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Abstract. A swept-source optical coherence tomography �SS-OCT�
system is used to clinically scan oral lesions in different oral carcino-
genesis stages, including normal oral mucosa control, mild dysplasia
�MiD�, moderate dysplasia �MoD�, early-stage squamous cell carci-
noma �ES-SCC�, and well-developed SCC �WD-SCC�, for diagnosis
purpose. On the basis of the analyses of the SS-OCT images, the
stages of dysplasia �MiD and MoD�, and SCC �ES-SCC and WD-SCC�
can be differentiated from normal control by evaluating the depth-
dependent standard deviation �SD� values of lateral variations. In the
dysplasia stage, the boundary between the epithelium �EP� and lamina
propria �LP� layers can still be identified and the EP layer becomes
significantly thicker than that of normal control. Also, in a certain
range of the EP layer above the EP/LP boundary, the SD value be-
comes larger than a certain percentage of the maximum level, which
is observed around the EP/LP boundary. On the other hand, in the
ES-SCC and WD-SCC stages, the EP/LP boundary disappears. Because
of the higher density of connective tissue papillae in the ES-SCC stage,
the SD values of the slowly varying lateral scan profiles in the ES-SCC
samples are significantly larger than those in the WD-SCC sample.
Also, ES-SCC can be differentiated from WD-SCC by comparing the
exponential decay constants of averaged A-mode scan profiles. Be-
cause of the higher tissue absorption in the WD-SCC lesion, the decay
constants in the WD-SCC samples are significantly higher than those
in the ES-SCC samples. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction

quamous cell carcinoma �SCC� is the most common cancer
ype in the oral cavity.1–5 It usually evolves from oral mucosal
esions with benign epithelial hyperplasia �EH� and mild dys-
lasia �MiD�. EH and MiD are reversible lesions. Such pa-
ients may return to healthy if they stop their harmful oral
abits. However, if an oral lesion evolves into the moderate
ysplasia �MoD� or severe dysplasia stages, it will usually
evelop further into an early-stage SCC �ES-SCC� and then a
ell-developed SCC �WD-SCC� if an effective medical action

s not taken. In the precancerous stage, dysplastic cells are
resent only in the epithelium �EP� layer. These precancerous
esions are classified into MiD, MoD, and severe dysplasia,
hen enough dysplastic cells are found in the basal one-third,

n the basal two-thirds, or in more than the basal two-thirds
ut not the complete EP layer, respectively. When dysplastic
ells occupy the whole EP layer, the lesion is called carci-
oma in situ. In the early stage of SCC, cancer cells destroy
he basement membrane �i.e., the boundary between the EP

ddress all correspondence to: C. C. Yang, Institute of Photonics and Optoelec-
ronics, National Taiwan University, 1, Roosevelt Road, Section 4, Taipei, 10617
aiwan. E-mail: ccy@cc.ee.ntu.edu.tw
ournal of Biomedical Optics 044028-
and lamina propria �LP� layers� form nests, and invade into
the underlying LP layer. Histopathologically, oral WD-SCCs
can be further classified into well-, moderately, and poorly
differentiated SCC, depending on the differentiation of cancer
cells. The well-differentiated SCC is the most common type
of oral SCC and constitutes approximately 80–90% of total
oral SCC cases.

In clinical practice, most oral precancer patients begin to
visit to the clinic when their oral lesions are in the stages of
MiD �reversible� and MoD �irreversible� because the oral
symptoms and signs become obvious in these stages. There-
fore, the differentiation between different oral dysplasia
stages or between oral dysplasia and oral SCC stages is im-
portant in an oral disease clinic. Conventionally, oral lesions
in different carcinogenesis stages can be confirmed by a bi-
opsy. However, a noninvasive imaging technique, such as op-
tical coherence tomography �OCT�,6–9 is preferred if it can be
used for effectively diagnosing an oral lesion and differenti-
ating the different stages of oral carcinogenesis. The OCT
technique has been widely used for diagnosing various oral
diseases.10–23 For diagnosing oral cancer lesion, three effec-

1083-3668/2009/14�4�/044028/7/$25.00 © 2009 SPIE
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ive diagnosis indicators have been built based on the clinical
ral cavity scanning of a swept-source OCT �SS-OCT�
ystem.23 The three indicators include the EP thickness, the
tandard deviation �SD� of an A-mode scan intensity profile in
he EP layer, and the decay constant of the spatial-frequency
pectrum of the A-mode scan profile. In a lesion, usually the
P thickness becomes larger if the boundary between the EP
nd LP layers can still be identified. Also, the SD becomes
arger and the aforementioned decay constant becomes
maller. The EP thickness and A-mode scan SD in the LP
ayer can also be used as the effective indicators for diagnos-
ng oral submucous fibrosis that is a precancerous condition
ith a high malignant transformation potential in patients
ith an areca quid chewing habit.24,25

In this paper, the SD of OCT signal along the lateral di-
ension and the exponential decay behavior of an A-mode

can profile are analyzed based on the clinical scans of pa-
ients with an SS-OCT system for differentiating oral lesions
n different carcinogenesis stages. By plotting the depth-
ependent lateral-scan SD variation, one can see the increas-
ng range of enlarged SD value in the EP layer as a lesion
evelops from the condition of normal into MiD and then into
oD. Also, due to the higher density of connective tissue

apilla �CTP� in the stage of ES-SCC, compared to that of
D-SCC, the slowing-varying lateral intensity profile fluctu-

tes more strongly in an ES-SCC sample than that in a WD-
CC sample. Meanwhile, because the stronger light absorp-

ion of oral tissue in the WD-SCC stage, the A-mode scan
rofile decays faster in a WD-SCC sample, when compared to
n ES-SCC sample. These two features can be used for dif-
erentiating ES-SCC from WD-SCC. In Sec. 2 the specifica-
ions and operation conditions of the SS-OCT system we used
re discussed. Also, the samples used for this study are de-
cribed. The histology images of oral lesions in different car-
inogenesis stages are demonstrated and discussed in Sec. 3.
hen, the corresponding SS-OCT results are shown and ana-

yzed for building effective diagnosis indicators. Those for the
ifferentiations between samples of normal control, MiD, and
oD are presented in Sec. 4. Those for differentiating ES-

CC from WD-SCC are presented in Sec. 5. Finally, conclu-
ions are drawn in Sec. 6.

OCT System and Sample Preparation
he layout of the portable SS-OCT system and its operation
pecifications used in the hospital for clinical scanning has
een described in an earlier publication of the same group.23

sweeping-frequency laser �Santec� of 110 nm in sweeping
pectral range and 1310 nm in central wavelength is used as
he light source, which can provide 6 mW in output power
nd 20 kHz in sweep rate. The light source is connected to a
ach–Zehnder interferometer consisting of two couplers and

wo circulators. The interference fringe signal is detected by a
alanced photodectector �PDB150C, Thorlabs� and sampled
y a high-speed digitizer �PXI-5122, National Instrument�.
he laser power incident onto the tissue sample is �1.5 mW.
he achieved SS-OCT system sensitivity and axial resolution

n free space are 103 dB and 8 �m ��6 �m in tissue� at the
epth of 1 mm, respectively. In the sample arm, the lateral
canning is implemented with a handheld probe consisting of
linear stepping motor �Haydon�, which is used to achieve a
ournal of Biomedical Optics 044028-
scanning speed of 10 cm /s and a 1-cm scanning length. In
clinical application, the whole probe is wrapped by a plastic
plate to protect the optical components inside the probe. After
the scanning of a patient, the wrapped plastic plate is dis-
carded and the whole probe is sterilized with 70% ethanol.
The lateral resolution of SS-OCT scanning is 15 �m. With
this SS-OCT system, an image frame consisting of 2000
A-mode scans can be acquired within 0.1 s.

For building effective diagnosis indicators, we analyze the
SS-OCT scanning images of four MiD, four MoD, four ES-
SCC, and four WD-SCC lesions at the buccal mucosa of pa-
tients. Biopsy of the SS-OCT scanned oral lesion site is per-
formed and histology images of the biopsy specimens are
acquired for confirming the pathological diagnoses of the le-
sions. For comparison of scanning images, an SS-OCT image
is obtained from the normal buccal mucosa of a healthy vol-
unteer and used as the normal control sample. Also, a histol-
ogy image of the normal buccal mucosa of a patient is used as
the normal control sample for histological comparison.

3 Different Stages of Cancerous Lesion
Figures 1�a�–1�e� show the typical histology images of the
normal control, MiD, MoD, ES-SCC, and WD-SCC samples,
respectively. In the normal control image �Fig. 1�a��, the EP
and LP layers can be clearly differentiated and two blood
vessels �indicated by black arrows� can also be seen in the LP
layer. In the MiD image �Fig. 1�b��, the EP layer is thickened,
dysplastic cells are found in the lower one-third of the EP, and
there is an increase in collagen deposition �indicated by the
arrow� in the LP layer. In the MoD image �Fig. 1�c��, a thick
stratum corneum �SC� layer is found on the EP surface, the

Fig. 1 Typical histology images of the �a� normal control, �b� MiD, �c�
MoD, �d� ES-SCC, and �e� WD-SCC samples. The normal control im-
age is taken from the normal oral mucosa of one of the patients.
July/August 2009 � Vol. 14�4�2
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P layer becomes even thicker, and there are dysplastic and
yskeratotic cells found in the lower two-thirds of the EP
ayer. In the ES-SCC image �Fig. 1�d��, invaded cancer cell
ests are scattered in the upper LP; this creates several slitlike
TPs among epithelial ridges or among cancer cell nests �ex-
mplified by the three arrows�. Finally, in the image of WD-
CC �Fig. 1�e��, many well-formed cancer cell nests are
ound. In addition, there is a prominent lymphocytic infiltrate
n the stromal connective tissues among cancer cell nests.

Indicators for the Differentiation between
Different Dysplasia Stages

igures 2�b�–2�e� show the corresponding SS-OCT scanned
mages of the biopsied oral lesions whose histology images
re shown in Figs. 1�b�–1�e�. In the normal control image of
ig. 2�a�, the boundary between the EP and LP layers is quite
lear. The slitlike dark images in the LP layer, as exemplified

ig. 3 �a�–�e� SS-OCT lateral scan profiles along the dashed lines in
igs. 2�a�–2�e� for the corresponding oral mucosal conditions. Their
D values are shown in the individual figures.

ig. 2 SS-OCT scanned images of the �a� normal control and biopsied
ral �b� MiD, �c� MoD, �d� ES-SCC, and �e� WD-SCC lesions whose
istology images are shown in Figs. 1�a�–1�e�. The normal control
mage in �a� is taken from a healthy volunteer.
ournal of Biomedical Optics 044028-
by the arrows, correspond to the blood vessels. In each part of
Fig. 2, a thin bright stripe at the top corresponding to the used
plastic plate �PP� can be seen. In the SS-OCT images of the
MiD �Fig. 2�b�� and MoD lesions �Fig. 2�c��, the EP and LP
layers can still be distinguished and the EP thickness gener-
ally becomes larger. Then, in the images of ES-SCC �Fig.
2�d�� and WD-SCC �Fig. 2�d��, the boundaries between the
EP and LP layers disappear. In the ES-SCC image, many ver-
tical dark stripes, which are randomly arranged among verti-
cal white bands, can be observed. It is believed that most of
them correspond to the slitlike CTPs among epithelial ridges
or among cancer cell nests. The CTP number becomes lower
in the WD-SCC image. The lateral dashed lines of �2 mm in
length and 350 �m in depth indicate the lateral scan profiles
for detailed analysis. The dashed lines are plotted following
the variations of mucosal surfaces in SS-OCT scanning.
Throughout this paper, the SS-OCT feature calibration in the
lateral dimension is performed along a line of the same dis-
tance from the mucosal surface. Such calibrations will lead to
the depth-dependent characteristics of the mucosa features. In
each of Figs. 2�d� and 2�e� for the ES-SCC and WD-SCC
cases, respectively, a rectangular area surrounded by dashed
lines is chosen for detailed analysis, leading to the results to
be shown later in Figs. 7 and 8.

Figures 3�a�–3�e� show the SS-OCT scan profiles along the
dashed lines in Figs. 2�a�–2�e� for the corresponding oral mu-
cosa conditions. Their SD values are shown in the individual
figures. Here, at this particular depth �350 �m�, it is difficult
to find a variation trend among different oral lesion condi-
tions. In Figs. 4�a�–4�e�, we show the depth-dependent SD
values in the individual lateral scan ranges shown in Figs.
2�a�–2�e� for various oral lesion conditions. Here, in each of

Fig. 4 �a�–�e� Depth-dependent SD values in the individual lateral
scan ranges shown in Figs. 2�a�–2�e� for various oral lesion
conditions.
July/August 2009 � Vol. 14�4�3
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igs. 4�a�–4�c�, the maximum SD value roughly indicates the
epth of the basement membrane �i.e., the boundary between
he EP and LP layers�. The maximum SD value in each case is
btained because of the variation of EP thickness along the
ateral dimension. When a lateral scan profile of a fixed depth,
s shown in Figs. 3�a�–3�c�, is plotted, it passes through the
P and LP regions alternatively of different scattering inten-
ities such that the fluctuation of OCT signal intensity is
trong and the SD value is large. Because such a strong lateral
ntensity fluctuation exists in a depth range, the hump contain-
ng the SD maximum is generally quite broad. For conve-
ience in analysis, in the following, the depth of SD maxi-
um is designated as the boundary between the EP and LP

ayers. By comparing the depth-dependent SD variations be-
ween Figs. 4�a�–4�c�, one can clearly see that the EP layer
ecomes thicker and thicker when the mucosa condition
volves from normal to MiD, then to MoD. Also, the range of
elatively large SD value in the EP layer extended from the
P/LP boundary becomes larger and larger along the lesion
eterioration process. For instance, in the normal control case,
he SD maximum is located at 0.518 mm in depth. On the EP
ide, the depth range, in which the SD value is �70% the
aximum value, is 0.073 mm, corresponding 14% EP thick-

ess. Then, in the MiD �MoD� case, the SD maximum is
ocated at 0.56 �0.651� mm in depth. On the EP side, the SD
alue drops to 70%, the maximum level at around 0.392
0.189� mm in depth, corresponding to 30 �71�% EP thick-
ess. The evaluation of the depth range of �70%, the SD
aximum, is performed by searching upward from the SD
aximum position for a depth, at which the SD value is 70%,

he maximum, above which the SD value is always lower than
he 70% maximum. Such percentage values of EP thickness
or the MiD and MoD cases are generally larger than those

ig. 5 Depth-dependent SD data of �a� another three oral MiD
amples and �b� another three oral MoD samples.
ournal of Biomedical Optics 044028-
from the conventional classification rule based on histology
images, as discussed in Sec. 1. To further demonstrate this
consistency, we show the depth-dependent SD data of another
three MiD samples in Fig. 5�a� and another three MoD
samples in Fig. 5�b�. The evaluated percentage values of a
relatively high SD level in the EP layer ��70% the individual
maximum� of the four MiD and four MoD cases are shown in
Table 1. Here, one can see that most of the evaluated percent-
age values of high SD level are larger than the definition
ranges of MiD �0–33%� and MoD �33–67%�. Such differ-
ences can be due to the assignment of the depth of SD maxi-
mum for the EP/LP boundary such that a 14% depth range of
high SD exists in the normal control case. If the EP/LP bound-
ary is redefined as the depth of SD rising point and a 14% or
more can be subtracted from the values given in Table 1, then
the results will be more consistent with the definition ranges.

On the other hand, in Figs. 4�d� and 4�e� for the cases of
ES-SCC and WD-SCC, respectively, the SD maxima are
shifted to the mucosa surfaces. In these two cases, SD values
generally decrease monotonically along depth. By comparing
Figs. 4�d� and 4�e� to Figs. 4�a�–4�c�, one can clearly differ-
entiate the stages of ES-SCC and WD-SCC from those of
normal, MiD, and MoD. Also, by calculating the depth range
of large SD value �relative to a designated level� above the
EP/LP boundary, one can differentiate different stages of dys-
plasia. Nevertheless, based on the depth-dependent SD data, it
is difficult to differentiate WD-SCC from ES-SCC. Other pa-
rameters are needed for such differentiation.

5 Indicators for the Differentiation between
Different SCC Stages

To differentiate WD-SCC from ES-SCC, in Figs. 6�a� and
7�a�, we show the SS-OCT images surrounded by the dashed
lines in Figs. 2�d� and 2�e�, respectively. The lateral scan in-
tensity profiles indicated by the dashed lines in Figs. 6�a� and
7�a� are shown with the solid curves in Figs. 6�b� and 7�b�,
respectively. In either Fig. 6�b� or 7�b�, we also plot a fitting
profile by using the moving average method in the spatial-
frequency spectrum.26 Such a fitting profile well describes the
features of the vertical dark stripes shown in Figs. 2�d� and
2�e� for the ES-SCC and WD-SCC cases, respectively. Most
of those vertical dark stripes are believed to correspond to the
CTP formed when a lesion evolves from the dysplasia stage
into the SCC stage. In particular, with the features of CTP, the
OCT intensity contrast along a lateral scan is expected to be
stronger, compared to other features because CTP has very
weak light scattering. Therefore, the fluctuation degree of
such a fitting profile in either Fig. 6�b� or 7�b� can be used as

Table 1 Percentage of the EP layer range, in which the SD value of
lateral variation is �70%, the SD maximum in depth-dependent
variation, of four MiD samples and four MoD samples.

Sample 1
�%�

Sample 2
�%�

Sample 3
�%�

Sample 4
�%�

MiD 30 47 47 56

MoD 71 83 86 72
July/August 2009 � Vol. 14�4�4
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n important indicator for differentiating ES-SCC from WD-
CC. A higher CTP density in the stage of ES-SCC will make

he fluctuation stronger. By comparing Fig. 6�b� to 7�b�, one
an indeed observe a stronger fluctuation in the fitting profile
f the ES-SCC case. In Fig. 8, we show the zero-mean fitting
rofiles of four ES-SCC cases �solid curves� and four WD-
CC cases �dashed curves�, including the cases in Figs. 6 and
. Here, one can clearly see that, generally, the fluctuations of

ig. 6 �a� SS-OCT image surrounded by the dashed lines in Fig. 2�d�;
b� lateral scan intensity profile �solid curve� indicated by the dashed
ine in �a�. A fitting profile �dashed curve� is plotted in �b� with the
oving average method in the spatial-frequency spectrum.

ig. 7 �a� SS-OCT image surrounded by the dashed lines in Fig. 2�e�;
b� lateral scan intensity profile �solid curve� indicated by the dashed
ine in �a�. A fitting profile �dashed curve� is plotted in �b� with the
oving average method in the spatial-frequency spectrum.
ournal of Biomedical Optics 044028-
the ES-SCC cases are stronger than those of the WD-SCC
cases. The SD values of those zero-mean fitting profiles are
shown in Table 2. Here, one can see that the SD values of the
ES-SCC cases are significantly larger than those of the WD-
SCC cases. Such an SD value can be an effective diagnosis
indicator for differentiating ES-SCC from WD-SCC.

Another effective diagnosis indicator for differentiating
ES-SCC from WD-SCC is the exponential decay constant of
an averaged A-mode scan profile. During the stage of WD-
SCC, the mucosa of the SS-OCT scanning depth range is
filled with cancerous cells. In this situation, the density of
blood capillary is expected to become higher in tissue such
that light absorption is increased.27 Therefore, the SS-OCT
signal decays faster along depth. In Figs. 9�a� and 9�b�, we
show the A-mode scan profiles �solid curves�, averaged over a
B-mode scan range of 100 �m, of the ES-SCC and WD-SCC
cases, respectively. Here, we also show the exponential decay
fitting curves �dashed curves�. The decay constant, �, values
are given in the individual figures showing that the � value of
0.009 �m−1 in the ES-SCC case is significantly smaller than
that of 0.015 �m−1 in the WD-SCC case. Figure 10 shows the
� variations with lateral distance of four ES-SCC samples
�solid curves� and four WD-SCC cases �dashed curves�. Here,
one can clearly see the differences between the ES-SCC and
WD-SCC conditions. In Table 3, we show the values, aver-
aged over the whole 2.5-mm lateral range, of the four ES-
SCC and four WD-SCC samples. The average � values of the
ES-SCC samples are significantly smaller than those of the
WD-SCC samples. If we choose �=0.012 �m−1 as a crite-
rion, the differentiation accuracy between ES-SCC and WD-
SCC can be 100% among the eight samples used. Therefore,
the exponential decay constant � can be an effective diagnosis
indicator for differentiating ES-SCC from WD-SCC.

Fig. 8 Zero-mean fitting profiles in the lateral dimension of four ES-
SCC cases �solid curves� and four WD-SCC cases �dashed curves�.

Table 2 SD values of the slowly varying lateral scan profiles in the
four ES-SCC and four WD-SCC samples. The SD values of the ES-SCC
cases are significantly larger than those of the WD-SCC cases.

Sample 1 Sample 2 Sample 3 Sample 4

ES-SCC 0.102 0.127 0.12 0.125

WD-SCC 0.047 0.019 0.071 0.035
July/August 2009 � Vol. 14�4�5
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Conclusions
n summary, we have used an SS-OCT system to clinically
can oral precancer and cancer patients of various evolution
tages, including normal control, MiD, MoD, ES-SCC, and

D-SCC, for diagnosis purpose. On the basis of the analyses
f the SS-OCT images, we could differentiate the stages of
ysplasia �MiD and MoD� and SCC �ES-SCC and WD-SCC�
rom normal control by evaluating the depth-dependent SD
alues of lateral variations. In the dysplasia stages, the bound-
ry between the EP and LP layers could still be identified and
he EP layer became significantly thicker than that of the nor-

al control. Also, in a certain range of the EP layer above the
P/LP boundary, the SD value became larger than a certain
ercentage of the maximum level, which was observed
round the EP/LP boundary. On the other hand, in the ES-
CC and WD-SCC stages, the EP/LP boundary disappeared.
o differentiate ES-SCC from WD-SCC based on SS-OCT
canning, we used the slowly varying lateral scan profiles for

ig. 10 � value variations along lateral distance of four ES-SCC
amples �solid curves� and four WD-SCC cases �dashed curves�.

ig. 9 A-mode scan profiles �solid curves�, averaged over a lateral
can range of 100 �m, of the �a� ES-SCC and �b� WD-SCC cases. The
xponential decay fitting curves �dashed curves� are also shown. The
ecay constant, �, values are indicated.
ournal of Biomedical Optics 044028-
evaluating SD values. Because of the higher CTP density in
the ES-SCC stage, the SD values in the ES-SCC samples
were significantly larger than those in the WD-SCC samples.
Also, we used the exponential decay constant of an averaged
A-mode scan profile to differentiate ES-SCC from WD-SCC.
Because of the higher tissue absorption in the WD-SCC le-
sion, the decay constants in the WD-SCC samples were sig-
nificantly larger than those in the ES-SCC samples. Because
only several samples are collected thus far, a statistical analy-
sis for evaluating sensitivity or specificity is still difficult.
However, the clear differences of the used indicators between
various lesion stages guarantee the usefulness of the proposed
diagnosis technique based on SS-OCT scanning.
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