c)—(h) projection-view angiographies
obtained at varying depths of 250-260, 300-310, 350-360, 400410, 450—460, and 250-500
um, respectively, beneath the buccal surface. E: epidermis, LP: lamina propria, and SG:
salivary gland. The scale bar in (a) represents 500 pm.

Fig. 6. In vivo OCT images of the ventral surface of a tongue obtained from a 25-year-old male
including a (a) 2D image, (b) 3D image, and (c)—(h) projection-view angiographies obtained at
the various depths of 250-260, 300-310, 350-360, 400410, 450-460, and 250-500 pm
beneath the tongue surface. E: epidermis, LP: lamina propria, and MF: muscle fiber. The scale
bar in (a) represents 500 pm.

Then, the ventral surface of the tongue of a healthy 25-year-old male was scanned with
OCT, and Fig. 6 shows the OCT results of the ventral tongue. Figures. 6(a) and 6(b) show the
representative 2D and 3D OCT images and Figs. 6(c)-6(h) represent the projection-view
angiographies at the various depths of 250-260, 300-310, 350-360, 400-410, 450-460, and
250-500 pum, respectively. Here, the ventral tongue included epithelium, lamina propria, and
submucosa layers, and the epithelial layer of the ventral tongue was a non-keratinized and
stratified structure. The submucosa layer consisted of extremely dense muscle fibers to
interlace connective tissue fibers as indicated by the white arrows in Figs. 6(a) and 6(b).
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Fig. 7. In vivo OCT images of gingival mucosa obtained from a 24-year-old female including a
(a) 2D image, (b) 3D image, and (c)—(h) projection-view angiographies obtained at the various
depths of 250-260, 300-310, 350-360, 400410, 450460, and 250-500 pum beneath the tissue
surface. E: epidermis, LP: lamina propria, and PM: plastic membrane. The scale bar in (a)
represents 500 um.

Aside from investigating the microstructural and microvascular features of lining mucosa,
the masticatory and specialized mucosae were scanned with OCT. The masticatory mucosa
can be found on the gingiva. Therefore, the gingival mucosa of a healthy 24-year-old female
was scanned with OCT. Figures 7(a) and 7(b) represent the 2D and 3D OCT images, and
Figs. 7(c)-7(h) show the OCT angiographies at the various depths of 250-260, 300-310,
350-360, 400410, 450-460, and 250-500 um, respectively, beneath the mucosa surface.
Again, the epithelium and laminar propria layers were differentiated as shown in Fig. 7(b), in
which the weaker backscattered intensity represented the epithelium and the lamina propria
layer resulted in stronger backscattered intensity. The previous report indicated that the
epithelium thickness of the gingival mucosa is statistically greater than that of lining mucosa
resulting from the keratin structure, which is also indicated by the white arrow in Fig. 7(b)
[45]. The function of such keratinized mucosa can resist friction and prevent bacterial
invasion. Moreover, compared with other hard keratin tissues such as nails and hairs, gingival
mucosa has a softer texture. Additionally, the results of Figs. 7(c)—7(h) illustrate the twists of
the capillaries, as indicated by the yellow arrow.

Moreover, compared with the lining and masticatory mucosae, the dorsal surface of the
tongue is a type of specialized mucosa that contains nerve endings for taste perception and
sensory reception. The dorsal surface of the tongue can be divided into three regions, namely
filiform, fungiform, and circumvallate papillae. Here, the fungiform papilla of a healthy 24-
year-old male was scanned with OCT and the results are shown in Fig. 8. During our
measurement, the tongue was pulled out and fixed by the physician’s hand to reduce
unconscious motion. This process is commonly performed for visual inspection or treatment
in clinical practice. These results differed from those of the other mucosal types, as the dorsal
surface of the tongue showed a thin non-keratinized and stratified epithelium as shown in Fig.
8(a). Figure 8(b) shows an in vivo 3D OCT image of the dorsal tongue and Fig. 8(c) shows
the top-view image of Fig. 8(b) after the removal of the plastic membrane signal, enabling the
visualization of the fungiform papilla distribution. For the fungiform papilla, dense twists of
vessels beneath the epithelium, were observed and are indicated by the yellow arrows in the
OCT angiographic results. However, the fungiform papilla also restricted the backscattered
intensity, limiting the effective imaging depth of the OCT angiography.
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Fig. 8. In vivo OCT images of the dorsal surface of a tongue obtained from a 24-year-old male
volunteer including a (a) 2D image, (b) 3D image, (c) top-view of 3D image, and (d)—(g)
angiographies obtained at the various depths of 200-250, 250-300, 300-350, 350400, and
200—400 pum beneath the tissue surface. E: epidermis, LP: lamina propria, and FP: fungiform
papilla. The scale bar in (a) represents 500 um in length. The yellow arrows indicate the dense
twists of vessels beneath the epithelium.

4. Discussion and conclusion

Previous studies have demonstrated that OCT structural images can be used for oral cancer
diagnosis and differentiation of various oral precancerous stages. Because of the development
of OCT-based angiographic techniques, OCT can simultaneously provide label-free
microcirculation without extra contrast agents or fluorescence dyes. However, the probe
design of the OCT system for oral cavity scanning is a key issue. In previous reports, the
probe size was miniaturized using a fiber-optic rotary catheter or a MEMS-based scanner. It
is difficult to scan the exact same location of biological tissue with a rotary catheter making
OCT intensity-based angiographic imaging difficult, resulting in a too poor phase stability to
estimate the flow velocity. For MEMS-based scanners, a higher driving voltage is required,
causing a safety concern when the probe is used for clinical trials. In this study, we used a
miniaturized galvanometer to enable optical scanning along the transverse and lateral
directions. The driving voltage was 23 VDC and it was implemented in the proximal end of
the probe away from biological tissue. To reduce the probe weight, the probe body was
fabricated by a 3D printer that enabled the effective reduction of involuntary motion during
OCT measurement. When oral mucosa was scanned with the OCT, a plastic membrane was
attached to the output end of the probe, thus preventing pollution from saliva. Moreover, the
reduction of stronger backscattered signals from the mucosa surface was achieved because the
plastic membrane directly contacted and flattened the tissue surface. Additionally, in our
design, the distal end of the probe can be switched to fit various oral conditions, and the
optical parameters of the probe, such as the transverse resolution, working distance, and probe
length can be easily varied. The relay lenses enabled the extension of the optical beam into
the inner region of the oral cavity for the OCT imaging. The total length of the relay lenses
also can be further extended by changing the composition of the lenses, enabling an increase
of the measureable range in the oral cavity. Furthermore, the current transverse resolution of
the OCT system is not good enough to clearly observe the smaller vascular twists. However,
the transverse resolution can be further improved by utilizing a focus lens of the probe with a
higher numerical aperture. Moreover, the image quality can be further improved by utilizing
multiple sequential B-scans when a swept source with a higher A-scan rate is implemented.
Additionally, it may be a challenge for scanning tongues due to involuntary motion. The
motion artifacts can be further reduced by increasing the imaging speed. The frame rate of our
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system was 100 frames/s, which could be further increased by using a Fourier-domain mode
locking laser or VCSEL-based swept source as the OCT light source.

Finally, the developed OCT system was implemented for the visualization of various
types of oral mucosae including lining, masticatory, and specialized mucosae. From the
results, the different structures of oral mucosa were identified, such as the epithelium, lamina
propria, salivary gland, and fungiform papilla. Aside from the reconstruction of
microstructures of oral mucosa, the developed system simultaneously acquired a micro-
angiography of oral mucosa that could be potentially useful as a diagnostic indicator for oral
cancer in the early stages. In conclusion, the developed handheld OCT system has been
demonstrated for in vivo oral cavity imaging, enabling the identification of the different
structures and observation of the microcirculation features of various oral mucosal types. This
design has potential in applications for the diagnoses of oral diseases and lesions.
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