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Abstract
Background—In vivo, non-invasive optical coherence tomography (OCT) permits high-resolution
imaging of tissue surfaces and subsurfaces, with the potential capability for detection and mapping
of epithelial pathologies.

Purpose—To evaluate the clinical capability of non-invasive in vivo OCT for diagnosing oral
dysplasia and malignancy.

Experimental Design—In 50 patients with oral lesions, conventional clinical examination was
followed by OCT imaging, then standard biopsy and histopathology. Two blinded, pre-standardized
investigators separately diagnosed each lesion based on (1) OCT and (2) histopathology.

Results—Intra- and inter-observer agreement between diagnoses based on histopathology and
imaging data was excellent, with λ values between 0.844 and 0.896. Sensitivity and specificity were
also very good.

Conclusions—These data demonstrate the excellent capability of in vivo OCT for detecting and
diagnosing oral premalignancy and malignancy in human subjects.
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INTRODUCTION
Oral cancer will claim approximately 10,000 lives in the U.S. this year [1–3]. Despite
significant advances in cancer treatment, early detection of oral cancer and its curable
precursors remains the best way to ensure patient survival and quality of life. Accounting for
96% of all oral cancers, squamous cell carcinoma (SCC) is usually preceded by dysplasia
presenting as white epithelial lesions on the oral mucosa (leukoplakia). Leukoplakias develop
in 1–4% of the population [2]. Malignant transformation, which is quite unpredictable, occurs
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in 1–40% of leukoplakias over 5 years. Dysplastic lesions in the form of erythroplakias carry
a risk for malignant conversion of 90% [2]. Tumor detection is complicated by a tendency
towards field cancerization, leading to multicentric lesions [4]. Current techniques require
surgical biopsy of lesions, which are often benign, yet they detect malignant change too late.
Of all oral cancer cases documented by the National Cancer Institute Surveillance,
Epidemiology and End Results Program, advanced lesions outnumbered localized lesions more
than 2:1. Five-year survival rate is 75% for those with localized disease at diagnosis, but only
16% for those with cancer metastasis [2,3].

Optical Coherence Tomography (OCT)
OCT is a relatively new high-resolution optical technique that permits minimally invasive
imaging of near-surface abnormalities in complex tissues. It has been compared to ultrasound
scanning conceptually [5]. Both ultrasound and OCT provide real-time structural imaging, but
unlike ultrasound, OCT is based on low-coherence interferometry, using broadband light to
provide cross-sectional, high-resolution subsurface tissue images [6,7]. The engineering
principles behind OCT have been described previously [8–11]. Cross-sectional images of
tissues are constructed in real-time, at near histologic resolution (approximately 5–10 µm with
our current technology). This permits in vivo non-invasive imaging of the macroscopic
characteristics of epithelial and subepithelial structures, including: (1) depth and thickness, (2)
histopathological appearance, and (3) peripheral margins. With a tissue penetration depth of
1–2 mm, the imaging range of our OCT technology is suitable for the oral mucosa [12–14].
The normal human oral mucosa is very thin, ranging from 0.2 to 1 mm. Previous studies using
OCT have demonstrated the ability to evaluate macroscopic characteristics of epithelial,
subepithelial, and basement membrane structures and show the potential for near
histopathological-level resolution and close correlation with histologic appearance [5–34].

Goal of this study was to evaluate the clinical diagnostic capability of non-invasive in vivo
OCT for oral dysplasia and malignancy.

MATERIALS AND METHODS
Patients referred to the UCI Department of Otolaryngology and UCLA Oral Medicine Clinic
for evaluation of suspect white (Leukoplakia) or red and white patches (erythroplakia) intra-
oral lesions were visually examined and photographed, then imaged along the long axis at the
center of each lesion using either a fiberoptic high-resolution 3D OCT probe with a scan length
of up to 10 mm or a commercially available (in-depth resolution 10–15 µm) 2D probe with a
scan length of 2 mm Niris™ OCT imaging system by Imalux (Cleveland, OH). Contra lateral
healthy tissues were scanned in a similar fashion. Acquisition required approximately 5–180
seconds per location for 3D scanning and 1.5 seconds for 2D scanning, totaling less than 15
minutes for each patient. Patients were given local anesthetic, an incisional or excisional biopsy
(depending on the extent of the lesion) was performed and the specimens sent for routine
histopathology. Patients retroactively identified by histopathology as NOT having healthy,
dysplastic, or malignant lesions were excluded in these preliminary data, to achieve adequate
numbers in each pathological group consistent with statistical usefulness. A total of 50 patients
with healthy, dysplastic, or malignant lesions were included in this study (Table 1). This study
was approved by UCI and UCLA Office of Research Protection Institutional Review Boards.

Histopathological Evaluation
From the 50 biopsies included in this study—1 for each lesion in each patient, the diagnosis
of each tissue area that was scanned was provided by the histopathology service routinely used
by our clinics. Histopathology was scored using a scale of 0 (normal)−6 (SCC) according to
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the criteria established by Macdonald [35]. In case of lesion heterogeneity, the highest (i.e.,
most severe) score was used.

OCT Imaging and Scoring
The same two blinded pre-trained scorers evaluated each OCT image diagnostically on a scale
of 0 (normal)−6 (SCC). To facilitate OCT image scoring, this scale was designed to parallel
the scale used for histopathological evaluation [35]. OCT diagnostic scores were based on
changes in keratinization, epithelial thickening, epithelial proliferation and invasion,
broadening of rete pegs, irregular epithelial stratification, and basal hyperplasia. Scorers were
pre-trained using a standard set of 50 OCT and 50 matching histopathological images [12].
Total training time for each scorer was 2 hours. Each scorer evaluated all data in one session
once all data accrual was complete. In case of lesion heterogeneity, scorers were instructed to
use the highest (i.e., most severe) score. Scoring was repeated after 1 month to evaluate intra-
observer agreement.

Statistical Analysis
Agreement between scorers and between modalities was assessed using Cohen’s λ statistics.
Sensitivity and specificity of OCT diagnosis versus histopathology was also computed.

RESULTS
In the OCT images, epithelium, lamina propria, and basement membrane are clearly visible
(Fig. 1).

The OCT image of a dysplastic lesion (Fig. 1B) parallels histolopathological status (Fig. 1C),
showing epithelial thickening, loss of stratification in lower epithelial strata, epithelial
downgrowth, and loss of epithelial stratification as compared to healthy oral mucosa (Fig. 1D).

Figure 2A,C shows clinical appearance and histopathology, respectively, of an area of SCC on
the buccal mucosa. In the OCT image (Fig. 2B), the epithelium is highly variable in thickness,
with areas of erosion and extensive downgrowth and invasion into the subepithelial layers. The
basement membrane is not visible as a coherent landmark.

Intra-observer agreement between OCT scores tabulated at the initial scoring event and scores
allocated 1 month later was excellent, with a Cohen’s λ of 0.872 (SE = 0.053). Inter-observer
agreement for OCT and for histopathological diagnosis and was also very good, with Cohen’s
λ values of 0.870 (SE = 0.054) for OCT and 0.923 (SE = 0.042) for histopathology. Agreement
between OCT and histopathology was excellent, averaging 0.858 (SE = 0.039) for both
observers, and 0.896 (SE = 0.049) for both observers using the highest score as consensus. For
detecting carcinoma in situ or SCC versus non-cancer, sensitivity was 0.931 and specificity
was 0.931; for detecting SCC versus all other pathologies, sensitivity was 0.931 and specificity
was 0.973.

DISCUSSION
Anticipated difficulties with movement artifacts were successfully avoided by seating patients
in a reclining dental chair with headrest, neck, and arm support. OCT imaging was rapid,
unproblematic and well received by all patients, with the imaging protocol adding only a few
minutes to visit duration. Thus, the introduction of OCT imaging techniques to routine patient
visits should be well received by patients and clinicians alike. OCT image scorers learned to
read OCT images quickly and accurately, as evidenced by the excellent intra- and inter-
observer agreement on OCT scores, as well as the close agreement between OCT and
histopathology scores.
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The close agreement between OCT-based diagnosis and histopathology for oral dysplasia and
malignancy demonstrated in this human clinical study parallels data from previous animal
imaging studies, where, typically λ values ranged from 0.85 to 0.95, sensitivity and specificity
approximated 0.80–0.98 [12–14]. This compares well with existing forms of non-invasive
diagnosis, primarily vital staining, and oral brush cytology. Although the sensitivity of staining
agents such as Lugol iodine, Toluidine blue, and Tolonium chloride for detection of oral
malignancy in the hands of experts generally approximates 90%, specificity of these agents is
poor, diminishing rapidly when this modality is used by non-experts such as screeners in field
units [36–41]. Extensive clinical experience is necessary to perform these examinations
adequately. Using cytological examination of “brush biopsy” samples as a non-invasive
method of oral diagnosis has been shown to provide moderate sensitivity levels of detection
of oral epithelial dysplasia or SCC (70–90%), but poor specificity (3–44%). Thus this approach
is of limited diagnostic value without augmentation by traditional biopsy [42–49].

The strong agreement between OCT-based diagnosis and histopathological diagnosis
demonstrated in this study supports the concept that OCT will be a very useful tool for the
early detection and diagnosis of oral lesions as well as regular monitoring of suspect lesions
in the oral cavity and rapid, low-cost screening of high-risk populations. In its early stages, as
OCT is introduced into a wider clinical setting and undergoes further testing and optimization,
its initial primary use may be as an indicator of the need for biopsy. As the technology and
techniques evolve, this modality may progressively reduce the need for biopsy, define surgical
margins, and provide a direct evaluation of the effectiveness of cancer treatments.
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Fig. 1.
Photograph (A), in vivo OCT image (B), and H&E (10×) (C) of dysplastic buccal mucosa.
D: In vivo OCT image of normal buccal mucosa. (1) Stratified squamous epithelium, (2)
keratinized epithelial surface layer, (3) basement membrane, (4) submucosa.
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Fig. 2.
Photograph (A), in vivo OCT image (B), and H&E (10×) (C) of alveolar ridge with squamous
cell carcinoma. D: In vivo OCT image of normal alveolar mucosa. (1) Stratified squamous
epithelium, (2) keratinized epithelial surface layer, (3) basement membrane, (4) submucosa.
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