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Application of optical coherence tomography to study the structural
features of oral mucosa in biopsy tissues of oral
dysplasia and carcinomas
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Abstract
Objective This study aims to examine the ability of optical coherence tomography (OCT) to differentiate ex vivo epithelial
structure of benign disorders, dysplastic, and oral squamous cell carcinoma (OSCC) in comparison with the structure of normal
marginal mucosa of oral biopsies. As a secondary objective, we examined the inter- and intra-observer variations of OCT
measurements of two calibrated assessors.
Materials and methods Oral biopsies (n = 44) were scanned using the swept source OCT (SSOCT) and grouped by
pathology diagnosis to benign, dysplasia or carcinoma. Two trained and calibrated assessors scored on the five OCT
variables: thickness of keratin layer (KL), epithelial layer (EL), homogeneity of lamina propria (LP), basement membrane
integrity (BMI), and the degree of reflection of the epithelial layer (Ep Re). Chi-square tests and Fischer’s exact method
were used to compare the data.
Results The OCT images showed breached BM status in all the OSCC samples (100%). Epithelial reflection was noted to be
hyper-reflective in all the OSCC and oral dysplasia samples (100%). An increase in KL in 66.67% of the OSCC and 100% of the
oral dysplasia samples was found. EL was increased in all the OSCC samples (100%) and 85.72% of the oral dysplasias. Kappa
values showed that there was very good agreement (over 0.7) when scoring individual parameters between the two assessors.
Conclusion The study showed that the BM status was a key parameter in the detection of SCC and for differentiating SCC from
oral dysplasia or benign disorders.
Clinical relevance OCT is a non-invasive and non-radioactive adjunct diagnostic tool that can provide immediate results on the
structure of oral mucosa. The BM status measured ex vivo was a key parameter in the detection of SCC and for differentiating
SCC from oral dysplasia or benign disorders.
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Introduction

Squamous cell carcinoma is the most common form of malig-
nancy of the lip and oral cavity, and is often preceded by oral
potentially malignant disorders (OPMD) [1]. Early diagnosis
of oral cancer can improve survival rates, and the presence of
an OPMD provides opportunities to identify patients who
have an increased risk of oral cancer [2]. Conventional clinical
oral examination (COE) is recommended to detect cancer and
OPMDS in the oral cavity [3]. A Cochrane review analysing
10 studies confirmed that the COE showed very high speci-
ficity (98%) and was deemed to be better at correctly classi-
fying the absence of OPMDs or oral cavity cancer in disease-
free individuals than classifying the presence of disease [4].
Oral lesions detected by COE need a scalpel biopsy—the
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current diagnostic standard—the test is painful for patients
and involves a delay in order to process the tissue and render
a histologic diagnosis.

Optical diagnostic tests are available that are less invasive,
and some can provide immediate results. The non-invasive
optical diagnostic systems applied as adjuncts to COE include
tissue auto-fluorescence imaging (VELscope) [5], tissue re-
flectance (ViziLite) [6], optical biopsy (narrow band imaging
(NBI)) [7], micro-Raman spectroscopy [8], optical coherence
microscopy (OCM) [9] and optical coherence tomography
(OCT) [10].

Optical coherence tomography (OCT) was first developed
by Fujimoto et al. in 1991 [11, 12]. It is a non-invasive and
non-radioactive adjunct diagnostic tool based on interferome-
ters [12]. OCT and ultrasound share the same concept [13],
both being capable of providing real-time cross-sectional sub-
surface tissue images. The difference is that OCT uses broad-
band light, while ultrasound uses sound waves [11, 14].
Besides, modern OCT systems outweigh ultrasound by hav-
ing around 10 times higher axial resolution [15]. Moreover,
OCT uses a low-coherence broadband near-infrared light
source, so it gets an excellent spatial resolution (~ 20 μm)
and real-time images [12, 16].

The use of OCT for diagnosing oral premalignancy and
malignancy in human subjects is reported in the literature
[17]. A research group in London has investigated ways of
measuring the epithelial morphology of oral biopsies (in vivo)
using OCT [18–20]. The objective of this study was to exam-
ine the ability of OCT to differentiate ex vivo epithelial struc-
ture of benign, dysplastic, and oral cancer biopsies. As a sec-
ondary objective, we examined the inter- and intra-observer
variation of OCT measurements of the two calibrated
assessors.

Materials and methods

Prior to this investigation, two assessors (an oral pathologist
and an oral surgeon) were trained and calibrated using a train-
ing set of OCT images and light microscopic images of nor-
mal (obtained from the margins of SCC lesions) and different
pathological conditions (n = 20) to enhance their knowledge
in the field of OCT image interpretation. Both assessors were
required to comment on five variables of the OCT images [18,
19], which included changes in the keratin layer (KL; in-
creased or decreased or no change in thickness), changes in
the epithelial layer (EP; increased or decreased or no change in
thickness), changes in the lamina propria (LP; homogenous or
non-homogenous), basement membrane identification (BMI;
complete, partial or breached) and the degree of reflection of
the epithelial layer (EP Re; normal reflection or hyper-reflec-
tive). Normal mucosa adjacent to the disease area was used as
a standard reference.

Forty-four patients attending an oral surgery clinic with var-
ious oral mucosal disorders (Table 1) were included in this
study. Based on the planned management, 18 needed excision,
and 34 required incisional biopsies for pathology diagnoses.
Following consenting, the size of each lesion was measured
using a ruler; the biopsy site was marked out with a disposable
surgical marker to include normal mucosa together with the
lesion (Fig. 1a). Each biopsy specimen therefore had some
amount of normal tissue at its edges. Intra-oral photographs of
these oral lesions with their markings were documented, and
the edges of the biopsy samples were sutured and taped to
microscopic slides. These slides were photographed to record
the orientation and to ensure an accurate co-registration (Fig.
1b) and were transferred in normal saline to the laboratory
within an hour. In the laboratory, the specimens were blotted
with tissue, and a line was drawn across the long axis of the
specimen using a disposable surgical marker to ensure that the
pathologist grossed the specimens in the same plane as used for
OCT scanning (Fig. 1c and d). Immediately after scanning with
OCT, the specimens were fixed in 10% buffered formalin and
sent for histopathological diagnosis. The pathology diagnoses
given by the reporting pathologist were used to group the biop-
sies to 3 categories—squamous cell carcinoma, epithelial dys-
plasia or benign disorders.

For this investigation, we used the swept source OCT
(SSOCT) (Thorlabs OCS1300SS, USA) with an imaging
wavelength of 1325 nm. An individual OCT scan was 10-
mm wide, and the larger biopsy samples needed more than
one scan along the long axis.

The two assessors were blinded to the clinical and histo-
pathological diagnosis but were provided with the anatomical
sites from where the biopsy samples were taken from. Both
were asked to score on the five OCT variables referred to
earlier based on the structural changes that they found during
their OCT image assessments. The scoring of OCT images
was carried out in two separate sessions to obtain repeat mea-
surements. The cases were shuffled for the second session to
blind them to the first recording.Wherever there were discrep-
ancies in the scores, they were resolved by discussion between
the two assessors. The research protocol was approved by the
Medical Ethics Committee, Faculty of Dentistry, University
of Malaya (DF OS1519/0077 P).

Statistical analysis

The percentage of architectural changes which were observed
by the two observers were calculated and compared using
Chi-square tests. The percentage of architectural changes
among the three groups (benign lesions, epithelial dysplasia
and OSCC) were calculated and tested by the Fischer’s exact
method. The p value of less than 0.05 was considered statisti-
cally significant. The inter-observer and intra-observer agree-
ments for the first and the second sessions were evaluated
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using kappa scores (poor = 0.00–0.40, good = 0.41–0.70, very
good = 0.71–0.80, excellent = 0.81–1).

Results

Fifty-two tissue samples from 44 subjects were included in the
study. Anatomical locations of biopsy sites and pathology

diagnoses are listed in Table 1. The architectural characteris-
tics that were scored by the two observers on the OCT images
are shown in Table 2. The scorings were compatible, and no
significant differences were observed between the two asses-
sors for all 5 parameters.

Scanning different parts of normal oral mucosa revealed
that the KL in most specimens appeared as a thin layer of
hyper-reflection and looked brighter than the EP and LP

Table 1 Demographic and clinical characteristics of the study sample providing tissues

Characteristics OSCC Epithelial dysplasia Benign conditions* and normal oral mucosa

Subjects (n = 44) 14 5 25

Age range

3–19 4

20–49 7 2 11

50–69 5 1 9

≥ 70 2 2 1

Gender

Male 6 1 14

Female 8 4 11

Site

Tongue 6 2 8

Gingiva 3 2 4

Buccal mucosa 4 1 6

Lip 1 7

Benign conditions* included oral lichen planus, traumatic eosinophilic ulcer, epithelial hyperplasia, squamous cell papilloma, oral melanotic macule,
pyogenic granuloma, fibroepithelial polyp, irritational fibroma, mucocele, lymphangioma, hemangio-lymphangioma, traumatic neuroma and inflamed
mucosa

Fig. 1 Photographs show a white plaque (with the surgical marking),
with a mixed lichenoid appearance posteriorly. b Biopsy sample
sutured and taped to the slide with orientation to ensure an accurate co-

registration (P, posterior; S, superior; I, inferior; A, anterior). c OCT
image of the biopsied tissue. d Photomicrograph of the biopsy sample
(stain: H and E; original magnification × 15)
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(Fig. 2a), while in the pathological oral mucosa (dysplasia)
with hyper-keratinization, the KL appeared thicker, brighter
and more hyper-reflective (Fig. 3e).

The epithelial layer (EP) often looked translucent or less
hyper-reflective than the upper keratin layer or lower lamina

propria (Fig. 2a), while in most pathological oral tissues, it
tended to be brighter and more hyper-reflective than the lower
LP. In both carcinomas and dysplasias, the thickness of EP
was mostly increased (Fig. 3b).

In normal mucosa, lamina propria (LP) appeared as a ho-
mogenous layer and was slightly brighter than the upper EP,
with well-defined demarcation from the EP (Fig. 2a). In the
SCC biopsies, it lacked the homogeneous appearance and
could not be separately identified from the EP (Fig. 4b and e).

The basement membrane (BM) was seen as an area be-
tween two different contrasts (EP and LP), and it could be
identified clearly in most normal and benign oral mucosal
tissues (Fig. 2a). Sometimes, BM showed some extensions
down to the LP, which represented rete pegs such as in the
dorsal surface of the tongue (Fig. 2c). The basement mem-
brane was breached in all OSCC, in few dysplasia but only
in 1 specimen of a benign disorder (1/30). Figure 4a to c
illustrate a case of a white patch that was clinically diagnosed
as oral leukoplakia which demonstrated a breach in BM in the
OCT image that indicated the possibility of a malignancy and
was confirmed by histopathology as SCC. Supplementary
Table S1 gives the summary of OCT image assessments by
clinical and histopathological diagnoses.

KL, EL, LP, BM and Ep Re scores by the two assessors
were not significantly different (Table 2). Excluded in the
analysis were few cases in which the change in the basement
membrane was not recorded by some observers. Reference
standard used was the normal mucosa found at the margin of
each biopsy.

The scores from OCT images showed an increase in KL in
66.67% of the OSCC and 100% of the oral dysplasia samples.

Table 2 The architectural characteristics scored by the 2 assessors on
the OCT images.

Characteristics Clinician Pathologist p Value

n % n %

Keratin layer

Increased 35 67.30 36 69.23 0.833

Decreased 0 0 0 0

No change 17 32.69 16 30.76

Epithelial layer

Increased 32 61.53 32 61.53 1.000

Decreased 0 0 0

No change 20 38.46 20 38.46

LP layer

Non-homogeneous 36 69.23 34 65.38 0.675

Homogenous 16 30.76 18 34.61

BM status 0.675
Complete 33 63.46 29 55.76

Partial 2 3.84 5 9.61

Absent 16 30.76 18 34.61

Breached 1 1.92 0

EP Re

Normal 8 15.38 11 21.15 0.446

Hyper-reflective 44 84.61 41 78.84

Fig. 2 Photograph shows a OCT image of normal floor of mouth
showing keratin layer (KL), epithelial layer (EP) and lamina propria
(LP) which are clearly identified. EP looks translucent and less reflective
than LP. The basement membrane (BM) is intact and identified clearly

and completely. b Photomicrograph of normal floor of mouth (Stain: H
and E; original magnification × 1.0). cOCT image of dorsal surface of the
tongue showing papilla and epithelial ridges. d Photomicrograph of nor-
mal dorsal surface of tongue (stain: H and E; original magnification × 1.0)
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EL was increased in all the OSCC samples (100%) and
85.72% of the oral dysplasia samples. There was no change
in EL in 63.34% of the benign samples. With regard to the
BM, 57.14% of the oral dysplasia and 83.34% of the benign
samples showed complete BM status. Breached BM status
was seen in all the OSCC samples (100%). Epithelial reflec-
tion was noted to be hyper-reflective in all the OSCC and oral
dysplasia samples (100%). The variations in the thickness of
the keratin layers were not significantly different in the 3
groups of pathologies. The EL, LP, BM status and EP Re
showed significant differences among the three groups
(Table 3).

Kappa values showed that there was very good agreement
when scoring different parameters between the two assessors
as well as in the scores from the repeat session (Table S2).
Scores reached over 0.7 in all comparisons. Better inter-
observer agreement was noted in the pathologist’s scoring.

Discussion

During COE, small cancers can sometimes be missed,
overlooked, or diagnosed as benign disease resulting in late
detection of oral malignancy [21]. Moreover, COE alone

cannot differentiate between benign and potentially malignant
oral lesions (OPMDs) or oral cancer, because many OPMDs
and SCCs are capable of mimicking the clinical features of
benign oral lesions or infections of the oral mucosa [22]. In
addition, clinicians depend on COE to visually select the most
suspicious site for biopsy, and wrong sampling could lead to
under diagnosis. For these reasons, there is a continuous need
for new studies regarding the combination of plural techniques
for the early clinical detection of oral cancer and diagnosis of
OPMDs [23].

Several scanning techniques have been developed that can
detect the structural changes in the pathological tissues [13].
Currently available scanning methods with varying depths of
imaging include ultrasound (100–500 μm), CT (500–1000
μm) and MRI (500–1000 μm), but these techniques are still
insufficient for an accurate identification of the structural
changes that occur during the pathological process in squa-
mous lining epithelia [10]. Compared to these above scanning
techniques, OCT shows the highest resolution [24] and is
considered the only optical method that is available with a
resolution of up to 10 μm (10). In addition, OCT provides
cross-sectional images of the healthy and pathological tissues
without the necessity of obtaining biopsy or subjecting the
patient to any ionizing radiation [25]. An earlier study of

Fig. 3 Photograph shows a homogenous leukoplakia on right lateral
border of tongue. b OCT image of biopsy of the tongue. Keratin layer
(KL), epithelial layer (EP) and lamina propria (LP) are clearly identified.
Basement membrane (BM) looks intact and identified clearly and
completely. The epithelial layer (EP) increased in thickness (area defined
by red arrows) when compared to its thickness on the right side of OCT
image (area defined by white arrows). c Photomicrograph of lateral bor-
der of the tongue showing severe epithelial dysplasia (stain: H and E;
original magnification × 1.5; inset, original magnification × 18). d

Photograph of a white lesion (stained with toluidine blue) on the left
buccal mucosa that was clinically diagnosed as oral lichen planus/
lichenoid reaction. e OCT image of the lesion showing keratin layer
(KL), epithelial layer (EP) and lamina propria (LP) all are clearly marked.
The basement membrane (BM) is intact and identified clearly and
completely. f Photomicrograph of left buccal mucosa showing OLP
(stain: H and E; original magnification × 0.8, inset, stain: H and E; orig-
inal magnification × 10)
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OCT on hamster cheek pouches showed a good resolution up
to 3-mm depth and in concordance with histologic images
[25–27].

In our OCT scans, we noted a degree of differential tissue
contrast information. Different tissue components of the oral
mucosa gave different OCT reactivity signals that allowed
differentiation of the surface epithelium from the lamina
propria that could be resolved without any staining. An earlier
study that evaluated the OCT scans in the assessment of oral
mucosal tissue stated that the epithelium thickness was in-
creased dramatically in malignant lesions, while its thickness
was variable in oral dysplasia. Drawing some definitive
criteria based on epithelial thickness alone for the differentia-
tion between benign, potentially malignant disorders and can-
cer was difficult [28]. The oral mucosa has a complex arrange-
ment of different structural layers, i.e. surface keratin layer,
the rest of the epithelium, the basement membrane and the
lamina propria [29]. Gross structural differences in these dif-
ferent layers may help to differentiate various oral mucosal
pathologies [30].

The scalpel and punch are the most widely used
methods of obtaining diagnostic biopsies for assessing oral
and maxillofacial pathologies. In this study, we utilised
incision and excision biopsies using the scalpel and did

not opt for punch biopsies. A recent systematic review of
four publications has shown evidence that punch biopsies
are less likely to produce artefacts, such as crush, fragmen-
tation, splits and haemorrhage, than biopsies obtained with
a scalpel [31].

The KL thickness and reflectivity was variable in different
pathological conditions, but its status alone was not discrimi-
native in identifying the pathological changes. These findings
are confirmative of a previous OCT study conducted to assess
the structural changes of oral mucosa which stated that KL
layer was hyper-reflective in mild and moderate oral dyspla-
sias, while it was hypo-reflective in sever dysplasias and car-
cinoma in situ [28].

The epithelial layer (EP) was hyper-reflective in all dyspla-
sia and SCC and some benign cases, while it was less hyper-
reflective than the LP in all the normal tissue biopsies (Fig.
4a). Therefore, the degree of EP reflectivity was a good pa-
rameter in differentiating normal tissue from the other patho-
logical conditions.

Our study also showed that EP was increased in thickness
and more hyper-reflective than the LP in all the OCT images
of oral dysplasia and SCC. However, the EP thickness and the
EP Re still could not be definitive diagnostic parameters for
the differentiation between oral dysplasia and other benign

Fig. 4 Photograph shows a a white patch on right lateral border of the
tongue, the clinical diagnosis was leukoplakia. b OCT image of the
biopsy. The marked area shows a breach in the basement membrane
(BM) and an uneven surface epithelium. c Photomicrograph of right
lateral border of the tongue. The area in black rectangle shows the inva-
sion of the epithelial tumour cells into the underlying connective tissue
(stain: H and E; original magnification × 0.8; inset, original magnification
× 20). Pathology diagnosis SCC d photograph of non-healing ulcer on

right ventral surface of the tongue, the clinical diagnosis was SCC. eOCT
image of right ventral surface of the tongue. The areas in the white rect-
angles represent the focal invasion and breach of basement membrane
(BM). The epithelial layer (EP) appears very bright, and its thickness is
increased dramatically in the area of focal invasion. f Photomicrograph of
right ventral surface of tongue showing moderately differentiated SCC
(stain: H and E; original magnification × 0.8; inset, original magnification
× 20)
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lesions; the EP thickness and its degree of reflection were also
increased in some benign conditions.

OCTwas uniquely able to identify all the SCC samples that
showed breach of BM and discriminate them from dysplasia
or benign samples in which the BMwas identified partially or
as complete without any signs of breach. Therefore, BM status
was a key parameter in detecting the early invasion of oral
cancer (Fig. 4b and e). This finding is confirmative and con-
sistent with another study conducted earlier using the OCT to
measure the epithelial thicknesses within oral cavity which
stated that the BM was a basic critical parameter in the differ-
entiation between the malignant and non-malignant tissue
[32]. This observation allows us to interpret that OCT imaging
of oral mucosa could allow investigation of the basement
membrane of a lesion to study whether it is intact or breached
without the need to remove tissue. The study supports the
potential application of surface OCT probe in clinical experi-
mental use [33]. Kappa agreement between the pathologist
and the clinician on BM assessment reached 0.675 and was
closely similar to an earlier study which reported a kappa of
0.656 [19].

In our study, we evaluated KL, EL, LP, BM and Ep Re
scores. A recent in vivo study has undertaken evaluation of
seven criteria that included examining the integrity and the
profile of the epithelial surface as well as the grade of vascular
supply in the lamina propria. The mean vascular density was
found to be highest in the sublingual mucosa in comparison

with other anatomical sites [34]. A denser red pattern of vas-
cularisation when compared to normal mucosa, indicative of a
higher blood inflow typical of a chronically inflamed mucosa,
was shown in a study of atrophic and erosive oral lichen
planus [35]. Advances in OCT technology exploring the use
of three-dimensional (3D)OCT combinedwith intelligent ma-
chine learning systems to evaluate mucosal changes have also
been described recently [36].

While COE alone cannot alone accurately differentiate be-
tween OPMDs or oral cancer (22), a recent critical review
commented on an overall high sensitivity (80–90%) and spec-
ificity (85–98%) reported for OCT to intercept oral potentially
malignant disorders and oral squamous cell carcinoma [37].
Several OCT systems have received the Food and Drug
Administration (FDA) approval for clinical use. Based on
the current evidence, OCT technique may potentially benefit
in the early detection of oral malignancies (based on breach of
BM), selection of biopsy sites and in identification of margins.
However, some challenges that limit the wide scale applica-
tion of this technique beyond research studies need consider-
ations: (1) the need to calibrate clinicians to read and interpret
the images, (2) discomfort during the examination process and
(3) initial high cost of the scanning tool compared with other
commercially available adjunctive tools or low-cost vital
staining techniques.

There were some limitations in our study that were encoun-
tered which requires caution. (i) The correlation between

Table 3 Pathologist’s assessment of OCT characteristics for OSCC, oral epithelial dysplasia and benign lesions

Characteristics Oral SCC (n = 15) Oral dysplasia (n = 7) Benign lesions (n = 30) p Value (Fisher exact)

n % n % n %

Keratin layer

Increased 10 (66.67) 7 (100.00) 19 (63.33) 0.168

Decreased 0 (0.0) 0 (0.00) 0 (0.0)

No change 5 (33.33) 0 (0.00) 11 (36.67)

Epithelial layer

Increased 15 (100.00) 6 (85.72) 10 (33.33) < 0.001*

Decreased 0 (0.00) 0 (0.00) 1 (3.33)

No change 0 (0.00) 1 (14.28) 19 (63.34)

LP layer

Non-homogeneous 0 (0.00) 5 (71.43) 29 (96.67) < 0.001*

Homogenous 15 (100.00) 2 (28.57) 1 (3.33)

BM status

Complete 0 (0.00) 4 (57.14) 25 (83.34) < 0.001*

Partial 0 (0.00) 1 (14.28) 4 (13.33)

Breached 15 (100.00) 2 (28.57) 1 (1.33)

Absent 0 (0.00) 0 (0.00) 0 (0.00)

EP Re

Normal 0 (0.00) 0 (0.00) 11 (36.67) 0.006*

Hyper-reflective 15 (100.00) 7 (100.00) 19 (63.33)

*Significantly different in the 3 conditions
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histopathological and OCT images was not always possible
due to the amount of shrinkage found in the biopsy samples
caused by its preservation in formalin. (ii) The resolution of
OCT images was affected by the ex vivo nature of the study
particularly in the clear identification of epithelial and sub-
epithelial structures of oral mucosa. (iii) The sample size
was small, which limits the generalisation of our findings.

Conclusions

The findings of this study confirm previous observations re-
ported in ex vivo studies on oral mucosa using OCT. We
found good calibration between two assessors to record
OCT findings with little inter-observer variation, and repeat
measurements had good kappa values showing good inter-
observer agreement in all parameters. The main outcome of
this study was that the BM status observed in OCT images
was a key parameter in the detection of SCC and for differen-
tiating SCC from oral dysplasia or benign disorders.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00784-021-03849-0.
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