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Advances in Oral Cancer Detection Using Optical
Coherence Tomography

Woonggyu Jung, Jun Zhang, Jungrae Chung, Petra Wilder-Smith, Matt Brenner,
J. Stuart Nelson, and Zhongping Chen, Member, IEEE

Abstract—Optical coherence tomography (OCT) is a new modal-
ity capable of cross sectional imaging of biological tissue. Due to
its many technical advantages such as high image resolution, fast
acquisition time, and noninvasive capabilities, OCT is potentially
useful in various medical applications. Because OCT systems can
function with a fiber optic probe, they are applicable to almost any
anatomic structures accessible either directly, or by endoscopy.
OCT has the potential to provide a fast and noninvasive means
for early clinical detection, diagnosis, screening, and monitoring of
precancer and cancer. With an imaging depth range of 2–3 mm,
OCT diagnostics are particularly suitable for the oral mucosa.
Currently, it is difficult to detect premalignant and malignant oral
lesions due to their often multifocal nature and need for repeated
biopsies.

The goal of this study was to evaluate the feasibility of OCT for
the diagnosis of multiple stages of oral cancer progression. In this
paper, we present not only conventional 2-D OCT images, but also
3-D volume images of normal and precancerous lesions. Our results
demonstrate that OCT is a potential tool for cancer detection with
comprehensive diagnostic images.

Index Terms—3-D image, optical coherence tomography (OCT),
oral cancer detection.

I. INTRODUCTION

F IFTEEN million people worldwide will be diagnosed with
oral cancer this year [1], [2]. Cancer cure and survival

relate directly to the stage of the cancer at the time of diagno-
sis. Early detection permits minimally invasive treatment and
greatly improves long-term survival. In anatomical sites such as
the oral cavity, early recognition of malignancy is problematic
due to the frequent lack of gross signs or obvious symptoms. In
many cases, detection is further hampered by poor visual access,
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difficulty in determining which of the commonly encountered
dysplastic regions will transform into malignancy, and the in-
ability to perform adequate or regularly repeated screening in
high risk patients. Thus, a novel modality for the detection of
oral malignancy is urgently needed.

Claiming approximately 10,000 lives annually in the U.S.,
oral squamous cell carcinoma is usually preceded by dysplasia
presenting as white epithelial lesions or leukoplakia on the mu-
cosa. Malignant transformation occurs unpredictably in up to
40% of patients over a five year followup. Cancer detection is
further complicated by field cancerization which leads to multi-
centric lesions. Current diagnostic techniques require repeated
surgical biopsy of benign lesions, yet they often detect malig-
nant change too late for curative treatment. Of all oral cancer
cases documented by the National Cancer Institute, advanced le-
sions outnumbered localized lesions at the time of diagnosis by
more than 2:1, partly because many clinicians do not routinely
inspect their patients for oral lesions, and partly due to the lack
of effective diagnostic modalities. The five year survival rate is
only 16% for patients with oral cancer metastasis, but 75% for
those with localized disease at the time of diagnosis [1], [2].

In order to detect the transformation of leukoplakia to squa-
mous cell carcinoma, various methods such as oral brush cy-
tology, spectroscopy, and confocal reflectance microscopy have
been used. “Brush biopsy” has been shown to provide moderate
sensitivity levels of detection of oral epithelial dysplasia or squa-
mous cell carcinoma, but poor specificity. Thus, this approach
is of limited diagnostic value without augmentation by tradi-
tional biopsy [3]–[5]. Spectroscopy contains information about
the biochemical composition and/or the structure of the tissue
which conveys diagnostic information. Malignancy related bio-
chemical and morphologic changes perturb tissue absorption,
fluorescence, and scattering properties. Thus, biochemical in-
formation can be obtained by measuring absorption/reflectance,
fluorescence, or Raman scattering signals. Structural and mor-
phological information may be obtained by techniques that as-
sess the elastic scattering properties of tissue [6], [7]. However,
significant challenges to the use of diagnostic spectroscopy in-
clude the often low signal-to-noise ratio, difficulty in identifying
the precise source of signals, data quantification, and estab-
lishing definitive diagnostic milestones and endpoints. In vivo
confocal imaging resembles histological tissue evaluation, ex-
cept that three-dimensional subcellular resolution is achieved
noninvasively and without stains. In epithelial structures, reso-
lutions of 1 µm have been achieved with a 200–400-µm field
of view [8]–[10]. While this technology can provide detailed
images of tissue architecture and cellular morphology, the very
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small field of view and limited penetration depth considerably
reduce the clinical usefulness of this approach. Therefore, the
current approach to diagnosis is surveillance combined with
biopsy or surgical excision. However, visual examination pro-
vides very poor diagnostic accuracy, and biopsy techniques are
invasive, and unsuitable for regular screening of high risk sectors
of the population.

Optical coherence tomography (OCT) is an imaging modal-
ity capable of providing noninvasive cross sectional imaging
of biological tissue [11]–[13]. Frequently, OCT is compared
to ultrasound imaging because both technologies employ back-
scattered signals reflected from different layers within the tis-
sue to reconstruct structural images. In contrast to conventional
medical imaging modalities, OCT provides images with high
resolution (micrometer scale) in real time, and can be obtained
noninvasively by the incorporation of OCT into flexible fiberop-
tic probes which enables minimally invasive imaging of a wide
variety of organ systems. OCT has a wide range of potential
applications in diagnosing diseases in various structures such
as the eye, skin, gastrointestinal, respiratory, and genitourinary
tracts, and the oral cavity [14]–[21]. OCT penetration depths
are approximately 2–3 mm, enabling high resolution imaging
of the surface and superficial tissues accessible by endoscopic
probes. Our previous work showed that the imaging penetration
depth of OCT is sufficient to evaluate macroscopic characteris-
tics of epithelial and subepithelial structures with potential for
near histopathological level resolution [22]. In addition, through
statistical analysis between OCT images and corresponding his-
tological sections, we demonstrated that it is possible to provide
diagnostic information for precancerous lesions. This capabil-
ity is primarily intended for regular monitoring of suspect le-
sions in the oral cavity and for rapid, low cost screening of
high risk populations. In its early stages, the device’s reso-
lution or diagnostic capability may dictate its primary use as
an indicator of the need for biopsy. However, in many cases,
a 2-D image is not sufficient to fully visualize morphologi-
cal features or to determine the margins of cancerous tissues.
At more advanced stages of development, OCT may progres-
sively further reduce the need for biopsy, to define surgical mar-
gins, and to provide a direct evaluation of the effectiveness of
cancer treatments.

In the present study, we propose to develop a noninvasive
clinical diagnostic capability for the oral cavity. The use of
2-D and expanded 3-D OCT for detection of oral cancer us-
ing an hamster cheek pouch model was investigated. Herein,
we present conventional 2-D OCT, optical Doppler tomogra-
phy (ODT), and 3-D volume images demonstrating detection
of morphological changes during carcinogenesis in the ham-
ster cheek pouch model and the enhanced capability of our
3-D approach.

II. MATERIALS AND METHODS

A. Animal Model Preparation

A total 39 hamster cheek pouch (Mesocricetus auratus) spec-
imens from female Golden Syrian were used. An application
of 0.5% DMBA (9, 10 dimethyl-1, 2-benzanthracene) in min-

Fig. 1. Schematic of OCT imaging system: RSOD, rapid-scanning optical
delay. Two kinds of beam delivery devices were used: One is a bench-top
moving stage scanner with objective lens and collimator. Dotted line indicates
the other, which is based on the 2-axis MEMS scanner and collimator. 3-D
images are acquired when the MEMS mirror is integrated with the fiber based
OCT system.

eral oil three times per week to the oral mucosa produced mild
to severe dysplasia in 3–6 weeks, which progressed to squa-
mous cell carcinoma at approximately 10 weeks. The median
lining wall of one cheek pouch in each hamster was treated
with DMBA carcinogen in mineral oil; the contralateral cheek
pouch was treated only with mineral oil and served as control.
Previous studies have shown that this carcinogenesis process in
one cheek pouch does not affect the other cheek and, therefore,
the untreated cheek pouch can be used as a control. Histological
features in this model have been shown to correspond closely
with premalignancy and malignancy in human oral mucosa.

Hamsters were placed in a chamber and inhalational anes-
thesia was administered. Half of the animals were further anes-
thetized with intraperitoneal 2:1 Ketamine HCL (100 mg/ml):
Xylazine (20 mg/ml) at a dose of 0.75 cc/kg. The cheek pouches
were everted, held in place with a fixation device, and imaged
in vivo. After imaging, the hamsters were euthanized and the
specimens excised for histologic preparation. Half of the an-
imals were euthanized, and the cheek pouches were immedi-
ately removed and imaged in situ before histological process-
ing [22], [23].

B. OCT Instrumentation

Fig. 1 shows a schematic of the OCT system. Light was cou-
pled into the interferometer and split into sample and reference
beams. The OCT system used in this study employed a broad-
band super-luminescent diode laser light source that delivered
an output power of 10 mW at a central wavelength of 1310 nm
with a bandwidth of 70 nm. A visible aiming beam (633 nm)
was used to locate the exact imaging position on the sample.
In the reference arm, a rapid-scanning optical delay line was
used that employed a grating to control the phase and group
delays separately, so that no phase modulation is generated
when the group delay was scanned [24], [25]. Phase modulation
was generated through an electro-optic phase modulator that
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produces a carrier frequency. The axial line scanning rate was
400 Hz, and the modulation frequency of the phase modulator
was 500 kHz. Reflected beams from the two arms of the interfer-
ometer were recombined and detected on a photodetector. The
interference signal was observed only when the optical path
length difference between sample and reference arms was less
than the coherence length of the source. The detected opti-
cal interference fringe intensity signals were bandpass filtered
at the carrier frequency. Resultant signals were then digitized
with an analog-digital converter, and transferred to a computer
where the structural image was generated. The lateral and axial
resolutions of the reconstructed image were 10 and 15 µm, re-
spectively. To generate the 3-D volume images, a 2-D scanner
based on an Si-MEMS mirror was integrated into the OCT sys-
tem. Each 2-D cross-sectional image was acquired by one axis
lateral scanning of the MEMS scanner sequentially after each
axial scanning of the rapid scanning optical delay (RSOD), and
continuously saved. Similarly, 3-D image sets were obtained
by a combination of transverse scans, longitudinal scans by the
MEMS scanner, and axial scans by the RSOD reference arm.
Both transverse and the longitudinal scans by the MEMS scan-
ner were synchronized with axial scanning of the RSOD. After
recording, 3-D volume images were derived by software from
the 3-D images.

C. Measurements

For the in situ specimens, the cheek pouches were removed
immediately after sacrifice and prepared for OCT imaging. The
tissue was stretched over a flat cork surface and pinned using
0.20 mm insect pins. The cheek pouch surface was then covered
with a thin layer of KY Gel (Johnson & Johnson Products, Inc,
NJ) to prevent tissue desiccation during the imaging process.
A visible He-Ne laser guide beam was used to position the
samples for OCT acquisition on the stage. Triangular shaped
notches were cut at opposite ends of the tissue to document the
line of image acquisition. After imaging, tissue was formalin
fixed and processed for paraffin embedding. Six micrometer
paraffin sections were H&E stained and underwent histological
evaluation. For the in vivo studies, cheek pouches were everted,
clamped, and imaged in vivo and in near real time. Imaging
was performed in vivo and in nearly real time. In some animals,
imaging at the same location was performed twice to provide
an indication of image fidelity. After imaging, animals were
sacrificed and the tissue removed and processed for sectioning
in the same manner as the in situ samples. OCT images for each
tissue sample were compared with the corresponding histologic
sections using a light microscope.

D. Image Processing and Analysis

In Fig. 1, the dotted line indicates a schematic of the 3-D
scanning methodology. The sequential 2-D images were con-
tinuously saved and displayed in real time during scanning.
When the full 2-D scan was completed, the collected data
was reconstructed to generate a 3-D volume image. Follow-
ing data acquisition, the 3-D volume image was visualized us-
ing dedicated software providing image processing capabilities,

Fig. 2. Comparison between H&E section (left) and OCT image (right, 2×
1.3 mm, 10 µm/pixel) of normal hamster cheek pouch: e, squamous epithelium;
k, keratinized surface layer of epithelium; r, rete pegs; s, submucosa. The arrow
indicates the basement membrane, b, in both images.

such as isosurface extraction, filtering, thresholding, pseudo-
coloring, animation, and region selection. Then, 2-D image
slices were generated at specific sites of interest. These images
were amenable to manipulation and rotation at any angle by the
clinician. 2-D OCT images were evaluated for the following cri-
teria: changes in keratinization, epithelial thickening, epitherial
proliferation and invasion, broadening of rete pegs, irregular ep-
ithelial stratification, and basal hyperplasia. Epithelial invasion
was defined as a loss of the visible basement membrane. In the
3-D images, the ability to convey information of the same criteria
was analyzed at multiple locations. Our clearly defined statis-
tical approach to diagnosis, data quantification, and evaluation
has been previously described and is not presented here [22].

III. RESULTS AND DISCUSSION

Conventional 2-D OCT images with 10 µm axial resolution,
1.3 mm axial by variable lengths from 2–14 mm in the hori-
zontal direction, were obtained. Fig. 2 shows a representative
OCT image and corresponding histology of a normal hamster
cheek pouch. The OCT images corresponded very closely to the
standard histological light microscopic slides. Excellent reso-
lution of tissue structures, such as surface keratinized layer,
squamous epithelium, rete pegs, no basal hyperplasia, submu-
cosa, and intact basement membrane were obtained and were
easily recognizable due to their strong similarities to standard
histology.

Fig. 3 depicts in vivo OCT and ODT images of a normal
hamster cheek pouch. Surface and subsurface mucosal layers
are evident. In Fig. 3(A), a blood vessel is seen in cross section.
The same blood vessel is shown within the white dotted circle
at higher magnification in Fig. 3(E). and 3(F) shows the color-
coded blood velocity image of the same vessel demonstrating
the ability of OCT/ODT to document in vivo the presence, di-
mensions, and perfusion of subsurface blood vessels. OCT/ODT
imaging throughout carcinogenesis allows tracking of vascular
and perfusion changes in individual blood vessels during the
progression from normal through dysplasia to malignancy.

The ability of in vivo OCT to show mild dysplasia is demon-
strated in Fig. 4. Epithelial thickening, broader rete pegs, moder-
ate surface keratinolayer, and some basal membrane are visible.
In Fig. 4(B)–(D), a thin keratinized epithelial layer is present
above a thicker layer of flat, stratified squamous epithelium.
The columnar basal cells are polarized and the underlying
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Fig. 3. In vivo OCT/ODT images of normal hamster cheek pouch: (A), a
12 mm segment of normal hamster cheek pouch obtained by OCT; (B)–(E),
higher magnification views of Fig. 3(A). The size of OCT images (B)–(E)
shown is 2× 1.3 mm with 10 µm/pixel display resolution; F, velocity image
of blood flow in the vessel shown in Fig. 3(E): bv, blood vessel; e, squamous
epithelium; k, keratinized surface layer; r, rete pegs; s, submucosa. The arrow
indicates the basement membrane, b.

Fig. 4. In vivo OCT images of hamster cheek pouch with dysplasia: (A), a
14 mm segment of hamster cheek pouch with healthy dyplasia obtained by
OCT: n, normal epithelial and subepithelial layer; d, area of dysplasia with
epithelial down growth; (B)–(D), OCT image of normal hamster cheek pouch
and corresponding histology; (E)–(G), OCT image of hamster cheek pouch with
dysplasia and corresponding histology; (B), (E), higher magnification views of
Fig. 4(A). The size of OCT images shown is 2× 1.3 mm with 10 µm/pixel
display resolution. (C) and (F), higher magnification views of Fig. 4(B), and
(E). The location of basement membrane was indicated by the dotted lines.

basement membrane is fully intact. In the dysplasia region,
Fig. 4(E)–(G), both the keratinized and squamous epithelial lay-
ers are thickened. The squamous epithelial cells show increased
hyperchromatism, and there is decreased polarity in the basal
layer adjacent to the basement membrane. The basement mem-
brane remains intact. These observations correspond with sim-
ilar features within H&E stain histopathological images shown
in Fig. 4(D) and Fig. 4(G).

Fig. 5 depicts an OCT image of oral malignancy. The
in vivo OCT image shows a thickened keratinized layer above
the greatly thickened squamous epithelial layer. The squamous
cells show increased hyperchromatism, pleomorphism of indi-
vidual cells, and loss of polarity in the basal cell layer. The
basement membrane is no longer intact and proliferating cells
are invading the underlying submucosal connective tissue. This
feature is correlated very well with corresponding histopathol-
ogy seen in Fig. 5(D).

The images in Fig. 6 compare OCT and H&E images of a
fungiform oral cancer. The epithelium is folded, as are the mu-

Fig. 5. In vivo OCT images of malignant hamster cheek pouch: (A), 14 mm
segment of hamster cheek pouch obtained by OCT: m, malignant, b, base
membrane; Fig. 5(B)–(C) are higher magnification views of Fig. 5(A). The size
of OCT images (C) shown is 2× 1.3 mm with 10 µm/pixel display resolution.
In the image Fig. 5(C), basement membrane was outlined by a dotted line.
(D), corresponding histology of OCT image in Fig. 5(C): Note the basement
membrane is not continuously present in the area of malignancy and epithelium
downgrowth and invasion are visible.

Fig. 6. In vivo OCT image and H&E section of hamster cheek pouch with
fungiform cancer: (A), a 14 mm segment of hamster cheek pouch obtained by
OCT; (B) shows H&E section corresponding dotted cancerous region in Fig. 6
(A): e, squamous epithelium; m, mucosa; s, submucosa, f, fungiform malignant.
tissue.

cosa and basement membrane. The basement membrane is no
longer intact due to epithelial invasion into the connective tis-
sue below. Since OCT measures backscattering light intensity,
the dark region, which corresponds to a reduced OCT signals,
indicate that the backscattering coefficient is reduced. The can-
cerous tissue appears darker in the OCT image in part because
it contains more blood than normal tissue. The OCT system
used in these studies employs a 1300 nm light source. At this
wavelength, light absorption by blood is considerable, which
produces the darker appearance of the malignant tissue.

Finally, Figs. 7 and 8 shows 3-D volume images of normal and
abnormal hamster cheek pouch tissues. Since the threshold value
was given by the intensity value on the images, the background
was removed and only the tissue objects were visualized. Fig. 7
presents 3-D normal mucosal tissue structure with epithelium
and mucosa. Resembling Fig. 3, Fig. 7 clearly shows thin normal
epithelial and thick subepithelial layers in the corner of the 3-D
image using a different viewing angles.

Fig. 8 presents in vitro 3-D OCT images of a hamster cheek
pouch with squamous cell carcinoma. The cancerous and normal
regions are marked by red and blue dotted circles, respectively.
The randomly sliced 2-D OCT images in both the normal and
cancerous regions are shown in Fig. 8(B) and (C). As these
figures demonstrate, 2-D OCT imaging can be used to quan-
titatively image cross sectional structure of tissue; however,
3-D OCT enables mapping and visualization of architectural
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Fig. 7. In vitro 3-D OCT images of normal hamster cheek pouch: Image shows
layered structure clearly: e, squamous epithelium; s, submucosa. The continuous
base membrane line was visualized along the front and side view which was
demonstrate with dot line. This phenomena was same in the different angled
image.

Fig. 8. (A), In vitro 3-D OCT images of hamster cheek pouch with cancer. Dys-
plasia and normal region are marked by the red dot and blue dot respectively.
Image visualizes clear layered structure: e, squamous epithelium; s, submucosa:
(B), 2-D OCT image in the normal tissue: (C)–(D), 2-D OCT image and corre-
sponding histology in the cancerous region: (E), Microscopic image of hamster
cheek pouch tissue. Dotted line indicates the cancerous region.

morphology. These advances in OCT imaging promise not only
to improve the understanding of disease pathogenesis, but ulti-
mately to enable earlier and more sensitive diagnosis, improve
monitoring of disease progression, and allow assessment of can-
cer response to therapy.

OCT imaging has advantages that should be uniquely suitable
for oral cancer evaluation, where near histologic level noninva-
sive detection and diagnosis of intraoral lesions will consid-
erably improve the clinician’s ability to detect such lesions.
The feasibility of this concept was demonstrated in these stud-
ies using DMBA induced oral squamous cell carcinoma in a
standard hamster cheek pouch model. Excellent resolution of
dysplastic and malignant lesions was demonstrated, with close
similarity between standard histologic data and in vivo OCT
imaging. Alterations in epithelial structure, invasion of tissue
boundaries, and other tissue characteristics of malignant trans-
formation were clearly evident using OCT.

OCT is noninvasive, does not require ionizing radiation, and
can be performed using relatively inexpensive diode laser based
fiber-optic systems. Super luminescent diode light source based
OCT systems are capable of obtaining 10–15 µm resolution.
In the future, broader band light sources may enable resolu-

tions approaching 1 µm. When such levels of resolution are
achieved, nuclear characteristics may be distinguishable for
in vivo optical cytologic level analysis of malignancy. Our ODT
data demonstrated the ability to distinguish premalignant and
malignant change in the oral mucosa. Furthermore, 3-D OCT
images can provide additional information, such as delineating
lesion margins or evaluating cancer response to therapy. Studies
in patients with leukoplakia and early oral cancer are now un-
der way to confirm these findings in humans, and to assess the
capabilities of OCT for detecting and diagnosing human oral
premalignancy and malignancy, and for screening and monitor-
ing high risk patients.

IV. CONCLUSION

We have successfully demonstrated the use of 2-D and 3-D
OCT for early detection and diagnosis of oral premalignancy and
malignancy. Our results demonstrate the feasibility of diagnos-
tic imaging within the oral cavity using this modality. Noninva-
sive evaluation of neoplasia-related epithelial and subepithelial
changes throughout carcinogenesis in the hamster cheek pouch
model was achieved. OCT can clearly distinguish many histo-
logic features such as epithelial and subepithelial change. 3-D
images provide detailed structural information at any location,
and may be viewed at any angle desired by the clinician. The
appearance of structures imaged by OCT corresponded closely
to histologic images. Given the ability to obtain high resolution
images, flexible fiberoptic bronchoscopic compatibility, and
in vivo noninvasive measurement, OCT has the potential to be-
come a powerful method for early oral cancer detection.
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