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Abstract

Oral cancers are a major health burden, and
patients suffer from low survival rate owing to
their late detection. Optical techniques are
rapid, objective, and noninvasive methods
with the potential to serve as adjunct screen-
ing/diagnostic tools, especially for cancers.
This chapter highlights the advancements in
oral cancer exploration using optical coher-
ence tomography (OCT) with a discussion on
basic principles of OCT, followed by a detailed
description of oral cancer studies, subgrouped
into animal studies, and ex vivo and in vivo
human studies. We have included full-field
OCT system-derived in vivo oral mucosa
images in a healthy volunteer at different sub-
sites showing standard microanatomy at vari-
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ous depths and also narrated some strategies
to improve OCT results by multimodal
approaches as well as through contrast
enhancement for improved visualization.

11.1 Introduction

Optical coherence tomography (OCT) is a widely
explored imaging modality that can provide high-
resolution, cross-sectional tomographic images
of the ultrastructure of biological samples. OCT
applications were reported in the early 1990s for
noninvasive imaging of the retina [1, 2], and
owing to its numerous advantages, it has been
explored in a range of biomedical applications
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including ophthalmology [3, 4], oncology [5-7],
cardiology [8], and developmental biology [9].
OCT became a tool of choice for cancer research-
ers due to the feasibility of noninvasive high-
resolution functional imaging and tumor margin
assessment and has been extensively explored in
skin cancers [10-12], laryngeal cancers [13],
esophageal cancers [14-17], cervical cancers
[18], bladder cancers [19], and oral cancers [20—
22]. Oral cancers have become a global burden,
especially in the developing nations of Southeast
Asia [23]. Despite advancements in treatment
approaches, the survival rate is dismal particu-
larly due to late detection, often at stages III-IV
at time of diagnosis. Optical techniques, like
OCT, have thus become an important tool to
serve as a powerful diagnostic adjunct to clinical
examination. In this chapter we will summarize
the developments in the field of OCT and discuss
its applications for oral cancers.

11.1.1 Basis for OCT

While histology utilizes thin tissue sections
(~5 pm) stained to highlight salient features, OCT
generates cross-sectional images (similar to micro-
tome sectioning) from light backscattered through
tissues, typically without the need for any staining
methods. OCT can be understood as an optical
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analog of ultrasound imaging which measures
backscattered intensity of light instead of sound. It
is noteworthy that histology and OCT images cor-
respond well and thus can be used for appropriate
clinical correlation. Cancer progression disrupts
tissue architectural arrangement leading to a
change in the intensity of backscattered light. OCT
images can thus be used for noninvasive, real-time
imaging to obtain cross-sectional as well as three-
dimensional images.

11.2 Instrumentation

11.2.1 Working Principle

OCT is an interferometry-based imaging tech-
nique that uses near-infrared (NIR) light to map
the depth-wise reflections from tissue to form
cross-sectional images of morphological features
at the scale of a micrometer. Huang et al. used
OCT to obtain two-dimensional images based on
the optical scattering of microstructures within
the retina. Since then, several adaptations of OCT
have been developed. A typical setup for OCT
would consist of a low-coherence light source, a
lateral-scanning mechanism, and an optical inter-
ferometer (Fig. 11.1). The Michelson interferom-
eter splits the light into sample arm and reference
arm and recombines the backscattering signal
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with the reflected reference light to a photodetec-
tor. OCT originated from optical coherence-
domain reflectometry and rapidly gained value
for biological applications [24, 25]. The spatial
resolution of modern OCT systems is ~1—15 pm,
and the imaging depth in scattering tissues is
around 1-3 mm [26, 27]. Axial resolution of
10 pm is commonly employed, whereas ultrahigh
axial resolution of ~1 pm has been achieved with
a photonic crystal fiber [28]. Usually light source
includes a low-coherence length source that can
be generated by a superluminescent diode or an

ultrafast (titanium-sapphire) laser (Fig. 11.2a—c).
Incident signal is passed through a fiber coupler
which is split into a sample arm and reference
arm of the interferometer. Light reflected from
sample is collected by sample arm fiber, and light
reflected by reference mirror is collected by ref-
erence arm fiber. Reflected light from both arms
is once again passed through the coupler and split
into two parts where it is redirected toward the
detector to form an interference pattern. The
interference pattern is visible only when the opti-
cal path difference between the two arms is less
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Fig. 11.2 Panel (a) shows the low-coherence length in
OCT imaging characteristic of shorter center wavelength
and broader bandwidth (A, center wavelength of light
source; dz, coherence length; AL, change of optical path

length); panel (b) shows the crystalline fiber core cross
section; and panel (¢) compares spectral densities of dif-
ferent crystal-based light sources
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than the coherence length of the light source.
Since coherence length is inversely proportional
to the optical bandwidth of the light source, OCT
integrated with broadband low-coherence light
source is able to discriminate closely adjacent
signals and produces high-resolution image. In
the recent times, imaging is being performed
using a scanned optical beam from surgical
microscopes, through user-friendly handheld
probes and minimally invasive needle-biopsy
probes.

11.2.2 Adaptation of OCT

Depending on the signal detection mechanism
and data processing algorithms, OCT is classified
as either time domain OCT (TD-OCT) or Fourier
domain OCT (FD-OCT). FD-OCT can be further
categorized into spectral domain OCT (SD-OCT)
and swept-source OCT (SS-OCT). Other
improvements on OCT include polarization-
sensitive OCT, which detects changes in the
polarization state of reflected light [29].
TD-OCT was the first generation of OCT,
where the reference mirror is mounted on a
moving stage and the depth profile is recorded
by shifting the mirror linearly. As mechanical
movement is involved in TD-OCT, it is
restricted to a slow imaging speed, thereby lim-
iting its biomedical application. In SD-OCT,
the reference arm does not move, and depth-
resolved structural information is extracted by
capturing the interference spectrum in a spec-
trometer. In the case of SS-OCT, depth infor-
mation of the sample is extracted by sweeping
the individual wavelength spectrum emitted
from a broadband source. Consequently,
SS-OCT is also called optical frequency-
domain imaging (OFDI). An advantage of the
FD-OCT methods is higher signal to noise ratio
and faster acquisition speed in comparison to
TD-OCT. Furthermore, with SS-OCT, higher
image acquisition rate and longer depth of
imaging are achieved in comparison to
SD-OCT. OCT techniques can also be com-
bined with optical coherence microscopy

(OCM) for confocal imaging. OCT combined
with optical Doppler tomography (ODT) has
been used for early diagnosis as well as evalua-
tion of chemotherapy-induced oral mucositis
and is capable of providing information about
functional activity in tissue such as tissue blood
flow. PS-OCT measures reflected both light
intensity and the polarization state of the light
signal coming from the sample. As such,
PS-OCT can provide higher contrast between
normal tissue and diseased tissue.

11.3 Biological Applications: OCT
in Oral Cancers

OCT can be used both as an ex vivo and in vivo
diagnostic tool and provides information on
architectural changes or disorganized orientation
and can discern epithelial pathology in oral tis-
sues. Gross histological features suggestive of
oral squamous cell carcinoma (OSCC) that can
be detected with OCT include enlarged nuclei,
increased nuclear-cytoplasmic ratio, altered rete
peg organization, and discontinuity in basement
membrane, which are common cellular and tissue
alterations. The last two decades have witnessed
OCT taking a major stride in oral cancer detec-
tions, leading to advancement in the field of novel
diagnostic tools. In this chapter, we systemati-
cally discuss the topic by broadly classifying oral
cancer studies into animal studies, ex vivo studies
on human tissues, and in vivo clinical studies
(Table 11.1).

11.3.1 Animal Studies

There are several exploratory OCT studies which
have employed animal models of oral cancers
[30-35]. A commonly used animal model is the
hamster buccal pouch (HBP) model, already
elaborated in the Chapter titled “Optical tech-
niques: Investigations in Oral Cancers” in this
book and also in these references [36, 37].
Briefly, HBP model forms tumors in 14 weeks,
progressing through stages like hyperplasia,
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Table 11.1 Summary of landmark studies on optical coherence tomography application for oral cancers, oral poten-
tially malignant conditions, and healthy oral mucosa

Author
Feldchetein
et al

Petra
Wilder-Smith
et al.

Matheny et al.

Petra
Wilder-Smith
et al.

Hanna et al.

Ridgway et al.

Tsai et al.

Petra
Wilder-Smith
et al.

Kim et al.

Park et al.

Jerjies et al.

Ahn et al.

Hamdoon
et al.

Pande et al.
Choi et al.
Lee et al.

Yoon et al.

Year

1998

2004

2004

2005

2006

2006

2008

2009

2009

2009

2010

2010

2011

2012

2013

2014

2014

2015

2015

Study type
First in vivo study
Hamster pouch

Hamster pouch

Hamster pouch

Hamster pouch

In vivo
Ex vivo (SS-OCT)

In vivo

In vivo

First contrast

enhancement attempt

in hamster model
Hamster pouch

Ex- vivo

Hamster pouch

Ex vivo

Ex vivo

Hamster pouch

In vivo

Instrument design

Instrument design

Findings

In vivo OCT imaging differentiates keratinized and nonkeratinized
mucosa with high resolution [48]

Epithelial and subepithelial changes were recorded in hamster
pouch model (n = 32). Agreement of OCT diagnosis and
histopathology was 80% [34]

OCT and optical Doppler tomography (ODT) combination detected
vascular changes in hamster cheek pouch (n = 22). Good resolution
was obtained to depth of 1-3 mm [30]

Specific application of OCT and ODT in hamster pouch (n = 120)
and also in vivo multi-wavelength multiphoton (MPM) and second
harmonic-generated (SHG) fluorescence as promising noninvasive
modalities [21]

OCT offered exceptional cheek pouch depth (1-3 mm), and 3D
construction was possible for visualizing extent and tumor margins
[31]

OCT images of normal oral cavity (n = 41 patients) and pathological
changes (leukoplakia, invasive cancer, etc.) were obtained [50]
First use of swept-source OCT for ex vivo oral lesion delineation,
particular value in the determination of margins [39]
Differentiating oral lesions based on carcinogenic stage of lesion
using a SS-OCT system was possible because well-differentiated
SCC had higher tissue absorption and decay constants [22]

OCT showed excellent in vivo capability (i.e., histopathology
agreement) in oral malignancy/premalignancy diagnosis (n = 50
lesions) [21]

Contrast enhancement in OCT using surface plasmon resonant gold
nanoparticles via microneedle and ultrasound-assisted delivery [82]

Dual modality of OCT and FLIM for derivation of structural and
functional information was attempted [70]

SS-OCT successfully identified malignant changes in suspicious
oral lesions

(n = 34) through analysis of four variables [40]

3D-OCT and polarimetry were combined, which helped in the
identification of oral cancer field cancerization areas and lesion
margins (n =9) [69]

OCT capable to identify difference between normal and diseased
oral mucosa through evaluation of five microanatomical structures
(n =78 suspected oral lesions) [41]

Wide spectrum of oral pathologies were studied (n = 125 lesions),
which included 43 microinvasive carcinoma; accuracy was 82%,
and kappa for intraobserver agreement was 0.72 for “need for
biopsy” [43]

Automated classification of optical coherence tomography images
for diagnosis of oral cancer in hamster cheek pouch [33]

Devoted three-dimensional vascular perfusion maps were
reconstructed using novel vessel extraction algorithms [56]
Constructed a wide-field polarization-sensitive swept-source OCT
for in vivo oral application [47]

Constructed in vivo wide-field reflectance imaging and polarization-
sensitive OCT to procure both morphological and fluorescence
information [46]

(continued)
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Table 11.1 (continued)

OCT assessment of surgical margins (n = 112 margins in 28
(T1-T2 NO MO) OSCC cases). Positive margins showed elevated

epithelial thickness [44]

Automated classification of fluorescence lifetime imaging (FLIM)

and combined OCT data for diagnosis of oral cancer in hamster
pouch, with comparatively high sensitivity and specificity [71]

Biopsy guidance of oral lesions using wide-field OCT and

automated segregation of images [55]

High-resolution images of oral mucosa microcirculation were

obtained [57]. “Microcirculation” may evolve as a novel OCT
signature with high potential for oral cancer detection

Author Year Study type Findings
Hamdoon 2016 In vivo

et al.

Pande et al. 2016 Hamster pouch

Lee et al. 2016 In vivo

Tsai et al. 2017 In vivo

Wei et al. 2017 In vivo

Three-dimensional images of microcirculation and quantitative

metrics of capillary loop density were possible [58]

dysplasia, to squamous cell carcinoma (SCC),
on application of carcinogens such as
7,12-dimethylbenzanthracene (DMBA). The
earliest reported studies are by Matheny et al.
[30] and Wilder-Smith et al. [34] who carried out
feasibility studies and demonstrated OCT-based
malignancy detection in the HBP model. While
Matheny et al. employed 22 animals, and carried
out both in vivo and ex vivo studies, and obtained
good resolution to a depth of 1-3 mm, Wilder-
Smith et al., from the same laboratory, per-
formed in vivo studies on 36 animals and imaged
epithelial and subepithelial changes. Their find-
ings suggested that epithelial and subepithelial
structures could be clearly distinguished, and
corresponding histopathological analysis of the
tissues suggested 80% concordance. The same
group carried out further studies using 3D OCT
image constructs and compared these with the
gold standard histopathological images—both
conventional and 3D images. The extent and
localization of tumor margins were visualized to
confirm dysplastic and malignant changes [31].
HBP tissues were assessed using parallel
frequency-domain optical coherence tomogra-
phy (FDOCT) and a thermal light source by Graf
et al. [38] who in another study also assessed
nuclear morphology via spectral oscillations
while investigating HBP precancerous lesions
[32]. Pande et al. attempted to develop auto-
mated algorithms to quantify malignancy-spe-
cific structural features of the oral epithelium by

processing OCT data from HBP tissues.
Statistical classification model based on this
algorithm yielded sensitivity and specificity of
90.2% and 76.3%, respectively [5]. In another
study, OCT was carried out on carcinogen-
treated and normal HBP tissues [24]. Tissues
corresponding to early and late stages of carcin-
ogen-induced carcinogenesis were investigated.
OCT images showed well-distinguished layers
of epithelial and subepithelial layers in most
controls and early week DMBA-treated tissues.
Two control tissues also showed disrupted epi-
thelial architecture. These observations were
also confirmed by Raman spectroscopy and was
attributed to repeated injuries incurred by regu-
lar pulling out of buccal pouches [37]. Several
multimodal applications of OCT in conjunction
with other optical techniques have been
employed in pursuit of better sensitivity and
specificity to distinguish cancerous and healthy
conditions. Such studies are described in the sec-
tion on “Multimodal Applications.”

11.3.2 ExVivo Studies

OCT of ex vivo cancerous and oral potentially
malignant conditions has been explored and
compared with histopathology in several studies.
A report on ex vivo imaging of an oral cancer
sample with an SS-OCT system (axial resolution:
8 pm) suggested distinction of abnormal regions
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from normal regions [40]. In 2010, Jerjes et al. in
a study on 34 oral lesions in 27 subjects, two cli-
nicians blinded to histological diagnosis cor-
rectly segregated cases where biopsy was actually
necessary; but the basement membrane was rec-
ognized only in 15 lesions [39]. Keratin cell layer
identification and structural alterations in the lay-
ers have been shown in 87% of the cases in a
cohort of 78 cancer subjects. Epithelial layer and
basement membranes could be distinguished
with an accuracy of 93.5% and 94%, respectively.
An accuracy of 64% for blood vessels, 58% for
salivary gland ducts, and 89% for rete pegs was
also observed [41].

Ex vivo analysis of fibro-epithelial polyps,
mild dysplasia, and moderate/severe dysplasia
suggested epithelial differentiation as a function
of depth and optical scattering from the cell
nuclei. Mucosal layers in OCT images of oral
dysplasia were not clear because of the higher
density of abnormal cell nuclei, which impede
light penetration. 3D-OCT datasets from same
samples showed classification of biopsy samples
into normal/mild and moderate/severe groups
[42]. A major prospective study involving 125
suspicious lesions (125 subjects) utilized 2 inde-
pendent team of readers to assess OCT images,
which showed a sensitivity of 85%, specificity of
78%, and accuracy of 82%. Kappa coefficient of
interobserver agreement was 0.72 on “the need
for biopsy” [43]. Hamdoon et al. have also shown
valuable application of OCT in the assessment of
resection margins [44]. Their study on 112 mar-
gins (28 subjects) revealed 22 tumor-associated
margins and 90 tumor-free margins. OCT accura-
cies for two independent expert readers were
88% and 84%, with an interobserver agreement
as “very good” for superior, inferior, and medial
margins and “good” for lateral surgical margin
[44]. Birefringence can also be a potential param-
eter to distinguish healthy and cancerous tissues.
A recent study involving eight oral mandibular
tissues exploited in spectral domain polarization-
sensitive ~ optical ~ coherence  tomography
(SD-PSOCT) suggested that monitoring of tissue
birefringence along with backscattered intensity
allows discrimination to differentiate between

normal and cancerous lesions [45]. In relation to
PSOCT, two previous studies had indicated that
healthy buccal mucosa has higher birefringence
compared to normal tongue tissue [46] and sub-
mucosal fibrosis has higher birefringence com-
pared to adjoining normal mucosa [47]. PSOCT
can pave way for distinguishing abnormal sites,
based on collagen distribution.

11.3.3 In Vivo Clinical Studies

One of the earliest in vivo OCT studies imaged
oral hard and soft tissues [48]. Several regions of
the oral mucosa, including the masticatory
mucosa (hard palate, gingival mucosa), the lining
mucosa (soft palate, alveolar, buccal mucosa),
the specialized mucosa (dorsum of the tongue),
as well as the tooth structure, were imaged. The
various types of keratinized and nonkeratinized
mucosa could be distinguished with high accu-
racy [48]. Normal as well as abnormal gingiva
and buccal mucosa classification was shown in
2005 [49]. In an attempt to explore further regions
adjacent to oral mucosa, the mucosa of orophar-
ynx was imaged (n = 41) during operative endos-
copy. OCT 1imaging, in conjunction with
endoscopic photography for gross and histologic
image correlation, provided important microana-
tomical information for normal and pathological
sites, with distinct zones of “normal, altered, and
ablated tissue microstructures” for each pathol-
ogy studied [50].

In order to discriminate successive cancer
stages, several indicators may be needed to
achieve good specificity. Swept-source OCT
(SS-OCT) system data often uses three primary
indicators—standard deviation (SD) and expo-
nential decay constant (a) of an A-mode-scan
spatial-frequency spectrum and the epithelium
thickness—to distinguish normal and pathologi-
cal tissues. Usually, in abnormal mucosa, the SD
increases, o« becomes smaller, and the epithelium
becomes thicker. Studies have been carried out to
evaluate the accuracy of these indicators. It is
shown that SD and o are good diagnostic indica-
tors for moderate dysplasia and squamous cell
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carcinoma (SCC), while epithelial thickness can
discriminate epithelia hyperplasia and moderate
dysplasia [51]. The field of diagnostic OCT expe-
rienced a surge in the number of studies under-
taken after these initial reports. Some of these
studies include differentiating oral lesions at dif-
ferent stages of carcinogenesis [22], oral dyspla-
sia and malignancy (n = 50) [21], labial gland
imaging using handheld SS-OCT system for
healthy volunteers (n = 5) in both two and three
dimensions [52], and lesions of upper aerodiges-
tive tract (n = 52, 100 lesions) [53].

As mentioned previously, information about
various parameters/indicators representing nor-
mal/healthy tissues can be of great importance
while analyzing abnormal tissues. Normal values
of oral epithelial thickness can thus be one such
reference value. This was attempted on a large
sample size of 143 healthy subjects, and epithe-
lial thickness was measured at seven different
locations. Buccal mucosa (294 pm) and the hard
palate (239 pm) showed highest thickness,
whereas the floor of the mouth (99 pm) showed
the thinnest epithelium [20].

While OCT is a potential tool for oral cancer
diagnosis, better results can also be achieved by
improvements in methods of image analysis.
Many research groups have tried to achieve this
through innovative approaches. A procedure for
analyzing OCT images involved plotting of the
boundary between the layers of epithelium (EP)
and lamina propria (LP) to determine the EP
thickness and estimate distribution of dysplastic
cells, based on standard deviation (SD) mapping.
Laterally average range of 70% SD in the EP was
shown to be a reasonable threshold for differenti-
ating moderately dysplastic lesions (n = 44) from
mild dysplastic ones (n = 39), with sensitivity and
specificity of 82% and 90%, respectively [54].

Like other optical techniques, the field of OCT
is continually evolving, and advancements are
being made by several groups to improve instru-
mentation, image acquisition, and processing.
For better in vivo results, an imaging device must
be able to access lesions located anywhere in the
oral cavity and should have a sufficient field of
view (FOV) to scan extensively wide like leuko-
plakia lesions. Lee et al. in 2015 reported a hand-

held OCT device with a large FOV that enabled
rapid volumetric imaging in a single acquisition.
The use of fast rotary pullback catheters (RPC)
facilitated easy placement of probe on lesions.
Thus, this system could scan suspicious lesion in
most of the regions of oral cavity in a clinically
implementable time. With this system, 176
in vivo OCT volumes (51 subjects) were scanned
for a range of lesions from scars to dysplasia and
SCC, as well as contralateral sites. Birefringence
may always give additional insights which can be
further explored [47]. Wide-field imaging has
also been explored to address issues such as auto-
mated segmentation of images [55].

In the recent times, OCT has evolved as an
angiography tool for evaluation of oral mucosa
microcirculation [56-58]. In a report by
Maslennikova et al. who followed radiation ther-
apy patients, for oropharyngeal and nasopharyn-
geal carcinoma, a dose-dependent microvascular
reaction to radiation injury was shown, even
before the early clinical signs of mucositis [59].
Microcirculation can be a potential biomarker, as
angiogenesis is an important feature of advanced
oral cancers and may be used for evaluation of
oral cancer recurrence in patients following
radiotherapy/chemotherapy.

11.4 Quest for Improved Oral
Cancer Diagnosis

A major limitation associated with OCT is mor-
phologically and optically similar scattering
properties of different pathological tissues; it is
sometimes difficult to optically detect early-stage
cancers simply on the basis of conventional OCT
imaging [60, 61]. While several improvements in
the conventional OCT mechanism are regularly
reported, other approaches are also being explored
for improved diagnosis. We have discussed two
such approaches in this chapter. The first approach
involves multimodal applications where OCT in
combination with other optical techniques is
exploited to yield comparatively improved results
than when the techniques are used individually.
Another approach involves contrast enhancement
mechanisms coupled with OCT.
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11.4.1 Multimodal Applications

Individual optical modalities are typically sensi-
tive to a small aspect of abnormal and pathologi-
cal changes. Two or more imaging modalities
when combined can simultaneously probe sev-
eral tissue characteristics to elucidate pathologi-
cal changes and provide better sensitivity and
specificity, compared to a single modality.
Multimodal systems have combined OCT with
several ~modalities, including multiphoton
microscopy [62], fluorescence spectroscopy [63],
fluorescence lifetime imaging (FLIM) [64], mul-
tiphoton tomography [65], and Raman spectros-
copy (RS) [66, 67]. Out of these modalities, some
of them have been explored in oral cancers as
well. However, the disparate optical require-
ments, different optical sources, and wavelengths
sometimes limit their widespread clinical appli-
cations. Moreover, such multimodal approaches
would be more useful if the light sources and
detection elements can be coupled in a single
instrument which will also help achieve image
registration and correlation.

OCT and Polarimetry: Both ex vivo and in vivo
imaging, using HBP model (n = 9), to assess the
efficacy of combined polarimetry [68] and OCT,
have revealed information on epithelial and sub-
epithelial changes during carcinogenesis [69].
The polarimetry technique identified up to five
times increased retardance in sites with SCC and
up to three times increased retardance in dysplas-
tic sites, when compared with normal tissues.

FLIM and OCT: Co-registered OCT/FLIM
images from multiple 2 x 2 mm? regions of HBP

tissues have been shown. While the OCT images
have shown thickening of epithelial layer, and
loss of layered structure, the FLIM images sug-
gested higher nicotinamide adenine dinucleotide
and reduced collagen emission within the cancer-
ous regions [64, 70]. A recent study combining
FLIM and OCT obtained an accuracy of 87.4%,
better than accuracy based on only FLIM (83.2%)
or OCT (81.0%). The complementary informa-
tion provided by combined FLIM-OCT features
showed high sensitivity and specificity for dis-
criminating benign (88.2% and 92.0%), precan-
cerous (81.5% and 96.0%), and cancerous (90.1%
and 92.0%) stages [71].

RS and OCT: RS-OCT images compensate for
limitations of both the techniques. Microstructural
and biochemical features of dental caries ana-
lyzed using RS and OCT were reported in 2005
[66]. Dual-modal device capable of sequential
RS-OCT image acquisition along a common
optical axis that could utilize NIR to acquire data
through common sampling optics [67] and inte-
grated common clinical probe [72] is reported.
Cancerous and normal HBP tissues probed by
both OCT and RS have been investigated [24]. In
a combined Raman and OCT study on HBP tis-
sues, OCT images have shown well-distinguished
layers of epithelial and subepithelial layers in
most controls and early week DMBA-treated tis-
sues; however, some control tissues correspond-
ing to higher duration of carcinogen application
showed disrupted epithelial —architecture.
Representative OCT images of HBP tissues,
healthy and carcinogen treated for 9 and
13 weeks, are shown in Fig. 11.3. These observa-

Health control

Week 9

Week 13 (tumor)

Fig. 11.3 OCT images of healthy control showing layered structures, and DMBA-treated tissues after 9 and 13 weeks
showing disrupted architecture of epithelium. Week 13 tissues showing complete disruption of epithelium
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tions, also confirmed by RS, were attributed to
repeated injuries incurred during regular pulling
out of buccal pouches for carcinogen application
and regular observations [37]. Thus, combined
application of RS and OCT provided an unbiased
confirmation of the findings.

RCM and OCT: Reflectance confocal micros-
copy (RCM) is another emerging noninvasive
imaging technique that enables an en face tissue
visualization at the cellular level with good lat-
eral and axial dimensions [46, 73]. Multimodal
endoscopic systems that combine wide-field
reflectance and fluorescence imaging with
PS-OCT have been explored for human oral cav-
ity. Wide-field reflectance/fluorescence imaging
provided information of tissue surface based on
reflectance and fluorescence, while PS-OCT pro-
vided information about subsurface structures
and birefringence. Wide-field imaging with
adjustable depth of focus (DOF) was used for
high-sensitivity guided imaging [46].

RCM systems usually adapt optics with high
focusing power for high lateral resolution, but the
axial resolution is typically more than three times
worse than the lateral resolution [73] due to
anisotropic light propagation.

A full-field optical coherence tomography
(FF-OCT) system can be considered as a light
microscope with the axial resolution assisted by
the coherence gating effect of OCT (Fig. 11.4).
Compared to SD-OCT used in ophthalmic appli-
cation, FF-OCT is a TD-OCT technique using a
camera as detector to increase the scanning speed
of traditional TD-OCT system (Fig. 11.5). A

+

Fig. 11.4 Through
confocal and coherence
gating, excellent axial
and lateral resolution
can be achieved

CONFOCAL GATE

FF-OCT images all the lateral pixels simultane-
ously and performs axial scanning and dynamic
focusing at the same time. By using high focus-
ing power optics, lateral resolution similar to
RCM can be achieved; accompanied with a
broadband light source and corresponding nar-
row coherent gate, a FF-OCT system can achieve
cellular resolution in all three dimensions
(Fig. 11.4). FF-OCT can provide 3D in vivo
image of oral tissue with 1 pm resolution and
several hundred microns penetration depth. In the
cross-sectional view of FF-OCT image, the
boundary of epithelial and lamina propria layer
can be distinguished which is an important infor-
mation for oral cancer detection in the early
stage. For reference purpose we have obtained
in vivo OCT images in a healthy volunteer to
show the lip, tongue, and skin microanatomy and
tissue architecture at different depths, at nearly
cellular resolution (refer to Figs. 11.6, 11.7, and
11.8). In the stratified squamous epithelial layer,
the squamous cells are more keratinized with
thinner thickness and irregular shape which can
be observed in the OCT cross-sectional and en
face images. The taste buds of tongue mucosa
can be detected between the boundary of epithe-
lial and lamina propria layer (Fig. 11.7). In the
lamina propria layer, the features of elastic and
collagen fiber which are parallel to the epithe-
lium can be observed in the OCT cross-sectional
image. The FF-OCT images correspond well
with histology as RCM does, but the thickness of
cell and tissue layer can be better distinguished
with cross-sectional view of OCT images.

9

COHERENCE GATE 1um BOTH AXIAL &

LATERAL DIRECTION
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Fig. 11.5 Dissection of (Mirau-based)
full-field OCT imaging system (PZT,
piezoelectric transducer; QWP, quarter wave
plate)

Fig. 11.6 The 3D cross section of in vivo OCT images
(natural logarithmic gray level, 32 bit filtered by Imagel)
is of the lip taken in a healthy volunteer (41-year-old
male). The dotted blue line indicates the epidermis-dermis
junction, and the orange line indicates the thickness of the
stratified squamous epithelium. The white arrow (showing
the dark hole) indicates the nucleus of stratum spinosum.

OBJECTIVE
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Lamina propria

The incident power unto the sample and CCD exposure
time are 4.5 mW and 2.7 milliseconds. The 3D cross-
sectional images at different depths, 7 pm (panel a),
38 um (panel b), 105 pm (panel ¢), 203 pm (panel d),
292 pum (panel e), are shown along with the oblique sec-
tions (panel f)
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Fig. 11.6 (continued)
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Fig. 11.6 (continued)

In view of complexity of biological phenom-
ena, a single technique may not be sufficient to
probe tissue characteristics, especially in case of
cancers. Multimodal optical techniques can thus
provide additional and complementary informa-
tion from the same tissue and helps in better
understanding of the biological complexity. A
simple example can be of scars that leads to
thickening due to fibrosis and alteration in the
layered structure. OCT images alone can misin-
terpret them as cancerous, whereas fluorescence
spectroscopy would suggest presence of collagen

(healthy), rather than changes in NADH/FAD
(indicator of possible cancerous changes).
Multimodal application can thus be instrumental
in preventing misdiagnosis.

11.4.2 Contrast Improvement

Although there is more progress in developing
contrast agents to enhance OCT images in vivo,
several contrast agents [74, 75] have been
explored to overcome limitations. Contrast-
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enhancing mechanisms coupled with OCT will
be useful. Spectroscopic OCT (SOCT) [76],
pump and probe techniques [77], engineered
microspheres [61], microbubbles [75], and nano-
cages or nanoparticles [78] are some of the
reported methods.

SOCT utilizes the relative spectral difference
between source and backscattered signals to
measure absorption and scattering. However,
SCOT can identify only those features with
absorption scattering less than the source band-

Fig. 11.7 The 3D cross section of in vivo OCT images
are (natural logarithmic gray level, 32 bit depth filtered by
ImageJ) of oral tongue taken in a healthy volunteer
(41-year-old male). The dotted blue line indicates the
epidermis-dermis junction, and the orange line indicates
the thickness of the stratified squamous epithelium, and
the red arrows are pointing the taste buds. The white arrow

width. OCT contrast enhancement can also be
achieved by exploiting nonlinear processes such
as coherent anti-Stokes Raman scattering
(CARS) and second harmonic generation.
Research group led by Prof. Stephen Boppart has
been working in this field using broadband illu-
mination for imaging purposes, as well as molec-
ular level contrast enhancement [60]. Pump and
probe-based contrast enhancement for OCT
imaging relies on transient absorptions in a sam-
ple that can be induced by an external pump

Lamina propria

(showing the dark hole) indicates the nucleus of stratum
spinosum. The incident power unto the sample and CCD
exposure time are 4.5 mW and 2.7 ms. The cross-sectional
images are shown at different depths: 40 pm (panel a),
64 pm (panel b), 113 pm (panel ¢), 181 pm (panel d)
which are shown along with the oblique sections (panel e)
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Fig. 11.7 (continued)

beam. However, this method requires introduc-
tion of different contrast agents, depending on
the excitation source and the transient spectra of
the molecules being investigated [76]. An alter-
native contrast enhancement method is using
exogenous contrast agents like engineered micro-
spheres that can change the absorption and scat-
tering properties. These microspheres change the
absorption and scattering characteristics in
selected regions and can be targeted to structures
like cellular receptors [61]. Most of these meth-
ods that are currently being used for contrast
enhancement need a contrast agent. Moreover,

further biomedical explorations are required to
assess their success. Therefore, more studies and
new techniques could help eliminate this
limitation.

Nanoparticles (NPs), such as nanospheres,
nanocages, nanoshells, and nanorods, have been
explored to overcome OCT limitations by
enhancing the contrast [78—-80] but with limited
in vivo success till date. Gold nanoparticles (Au
NPs) are promising contrast agents as they are
biocompatible, easy to synthesize, and can be
specifically targeted through functional moieties.
Moreover, optical resonance properties of Au
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Epiderimis

Papilla
dermis

Reticular
dermis

Fig.11.8 In vivo OCT image of the skin from a healthy
volunteer (age 41-year-old male). The dotted blue line
indicates the epidermis-dermis junction, and the orange
line indicates the thickness of the epidermis. The blue
lines indicate the thicknesses of the papilla and reticular
dermis. The red line indicates the thickness of the stra-
tum corneum. Melanin can be observed on the epider-

NPs can be controlled by modifying their shapes
and sizes [81]. One potential method is the topical
application of gold nanoparticles on the epithelial
surface. Moreover, topical application as com-
pared to systemic administration can reduce tox-
icity burden, often associated with metallic
nanoparticles. The stratum corneum, which is the
uppermost layer of the oral epithelium is thick
and can act as a biological barrier to the delivery
of NPs. Kim et al. overcame this barrier in HBP
model using microneedles assisted by ultrasound
forces [82]. Recently developments have shown
encouraging results with severalfold enhance-
ments and increased depth of penetration. These
studies have shown picomolar level sensitivity
useful in in vivo imaging [83]. This approach still
suffers from potential limitations including toxic-
ity and poor in vivo delivery and distribution.

Conclusion

OCT can be used to obtain functional optical
biopsies. OCT imaging combined with quan-
tification of physiological functional parame-
ters such as perfusion/oxygenation and
cellular organization and improvements in
signal analysis can allow achievement of goal.

mis-dermis junction which show white spot feature. The
keratinocytes can be observed in the epidermis layer. In
the dermis layer, the patterns of papilla and reticular
dermis can be distinguished, and capillary can be seen
in this layer too. The incident power unto the sample
and CCD exposure time are 4.5 mW and 2.7 ms

For better in vivo results, an imaging device
must be able to access lesions located any-
where in the oral cavity where lesions may be
actually located and should have a sufficient
field of view (FOV) to quickly scan extensive
lesions in a clinically feasible timing. Recent
advancements in the field of OCT-based bio-
medical diagnosis suggest OCT can be an
effective tool in oral cancer diagnosis.
Limitations in OCT images can be overcome
through multimodal application with other
optical techniques like white-light fluores-
cence and photo-acoustic imaging as well as
through contrast improvement. Availability of
handheld OCT probe can serve as a real-time
chairside diagnostic tool. Though it is
extremely difficult to reach the accuracy of
conventional histopathology, with the rapid
advancement in biomedical engineering and
computation, in the nearest future OCT can
become a useful adjunct to chairside clinical
examination, to screen suspected oral lesions,
particularly to rule out oral cancers. Overall,
OCT has a strong potential to be a noninvasive
imaging technique and clinically useful diag-
nostic adjunct.
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