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Abstract. We demonstrate the ex vivo imaging of an oral cancerous
sample with a swept-source optical coherence tomography �SS-OCT�
system. With the axial resolution of 8 �m in free space and system
sensitivity of 108 dB, we can well distinguish the normal and abnor-
mal tissue portions in a sample. In particular, we analyze the lateral
variation of A-scan profiles to show two parameters of SS-OCT signal
for delineating an oral cancer lesion. One of the parameters is the
decay constant in the exponential fitting of the SS-OCT signal intensity
along depth. This decay constant decreases as the A-scan point moves
laterally across the margin of a lesion. The other parameter is the
standard deviation of the SS-OCT signal intensity fluctuation in an
A-scan. This parameter increases significantly when the A-scan point
is moved across the transition region between the normal and abnor-
mal portions. Such parameters are useful for determining the margins
of oral cancer. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he majority of oral cancers are found to develop from oral
remalignant lesions such as leukoplakia, erythroplakia,
rythroleukoplakia, dysplasia, and carcinoma in situ. The ma-
ignant transformation rates of oral premalignant lesions are
eported to be 1% to 7% for homogenous, thick leukoplakia,
% to 15% for granular or verruciform leukoplakia, 18% to
7% for erythroleukoplakia, 4% to 11% for moderate dyspla-
ia, and 20% to 35% for severe dysplasia.1 The high malig-
ant transformation rates for oral premalignant lesions indi-
ate the importance of early diagnosis and early treatment.
or making a correct pathological diagnosis, a suspicious oral

esion may need multiple biopsies to avoid misdiagnosis of
he most severe part of the lesion. To reduce the patient’s pain
nd suffering from multiple biopsies, one of the best nonin-
asive ways to choose the most appropriate sites for biopsy is
he use of optical coherence tomography �OCT�2 for detecting
ral precancers and cancers.3 By using the interferometric
ross-correlation technique to detect the coherent backscat-
ered components of short-coherence-length light, OCT has
ecome a powerful tool for the diagnoses of various
iseases.4,5 Pioneered by Puliafito et al.6 to perform in vivo
linical imaging of the human eye, OCT has been an emerg-
ng bioimaging technology that promises to have broad and
ignificant impact on clinical diagnostic imaging.

Although a variety of medical and biological applications
ave been developed based on the time-domain configuration

ddress all correspondence to C. C. Yang, Institute of Photonics and Optoelec-
ronics, Dept. of Electrical Engineering, National Taiwan University, 1 Roosevelt
d., Section 4, Taipei, Taiwan, Republic of China. Tel: 886-2-23657624; Fax:
86-2-23652637; E-mail: ccy@cc.ee.ntu.edu.tw.
ournal of Biomedical Optics 044012-
of OCT, such a configuration has several restrictions, includ-
ing the limited imaging speed.7 Recently, OCT systems based
on the Fourier-domain detection have been widely imple-
mented. In such a system, either with the spectrometer con-
figuration, which is normally called the spectral-domain OCT
�SD-OCT�,8–11 or with a frequency-swept source, which is
usually named the swept-source OCT �SS-OCT�,12–14 the
OCT images are obtained through the measurement of the
echo time delay of the backscattered light by spectrally re-
solving the interference signal. A Fourier-domain OCT system
has the advantages of higher imaging sensitivity and higher
imaging speed when compared with a time-domain
system.15–17 In the SD-OCT technique, normally a detector
array, such as a charge-coupled device, is needed. The slow
development of charge-coupled device has limited the appli-
cation of the SD-OCT technique. On the other hand, the rapid
development of a sweeping-frequency laser source has led to
the spectral coverage of SS-OCT over the whole biological
window, from 1300 nm �Ref. 13� through 1050 nm �Refs.
18–20� to 850 nm �Refs. 21 and 22�. Nowadays, SS-OCT
systems are widely used for various biomedical applications.

Optical coherence tomography has been widely used for
studying oral cavity diseases.23–31 It was used for imaging the
oral carcinogenesis of a hamster cheek pouch model to dis-
criminate the structural change in oral mucosa.23,24,27 With the
technique of optical Doppler tomography, the changes in axial
blood flow velocity and the blood vessel size were also ob-
served in an animal model.25,29 Based on the development of a
microelectromechanical system for fabricating a catheter, a
three-dimensional-scan OCT system has been demonstrated
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or early detection and diagnosis of oral premalignancy and
alignancy.26,28 Meanwhile, by using the Muller matrix

nalysis, the difference of optical features between noncancer-
us and precancerous tissues could be observed.30 Due to the
igh-resolution, high-sensitivity, and high-speed scanning fea-
ures, it has been widely demonstrated that OCT is suitable for
linical oral cavity scanning.3,31

In both the diagnosis and therapy of oral cancer, it is im-
ortant to know the margin of an oral cancer lesion. A mis-
udgment of the margin will lead to the misinterpretation of
ancer condition or incomplete therapy. In this paper, we first
emonstrate the ex vivo imaging capability of an oral cancer-
us sample with an SS-OCT system. We then analyze the
ateral variation of an A-scan profile to show two parameters
f OCT signal for determining the margin of abnormal tissue.
ne of the parameters is the decay constant in the exponential
tting of the OCT signal intensity along the depth. The other
arameter is the standard deviation of the OCT signal inten-
ity fluctuation in an A-scan. Such parameters are believed to
e useful for delineating an oral cancer lesion. In Sec. 2, we
escribe the structure and parameters of the SS-OCT system
sed. The general OCT scanning results are presented in Sec.
. Then, we discuss the analyses of the lateral variation of the
-scan profile across the transition region from the normal to

bnormal tissue portions in Sec. 4. Finally, conclusions are
rawn in Sec. 5.

SS-OCT System
igure 1 shows the layout of the SS-OCT system, which is in
standard fiber-based SS-OCT configuration. A sweeping-

requency laser source �HSL-2000, Santec Corp., Hacken-
ack, New jersey� of 1310 nm in central wavelength, 100 nm
n spectral full width at half maximum, and a scanning rate of
0 kHz, which leads to a 20 frames /s imaging rate, is used.
he maximum output power is 6 mW. The theoretical axial

esolution of the SS-OCT system is 7 �m in free space. How-
ver, because of the residual dispersion effect of the system,
he implemented axial resolution is 8 �m in free space. The
utput of the light source is connected to a Mach-Zehnder
nterferometer consisting of two couplers and two circulators.
o optimize the system sensitivity, a 10 /90 coupler is used to
educe the power loss in the reference arm and increase the

ig. 1 Layout of the SS-OCT system. PC: polarization controller, CIR:
irculator.
ournal of Biomedical Optics 044012-
incident power onto the sample. In addition, a continuously
tunable neutral density filter is introduced into the reference
arm to maximize the sensitivity. A system sensitivity of
108 dB is achieved. In the sample arm, a two-axis galvanom-
eter �Cambridge Technology, Lexington, Massachusetts� is
used to provide two- or three-dimensional scanning. The in-
terfered signal is detected by a balanced photodetector con-
figuration and sampled by a high-speed digitizer �PXI-5122,
National Instruments, Austin, Texas�. Before being Fourier-
transformed into the spatial domain, the interfered signal
spectrum is rescaled to have an evenly spaced frequency in-
terval by using the phase-oriented fringe analysis technique.32

With this software technique, no additional equipment is re-
quired. The dispersion is compensated by a software compen-
sation scheme.10 The rescaled spectral signal is then passed
through a digital Hamming window to shape the spectrum and
pad zero to 2048 points. After the inverse Fourier transform,
an A-scan profile of 1024 pixels can be acquired.

3 Ex vivo Scanning Results
In the ex vivo study, we chose a piece of cancerous buccal
mucosa for SS-OCT scanning. Figure 2 shows the picture of
the sample, which has a dimension of roughly 20�13 mm. A
small portion at the upper-left corner, which is thinner than
the rest of the sample, consists of normal tissue. Cancerous
tissues can be clearly seen in the two-thirds portion of the
lower-right corner. Therefore, an OCT B-scan along the direc-
tion from upper left to lower right may cover a transition
range from the normal to abnormal portions. The positions of
the five SS-OCT B-scans �B-scans I to V� are indicated in Fig.
2. B-scan V covers completely cancerous tissue. Figure 3
shows three histology images of the sample close to the loca-
tions of B-scans I �a�, IV �b�, and V �c�. The normal, abnor-
mal, and cancerous portions are roughly circled and indicated.
In this figure, we use the term of “cancerous” to differentiate
from the evolving abnormal tissue. The increasing thickness
of the epithelium �EP� layer and the diminishing boundary
between the EP and lamina propria �LP� layers represent the
first indicator of tissue abnormality that may eventually
evolve into cancerous tissue. In Figure 3�a�, one can see that
the thickness of the EP layer increases from the left to the

Fig. 2 Picture of the oral cancer sample used for study. The portion at
the upper-left corner consists of normal tissue. The positions of the
five SS-OCT B-scans are indicated.
July/August 2008 � Vol. 13�4�2
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ight portion of the image. Also, the boundary between the EP
nd LP layers becomes unclear at the very right end. Abnor-
al tissues exist in the two-thirds area of the lower-right cor-

er. In Fig. 3�b�, cancerous tissues cover the whole image
xcept a small area in the upper-left corner. In this area, the
P layer is quite thick and the boundary is unclear, indicating

hat the tissue is evolving into the cancerous condition. In part
c�, it is quite clear that the whole image covers cancerous
issues.

Figure 4 shows four SS-OCT scan images of the sample
orresponding to B-scans I to IV. The four images were taken
bout 1 mm apart as shown in Fig. 2. At the left ends of
-scans I to IV, no tissue image was acquired because of the

arge curvature of sample surface there. In B-scan I, when the
issue image appears, first the boundary between the EP and
P layers can be clearly identified. However, the boundary
iminishes as we scan the sample toward the right end. This
rend is also quite clear in B-scans II to IV. One can see that
he transition from the normal portion at the upper-left corner
o the abnormal portion at the lower-right corner of the
ample does not have a clear boundary. In this situation, it is
ifficult for a physician to delineate the lesion and perform
recise incision or excision. Therefore, understanding the lat-
ral variations of OCT signal features across the margin of a
esion is important for oral cancer diagnosis and therapy.

Image Analysis Results and Discussions
igures 5�a� and 5�b� show the OCT images of B-scans I and
, respectively. Four vertical lines, labeled with 1 through 4,

ig. 3 Histology images of the same oral cancer sample. The struc-
ures of parts �a� to �c� were obtained from the locations close to
-scans I, IV, and V, respectively. The normal, abnormal, and cancer-
us portions are roughly circled and indicated. The whole area of part
c� covers cancerous tissue.
ournal of Biomedical Optics 044012-
indicate the A-scan results to be analyzed. The OCT signals of
those A-scans are shown in Fig. 6 in a range from the sample
surface down to 2100 �m in depth. In the A-scan 1, at which
the tissue is supposed to be normal, beside the peak at the
air/tissue interface, there is a peak around 400 �m in depth
corresponding to the boundary between the EP and LP layers.
This peak and the relatively weaker signal intensity fluctua-
tions in the EP and LP layers represent the features of healthy
oral mucosa. In A-scan 2, the signal peak around 330 �m in
depth becomes relatively less prominent and the signal inten-
sity fluctuation becomes stronger. These variation trends be-
come clearer in A-scans 3 and 4, in which the boundaries
between the EP and LP layers disappear and the OCT signal
intensity fluctuations are quite strong. These trends indicate
that from A-scans 1 through 4, the scan point moves across
the margin of the lesion. The exponential fitting curves of the
OCT signal intensity in the whole depth range for the
four A-scan profiles of Fig. 6 are plotted for calibrating the
intensity decay constants. The calibrated exponential decay

Fig. 4 The SS-OCT scanning images of the oral cancer sample at the
locations of B-scans I to IV.

Fig. 5 The SS-OCT images of B-scans I �a� and V �b� for detailed
analysis. The four A-scans, denoted by the four vertical lines �labeled
1 through 4� are to be analyzed. The horizontal two-way arrow shows
the lateral range of the data in Fig. 7.
July/August 2008 � Vol. 13�4�3
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onstants are 0.0119, 0.0096, 0.0088, and 0.0084 �m−1 for
-scans 1 through 4, respectively. The fittings show the de-

reasing trend of the depth decay constant as the scan point
oves across the margin into the abnormal portion. This trend

s further manifested in Fig. 7, in which the exponential decay
onstant of OCT signal intensity is plotted as a function of
ateral scan distance in a range of B-scan I, as indicated by the
orizontal two-way arrow at the upper-right corner of Fig.
�a�. In Fig. 7, one can see that in spite of the fluctuation and
he two sharp peaks around 1300 and 1800 �m in lateral scan
istance, the calibrated decay constant shows a decreasing
rend and can become negative. A negative decay constant

eans a generally increasing trend of OCT signal intensity
long depth in the concerned depth range. The two peaks
orrespond to the lateral positions where strongly scattered
pots can be identified on the sample surface, as can be clearly
een in Fig. 5�a�. In Fig. 7, a third-order polynomial fitting
urve is plotted to show the decreasing trend of decay con-
tant. The lateral variation of decay constant as shown in Fig.
can be used as an indicator for determining the margin of

bnormal tissue. Figure 8 shows similar curves to those in
ig. 7 for a range of B-scan IV, as indicated by the horizontal

ig. 6 The SS-OCT signal intensity profiles of A-scans 1 through 4.
he curves across the intensity fluctuations show the exponential
tting.

ig. 7 The SS-OCT signal intensity decay constant as a function of
ateral distance obtained from the exponential fitting, which is dem-
nstrated in Fig. 6, in the range indicated by the horizontal two-way
rrow in Fig. 5�a� of B-scan I.
ournal of Biomedical Optics 044012-
two-way arrow in Fig. 4. In this figure, several spikes, par-
ticularly those between 800 and 1500 �m, disturb the varia-
tion trend of decay constant such that the margin of the ab-
normality based on this trend is shifted toward the left. Hence,
the decay constant trend may become inaccurate for determin-
ing the margin of a lesion when strong backscattering spots
exist on sample surface. Nevertheless, this trend can still
provide us an approximate margin of a lesion.

The other useful indicator for determining the margin of
abnormal tissue is the fluctuation extent of OCT signal inten-
sity in an A-scan. Figure 9 shows the signal intensity fluctua-
tions in the presumable range of the EP layer �300-�m depth
from the surface in this calibration� of the four A-scans shown
in Figs. 5�a� and 5�b�. Each curve in Fig. 9 was obtained by
removing the data point on the sample surface and shifting the
average level to 0 in each A-scan. Here, one can see that
among the four curves, A-scan 1 has the smallest fluctuation
with the standard deviation of 0.079. As the scan point moves
toward the cancerous portion, the fluctuation becomes stron-
ger and stronger. The standard deviations of A-scans 2
through 4 become 0.1588, 0.2298, and 0.2277, respectively.
The level of standard deviation can also be used for determin-
ing the margin of abnormal tissue. Figure 10 shows the varia-
tion of standard deviation as a function of lateral distance
along B-scan IV in the same range as that of Fig. 8. From the
data and the fitting curve, one can clearly see the increasing

Fig. 8 The SS-OCT signal intensity decay constant as a function of
lateral distance in the range indicated by the horizontal two-way
arrow in Fig. 4 of B-scan IV.

Fig. 9 The SS-OCT signal intensity fluctuations of the four A-scans, 1
through 4, in the range of 300 �m from the sample surface after the
peaks at the sample surface are removed and the average levels are
shifted to 0.
July/August 2008 � Vol. 13�4�4



t
t
a

n
b
i
c
w
s
m
r
p
s
v
g
g

5
I
o
r
1
B
o
m
d
i
A
T
s
c
a

A

T
s
9
p
c

F
t
B

Tsai et al.: Delineation of an oral cancer lesion with swept-source optical coherence tomography

J

rend when the scan point moves toward the cancerous por-
ion. This result indicates that the whole scan range of Figs. 8
nd 10 actually covers abnormal tissue.

Normally, an oral precancerous lesion has an inhomoge-
eous distribution, That is, part of the lesion may show only
enign hyperkeratosis and acanthosis, but the other part may
nclude dysplasia, carcinoma in situ, or an early invasive car-
inoma. In making a diagnosis of an oral precancerous lesion,
e usually select the most severe part of the lesion for inci-

ional biopsy. Also, in a surgical excision, we need to deter-
ine the safety margin of an oral cancer to prevent the local

ecurrence of the oral cancer. The previously described image
rocess, based on the demonstrated analyses of the SS-OCT
canning results, can help us in the selection of the most se-
ere part of a lesion and the determination of the safety mar-
in for surgical excision. Such analyses for finding the mar-
ins are useful for the diagnosis and therapy of oral cancer.

Conclusions
n summary, we have demonstrated the ex vivo imaging of an
ral cancerous sample with an SS-OCT system. With the axial
esolution of 8 �m in free space and system sensitivity of
08 dB, we could distinguish normal and abnormal tissues.
ased on the SS-OCT data, we analyzed the lateral variation
f A-scan profiles to show two parameters for determining the
argin of an oral cancer lesion. The first parameter was the

ecay constant in the exponential fitting of the OCT signal
ntensity along depth. This decay constant decreased as the
-scan point moved laterally across the margin of a lesion.
he second parameter was the standard deviation of the OCT
ignal intensity fluctuation in an A-scan. This parameter in-
reased significantly when an A-scan was performed in the
bnormal portion of a sample.
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