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Abstract:  A swept-source optical coherence tomography system is used to 
clinically scan oral precancer and cancer patients for statistically analyzing 
the effective indicators of diagnosis. Three indicators are considered, 
including the standard deviation (SD) of an A-mode scan signal profile, the 
exponential decay constant (α) of an A-mode-scan spatial-frequency 
spectrum, and the epithelium thickness (T) when the boundary between 
epithelium and lamina propria can still be identified. Generally, in abnormal 
mucosa, the standard deviation becomes larger, the decay constant of the 
spatial-frequency spectrum becomes smaller, and epithelium becomes 
thicker. The sensitivity and specificity of the three indicators are discussed 
based on universal and individual relative criteria. It is found that SD and α 
are good diagnosis indicators for moderate dysplasia and squamous cell 
carcinoma. On the other hand, T is a good diagnosis indicator for epithelia 
hyperplasia and moderate dysplasia. 
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1. Introduction 

Oral cancer is the fifth most common cancer in the world [1]. The worldwide annual incidence 
of oral cancers was estimated to be 274,000, accounting for 2.5% of all malignancies in both 
sexes in 2002 [2]. Oral cancer occurs with an annual incidence of approximately 29,370 cases 
in the United States [3]. In Taiwan, oral cancer is the fourth main cause of death in males and 
the sixth in both sexes among all cancers. The main etiologies that cause oral squamous cell 
carcinoma (SCC) in Taiwan are areca quid chewing, cigarette smoking, and alcohol 
consumption. Oral leukoplakia (OL), oral erythroleukoplakia (OEL), and oral verrucous 
hyperplasia are three common precancerous lesions that may transform into an SCC or a 
verrucous carcinoma. Oral mucosal lesions with benign epithelial hyperplasia (EH) and mild 
dysplasia are reversible lesions. They can return to healthy oral mucosa if patients stop their 
harmful oral habits. However, oral lesions with moderate dysplasia (MD) or severe dysplasia 
usually develop further into an SCC. The malignant transformation rates of oral premalignant 
lesions are reported to be 1-7% for homogenous thick OL, 4-15% for granular or verruciform 
OL, 18-47% (28% in average) for OEL, 4-11% for MD, and 20-35% for severe dysplasia [4]. 

Optical coherence Tomography (OCT) has attracted much attention for biomedical 
imaging because of its noninvasive, high-speed, and 3-D imaging nature [5, 6]. Recently, in 
the development of the Fourier-domain OCT technique, including spectral-domain OCT (SD-
OCT) [7-10] and swept-source OCT (SS-OCT) [11, 12], the system sensitivity and imaging 
speed of such a system have been greatly improved when compared with those of the time-
domain OCT technique [13-15]. In either SD-OCT or SS-OCT, the amplitude and echo time 
delay of the backscattered light are resolved through fast Fourier transform of the collected 
interfered spectral data. In SD-OCT, a high-speed spectrometer is used as the wavelength-
resolved detection unit, which makes the mechanical scanning component in the reference arm 
unnecessary. On the other hand, in an SS-OCT system, the use of a frequency-swept laser 
source eliminates the requirement of the spectrometer for detection purpose. Therefore, an SS-
OCT system has several advantages over those of an SD-OCT system, including high 
robustness in system setup, higher imaging speed, and higher sensitivity. High-speed SS-OCT 
operation with a polygon-mirror tuning filter in the spectral range of 1.3 μm has been 
implemented [11]. An SS-OCT system with the swept laser source near 1 μm in wavelength 
was also reported [16]. Such a system can reach a larger imaging depth, such as posterior eye, 
and is suitable for ophthalmic scanning in choroid study [17]. SS-OCT is particularly 
important for imaging in the wavelength ranges of 1 and 1.3 μm, in which charge-coupled 
devices (CCDs) or detector arrays are not well developed yet. Although a swept laser source 
may have the problem of intensity fluctuation in output spectrum, the use of balanced 
detection has made the system noise of SS-OCT tremendously reduced.  

OCT has been widely used for oral cavity scanning. The images of human tooth and oral 
mucosa obtained by using a time-domain OCT system were first demonstrated in 1998 [18-
20]. In 2004, ex-vivo OCT images of malignant mucosa of hamster cheek punches were 
acquired for studying the feasibility of using OCT scanning for oral disease diagnosis [21-23]. 
Later, in-vivo and 3-dimensional images of the same subject were also reported [24,25]. In 
clinical application of OCT to oral cancer diagnosis, in-vivo benign and malignant human oral 
mucosa images were compared [26]. Besides, OCT has been used for the study of laryngeal 
cancer [27,28] and the evaluation of radiation-induced oral mucositis [29,30]. In this paper, 
we report the analysis and statistics results of SS-OCT scan images in using three diagnosis 
indicators, including the standard deviation of an A-mode scan signal profile, the exponential 
decay constant of an A-mode-scan spatial-frequency spectrum, and the epithelium (EP) 
thickness when the boundary between EP and lamina propria (LP) can still be identified. 
Besides normal oral mucosa, three groups of buccal mucosa samples, including EH, MD, and 
SCC, are collected for analysis. Generally, in abnormal oral mucosal samples, the standard 
deviation becomes larger, the decay constant of the spatial-frequency spectrum becomes 
smaller, and the epithelium becomes thicker. The sensitivity and specificity of the three 
indicators are evaluated for different groups of oral mucosa samples (normal, EH, MD, and 
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SCC). In section 2 of this paper, the SS-OCT system and specifications are described. In 
section 3, the calibration procedures of SS-OCT images for the diagnosis indicators are 
presented. Then, in section 4, the statistics of the diagnosis indicators, including specificity 
and sensitivity, are discussed. Finally, the conclusions are drawn in section 5. 
 

2. SS-OCT Scan 
 

Figure 1 shows the layout of the portable SS-OCT system used in the hospital for clinical 
scanning. A sweeping-frequency laser source (Santec) with the output spectral sweeping full-
width at half-maximum of 110 nm, centered at 1310 nm, is used as the light source. The light 
source can provide 6 mW in output power. Its sweep rate can reach 20 kHz. It is connected to 
a Mach-Zehnder interferometer consisting of two couplers and two circulators. A neutral 
density (ND) filter is used in the reference arm to maximize the system sensitivity. The 
interference fringe signal is detected by a balanced photodectector (PDB150C, Thorlabs) and 
sampled by a high-speed digitizer (PXI-5122, National Instrument). The interfered signal is 
rescaled by using the phase-oriented fringe analysis technique [31]. The system dispersion is 
compensated by a software compensation scheme [9]. The laser power incident onto the tissue 
sample is around 1.5 mW. The achieved SS-OCT system sensitivity and axial resolution in 
free space are 103 dB and 8 μm at the depth of 1 mm, respectively. In the sample arm, the 
lateral scanning is implemented with a handheld probe consisting of a linear stepping motor 
(Haydon), which is used to achieve a 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 
discarded and the whole probe is sterilized with 70 % ethanol. The lateral resolution of SS-
OCT scanning is 15 μm. An SS-OCT image frame consisting of 2000 A-mode scans can be 
acquired within 0.1 s. 
 

 
Fig. 1 SS-OCT setup used for clinical scanning. PC: polarization controller, CIR: circulator. 

 
The SS-OCT system is used for clinical scan of 32 patients with age ranging from 30 

through 77 years old. At each diagnosis, several SS-OCT 2-D scans are performed with the 
probe lightly contacting on the surface of representative portion of oral mucosal lesions. Also, 
healthy oral mucosal surface nearby is scanned for comparison. Then, biopsy specimen is 
taken from scanned portion of the oral lesion. Since it is difficult to match exactly the 
locations of biopsy and SS-OCT scan, we define a square of 5 mm in dimension as a basic 
unit of diagnosis. In other words, we use the biopsy and the SS-OCT scan results at a distance 
within 5 mm for comparison and hence the true or false decision based on SS-OCT scan. In 
analyzing OCT-scan images, home-made processing algorithm based on LabVIEW (National 
Instrument) is prepared. First, the signal of the plastic plate is removed from a B-mode scan 
image. Next, the surface of oral mucosa and the boundary between EP and LP layers are 
identified for evaluating the EP layer thickness. Then, the standard deviation of A-mode scan 
signal intensity in a range from 100 through 250 μm in depth for each A-mode scan is 
calculated. In the early stage of oral cancer, the tumor cell starts developing in the EP layer. 
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Therefore, the calculation of the standard deviation in the EP layer can help us in the diagnosis 
of oral precancer in the early stage. From the OCT scanning results of healthy volunteers, the 
EP thicknesses of healthy mucosa are always smaller than 300 μm. To avoid the strong 
scattering signals from the tissue surface and the basement membrane, the depth range from 
100 through 250 μm was chosen for evaluating the standard deviation. Finally, after the 
Fourier transform of an A-mode scan profile covering the whole scan depth, the exponential-
decay constant of the corresponding spatial-frequency spectrum is evaluated. Although our 
SS-OCT probe can reach almost every corner of the oral cavity of a patient, we will focus the 
discussions on the diagnosis results of lesions on bilateral buccal mucosae. In Taiwan, buccal 
SCCs are the most commonly diagnosed oral cancers.  
 

3. Process of SS-OCT Images for the Indicators of Mucosa Diagnosis 
 

Figure 2 shows the clinical photograph of a buccal SCC. The red and blue arrows indicate SS-
OCT scan positions (1 cm in B-mode scan length) for the cancerous and normal oral mucosal 
tissues, respectively. Biopsy specimen is taken from the location of the red arrow. Figure 3(a) 
and (b) show the SS-OCT scanning images of the cancerous (a) and normal oral mucosal (b) 
portions indicated by the red and blue arrows, respectively, in Fig. 2. In the cancerous tissue, 
the boundary between EP and LP layers disappeared in the whole B-mode scan range. Here, 
the bright thin layers on tissue surfaces originate from the plastic plate (PP) used to cover the 
probe for preventing from contamination. The vertical red and blue lines and horizontal white 
arrows indicate the ranges of detailed analyses later. Figure 4(a) shows a histology image of 
normal mucosa to clearly demonstrate the EP and LP layers. Figure 4(b) shows the 
histological picture of the early invasive SCC illustrated in Figs. 2 and 3(a).  Histologically, it 
shows hyperkeratosis and EH with MD and elongated epithelial ridges. Dysplastic cells 
breaking the basement membrane and invading into the LP are also found in other areas (not 
shown in Fig. 4(b)). The undulated arrangement of the epithelial ridges is well shown in the 
left one-third portion of Fig. 3(a). The connective tissue papillae (indicated by arrows) in Fig. 
4(b) correspond to the almost vertical dark stripes in the left one-third portion of Fig. 3(a).  
 

 
Fig. 2. Clinical photograph of a buccal squamous cell carcinoma. The red and blue arrows 
indicate SS-OCT scan positions for cancerous and normal oral mucosal tissues, respectively. 
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Fig. 3. SS-OCT scanning images of the cancerous (a) and normal oral mucosal (b) tissues 
indicated by the red and blue arrows, respectively, in Fig. 2. In the cancerous tissue, the 
boundary between EP and LP layers disappeared in the whole B-mode scan range. The red and 
blue vertical lines (labeled as I and II, respectively) and horizontal white arrows indicate the 
ranges of detailed analyses later. PP: plastic plate. 

 
Figures 5(a) and (b) show the A-mode scan profiles of the red and blue vertical lines in 

Figs. 3(a) and (b), respectively, for cancerous and normal oral mucosal tissues. In the normal 
oral mucosa of Fig. 5(b), one can see sharp spikes between 400 and 500 μm in depth 
corresponding to the boundary between EP and LP layers. However, in the cancerous tissue of 
Fig. 5(a), such a clear boundary is not seen. The peak around 700 μm can be due to the 
residual boundary after EP layer became thickened in the early oral cancer evolution stage. An 
important feature in the comparison between Figs. 5(a) and (b) is the stronger signal intensity 
fluctuation in the cancerous tissue. The standard deviation, SD, of such fluctuations will be 
used as one of the diagnosis indicators with SS-OCT. In normal oral mucosa, the size and 
nuclear-to-plasma ratio of epithelial cells in EP is essentially quite uniform. The epithelial 
cells are clsoely arranged leading to a statistically homogenous distribution. However, in 
abnormal or cancerous mucosa, the tumor cells replace epithelial cells and tend to aggregate 
into a cluster structure called cancer nest. The size of cancer nest varies from place to place. 
Also, the cell size and nuclear-to-plasma ratio of tumor cell inside a cancer nest are non-
uniform. The intra-cancer nest space is occupied by other cells or tissues, including 
inflammation cells, fibroblast, and connective tissues. Therefore, with such a more random 
distribution, the composition scale size of abnormal or cancerous oral mucosa in statistics 
becomes larger, when compared with that of normal oral mucosa. In this situation, it is 
expected that OCT scanning for acquiring the backscattering signal reflects the similar trend 
of statistical characteristics. Hence, in the spatial-frequency spectrum of an A-mode scan 
profile, the relative intensities of the low-spatial-frequency components in contrast to those of 
the high-spatial-frequency components in an abnormal sample are expected to be higher than 
those in a normal sample. Such a trend can be observed in Figs. 5(c) and (d), which are 
obtained by Fourier transforming the profiles in Figs. 5(a) and (b), respectively. To compare 
the relative intensities of the low-spatial-frequency components, we fit the first 50 data points 
of spatial frequency at the low-frequency end (including the DC component) with an 
exponential decay curve to obtain a decay constant, α. A smaller α corresponds to a spectrum 
of relatively stronger low-frequency components, as the case of the cancerous tissue. The 
exponential fitting represents a simple method for evaluating the trend of stronger low-
frequency components in an abnormal sample. Searching for a possibly better method is one 
of the issues of further investigation. The choice of the first 50 data points is an optimized 
result, representing the optimized condition for the data we have collected so far. It can be 
modified when we collect more samples. The α values of the cancerous and normal oral 
mucosa are demonstrated in Figs. 5(c) and (d), respectively. Their difference is quite 
significant (0.0723 μm versus 0.0912 μm). The α value can be used as another diagnosis 
indicator with SS-OCT. 
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Fig. 4 (a) A histology image of normal mucosa. (b) Histological image of an early invasive 
squamous cell carcinoma in Figs. 2 and 3(a). The EP is hyperplastic with MD and elongated 
epithelial ridges. Dysplastic cells breaking the basement membrane and invading into the 
lamina propria are also found in other areas which are not shown here. The undulated 
arrangement of the epithelial ridges is well shown in the left one-third portion of Fig. 3(a). The 
connective tissue papillae (indicated by arrows) here correspond to the almost vertical dark 
stripes in the left one-third portion of Fig. 3(a). 

 
 

 
Fig. 5. Parts (a) and (b): A-mode scan profiles of the red and blue vertical lines in Figs. 3(a) and 
(b), respectively, for the cancerous and normal oral mucosa. Parts (c) and (d) are obtained by 
Fourier transforming the profiles in parts (a) and (b), respectively, to demonstrate the spatial-
frequency spectra. The exponential decay constants, α, of the spectra are shown. 

 
Figures 6(a) and (b) show the evaluated SD values as functions of lateral distance in the 

B-mode scans of the cancerous and normal oral mucosa tissues with the ranges indicated by 
the horizontal white arrows in Figs. 3(a) and (b), respectively. Although the SD value 
fluctuates along B-mode scan, its relative level in comparing Figs. 6(a) and (b) shows a 
significant difference between the cancerous and normal oral mucosa tissues. The mean value 
of SD over such a 2-mm lateral range will be used as a diagnosis indicator. The mean values 
of the cancerous and normal oral mucosa tissues are demonstrated in Figs. 6(a) and (b). A 
significant difference (0.21482 for the cancerous tissue versus 0.07708 for normal oral 
mucosa) can be seen. Similar results of α value are demonstrated in Fig. 7. Here, Figs. 7(a) 
and (b) show the evaluated α values as functions of lateral distance in B-mode scans of the 
cancerous and normal oral mucosa tissues with the ranges indicated by the horizontal white 
arrows in Figs. 3(a) and (b), respectively. Although the α value fluctuates along B-mode scan, 
its relative level in comparing Figs. 7(a) and (b) shows a significant difference between the 
cancerous and normal oral mucosa tissues. The mean of α value over such a 2-mm lateral 

(a) 

LP 

EP 
(b) 
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range will be used as another diagnosis indicator. The mean values of the cancerous and 
normal oral mucosa tissues are demonstrated in Figs. 7(a) and (b). A significant difference 
(0.06926 μm for the cancerous tissue versus 0.08217 μm for normal oral mucosa, which 
represents a difference of 18.6 %) can be seen. We have also evaluated the standard deviations 
of the α values in Figs. 7(a) and (b) to give 0.00805 and 0.00979 μm for the cancerous and 
normal tissues, respectively. Here, one can see that the percentage standard deviations in the 
cases of cancerous and normal tissues are 12.8 and 11.9 %, respectively. However, the 
difference of the average values between the two cases is as large as 18.6 %. 

In the early stage of oral cancer, the cancer cells start accumulating in the EP layer. In EH 
and precancer lesions, EP layer usually becomes thicker. The boundary between EP and LP 
layers eventually disappears if the cancerous condition continues to evolve. Therefore, before 
the boundary disappears, the EP thickness, which is defined as T, is another good indicator of 
diagnosis. To evaluate the thickness of the EP layer, a segmentation algorithm in LabVIEW 
was prepared [32]. First, along an A-mode scan profile, we can easily identify the image range 
of the plastic plate. After removing this portion of image, the location of the tissue surface can 
be obtained. Then, we search a local maximum along each A-mode scan profile below the 
tissue surface in a depth range of 1.5 mm for the depth of the basement membrane. If the 
difference between this depth and the corresponding value of the neighboring A-mode scan 
profile is smaller than a threshold value (10 % in our calculation), this depth is accepted as the 
boundary between the EP and LP layers; otherwise, two reasonable depths of basement 
membrane in the neighboring A-mode scan profiles on the two sides are averaged to give an 
acceptable depth for the EP and LP interface. Figure 8(a) shows an SS-OCT image of an EH 
lesion (identified by biopsy), in which the boundary between EP and LP layers can still be 
identified. Roughly speaking, the left one-half image shows normal oral mucosa. However, 
the right one-half clearly shows thickened EP layer. Figure 8(b) shows the variation of T along 
the B-mode scan in the whole lateral range of Fig. 8(a). One can see that the T value in the left 
one-half is always smaller than 300 μm. Beyond 5 mm in the lateral distance, it increases up 
to 1.2 mm. This significant difference implies that the T value can be an effective indictor of 
diagnosis, particularly in the early stage of oral cancer development. 
 

 
Fig. 6. Evaluated SD values as functions of lateral distance in the B-mode scans of the 
cancerous and normal oral mucosa with the ranges indicated by the horizontal white arrows in 
Figs. 3(a) and (b), respectively. 
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Fig. 7. Evaluated α values as functions of lateral distance in the B-mode scans of the cancerous 
and normal oral mucosa tissues with the ranges indicated by the horizontal white arrows in 
Figs. 3(a) and (b), respectively. 

  

4. Sensitivity and Specificity 
  

To understand the specificity and sensitivity of using the three above-mentioned diagnosis 
indicators including, SD, α, and T, we scan 16 EH, 18 MD and 15 SCC lesions from the 
buccal mucosa of 32 patients (including 31 male and one female) with an age range of 30-77 
years old. All the male patients have the habit of areca quid chewing. Biopsy of the scanned 
site of each oral lesion is done after each SS-OCT scan to confirm the pathological diagnosis 
of the oral lesion. The adjacent oral mucosa covered with smooth, intact and healthy-looking 
oral mucosa is chosen for SS-OCT scan and used as normal controls. No biopsy is performed 
for the scanned normal oral mucosa. Histopathological diagnosis is made by microscopical 
examination of the biopsy specimens. The EH lesion shows an increase in epithelial thickness 
and surface parakeratosis or hyperkeratosis. No dysplastic epithelial cell is found in the EH 
lesion. MD is diagnosed when enough dysplastic cells are present in the basal two thirds but 
no more than the basal two-third of the oral EP. An SCC lesion shows invasion of nests of 
cancer cells into the underlying connective tissue.  

 

 

 
Fig. 8. (a) An SS-OCT scan image of an EH lesion, in which the boundary between EP and LP 
layers can still be identified. (b) Evaluated EP layer thickness, T, as a function of lateral 
distance in the B-mode scan. 

 
In each SS-OCT scan, a 2-mm B-mode scan range is used for evaluating the mean values 

of SD, α, and T. From the 32 patients, a total of 84 samples including 35 normal control 
samples (T values can be evaluated from all 35 samples), 16 EH samples (T values can be 
evaluated from all 16 samples), 18 MD samples (T values can be evaluated only from 12 

#97083 - $15.00 USD Received 10 Jun 2008; revised 7 Sep 2008; accepted 16 Sep 2008; published 22 Sep 2008

(C) 2008 OSA 29 September 2008 / Vol. 16,  No. 20 / OPTICS EXPRESS  15855



samples), and 15 SCC samples (no T value can be evaluated from any sample) are collected. 
SD and α data are evaluated from these 84 samples. The data sets are used for evaluating the 
specificity and sensitivity of the diagnosis indicators. Figure 9 shows the SD data point 
distributions of the four groups of sample, including EH (circles), MD (diamonds), SCC 
(triangles), and normal control mucosa (squares). Here, the significantly larger SD values for 
the MD and SCC groups, compared with those of the other two groups, can be clearly seen, 
indicating that SD is a good diagnosis indictor. In Table 1, we show the specificity and 
sensitivity of using SD as a diagnosis indicator with various criteria from 0.085 to 0.16. The 
specificity is defined as the percentage of normal control samples, in which SDs of SS-OCT 
scans are smaller than or equal to the specified SD level (judged to be normal based on SS-
OCT scan results). Although EH is an abnormal condition, it is a benign and reversible lesion 
and deserves the understanding of its microstructure with SS-OCT scanning. Therefore, we 
evaluate two specificity values in the two conditions of including and excluding the EH 
samples for evaluation. Based on 51 samples (35 normal control and 16 EH samples), the 
specificity increases from 45.1 to 100 % when the specified SD level increases from 0.085 to 
0.16. Based on 35 normal control samples only (excluding EH samples), the specificity 
increases from 60 to 100 % when the specified SD level increases in the same range. Here, 
one can see that the specificity is higher if the EH samples are regarded as abnormal. The 
sensitivity is defined as the percentage of abnormal samples, in which SDs in SS-OCT scans 
are larger than the specified SD level (judged to be abnormal based on SS-OCT scan results). 
Here, we also consider the two conditions of including and excluding EH samples in 
evaluating the sensitivity. Based on the 49 abnormal samples (16 EH, 18 MD and 15 SCC 
samples), the sensitivity decreases from 97.96 to 63.27 % when the specified SD level 
increases from 0.085 to 0.16. Based on the 33 abnormal samples (18 MD and 15 SCC 
samples), the sensitivity decreases from 100 to 87.88 % when the specified SD level increases 
from 0.085 to 0.16. Therefore, the sensitivity is higher if the EH samples are regarded as 
“normal”. Based on the statistics of the collected data, the choice of SD value of 0.12 can 
result in 100 % for both specificity and sensitivity if EH is excluded in evaluation. To further 
understand the effectiveness of using SD as diagnosis indicator for differentiating different 
oral mucosa lesions, in Table 2, we list the sensitivity of different oral mucosal sample groups. 
Because EH is a stage between normal oral mucosa and precancerous lesions which include 
moderate and severe dysplasia, we evaluate both specificity and sensitivity for the EH group. 
Here, one can see that SD is an effective indicator for diagnosing MD and SCC, but not EH.  

 

 
Fig. 9. SD data point distributions of the four groups of data. 
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Table 1. Specificity (%) and sensitivity (%) of using SD as a diagnosis indicator with various criteria from 0.085 to 
0.16. N: number of sample. The labels of a-i for the SD values will be used for assigning the data points in Fig. 12. 

 

SD 
  

 
N 0.085a 0.09b 0.1c 0.11d 0.12e 0.13f 0.14g 0.15h 0.16i 

Specificity 
(including EH) 

51 45.1 56.9 76.5 84.3 90.2 92.2 92.2 98 100 

Specificity 
(excluding EH) 

35 60 74.3 88.6 97.1 100 100 100 100 100 

Sensitivity 
(including EH) 

49 98 93.9 83.7 81.6 77.6 73.5 71.4 67.4 63.3 

Sensitivity 
(excluding EH) 

33 100 100 100 100 100 97 93.9 90.9 87.9 

Table 2. Specificity (%) and sensitivity (%) of using SD as a diagnosis indicator for different groups of abnormal oral 
mucosal samples. N: number of sample. 

SD 
Sample group 

 
N 0.085 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 

Specificity of EH 16 12.5 18.8 50 56.3 68.8 75 75 81.3 87.5 87.5 

Sensitivity of EH 16 87.5 81.3 50 43.8 31.3 25 25 18.8 12.5 12.5 

Sensitivity of MD 18 100 100 100 100 100 100 94.4 88.9 88.9 66.7 

Sensitivity of SCC 15 100 100 100 100 100 100 100 100 93.3 80 
 

Figure 10 shows the α data point distributions of the four groups of data, similar to Fig. 9 
for SD. Here, again one can see the clear difference between the groups of normal control and 
abnormal oral mucosal lesions even though the difference is smaller in comparing with that of 
SD. In Table 3, we show the specificity and sensitivity of using α as a diagnosis indicator with 
various criteria from 0.074 to 0.08 μm. The specificity is defined as the percentage of normal 
control samples, in which α values in SS-OCT scans are larger than or equal to the specified α 
level (judged to be normal based on SS-OCT scan results). Similar to Table 1, in Table 3, we 
consider the two conditions of including and excluding the EH samples for evaluating the 
specificity and sensitivity. When 16 EH samples are evaluated together with 35 normal 
control samples, the specificity decreases from 92.16 to 62.75 % as the specified α value 
increases from 0.074 to 0.08 μm. When considering the 35 normal control samples only, the 
specificity decreases from 100 to 74.29 % as the specified α value increases from 0.074 to 
0.08 μm. The sensitivity is defined as the percentage of abnormal oral mucosal samples, in 
which α values in SS-OCT scans are smaller than the specified α level (judged to be abnormal 
based on SS-OCT scan results). When EH, MD and SCC samples are considered together, the 
sensitivity increases from 40.82 to 83.67 % as the specified α value increases from 0.074 to 
0.08 μm. When only 18 MD and 15 SCC samples are evaluated together, the sensitivity 
increases from 45.45 to 93.94 % as the specified α value increases from 0.074 to 0.08 μm. 
From the statistics of the collected data, the choice of α value between 0.078 and 0.079 μm 
can be regarded as the optimum condition if the EH samples can be excluded in statistics. To 
further understand the effectiveness of using α as a diagnosis indicator for differentiating 
different oral mucosa lesions, in Table 4, we list the specificity and sensitivity of different 
sample groups. Here, one can see that the α value is also an effective indicator for diagnosing 
MD and SCC, but not EH. 
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Fig. 10. Decay constant, α, data point distributions of the four groups of data. 

Table 3. Specificity (%) and sensitivity (%) of using the decay constant, α, as a diagnosis indicator with various 
criteria from 0.074 to 0.08 μm. N: number of sample. The labels of a-g for the α values will be used for assigning the 

data points in Fig. 12. 

 

α (μm) 
   

N 0.08a 0.079b 0.078c 0.077d 0.076e 0.075f 0.074g 

Specificity (including EH) 51 62.8 76.5 84.3 86.3 88.2 88.2 92.2 

Specificity (excluding EH) 35 74.3 91.4 94.3 97.1 100 100 100 

Sensitivity (including EH) 49 83.7 77.6 67.4 61.2 61.2 47 40.8 

Sensitivity (excluding EH) 33 93.9 87.9 81.8 72.7 72.7 51.5 45.5 

Table 4. Specificity (%) and sensitivity (%) of using the decay constant, α, as a diagnosis indicator 
for different groups of abnormal oral mucosal samples. N: number of sample. 

 

α (μm) 
Abnormality condition 

  
N 

0.08 0.079 0.078 0.077 0.076 0.075 0.074 

Specificity of EH 16 37.5 43.8 62.5 62.5 62.5 62.5 62.5 

Sensitivity of EH 16 62.5 56.3 37.5 37.5 37.5 37.5 37.5 

Sensitivity of MD 18 94.4 88.9 83.3 72.2 72.2 44.4 44.4 

Sensitivity of SCC 15 93.3 86.7 80 73.3 73.3 60 46.7 
 

Next, we evaluate the statistics of using EP thickness, T, as a diagnosis indicator. For this 
purpose, we can use only part of the collected SS-OCT scan samples, in which the boundary 
between EP and LP layers can still be identified. In total, 35 normal control, 16 EH, and 12 
MD samples are used for evaluating the specificity and sensitivity, as shown in Fig. 11 and 
Table 5. The EP/LP boundaries disappear in all SCC samples. In Fig. 11, one can see that the 
T values of EH and MD samples are generally larger than those of normal control samples. In 
Table 5, we show the specificity and sensitivity of using T as a diagnosis indicator with 
various criteria from 150 to 600 μm, covering the two conditions of including and excluding 
EH samples. The specificity is defined as the percentage of normal samples, in which T values 
in SS-OCT scans are smaller than the specified T level (judged to be normal based on SS-
OCT scan results). Based on the 35 normal control and 16 EH samples, the specificity 
increases from 3.92 to 86.27 % when the specified T level increases from 150 to 600 μm. 
Based on the 35 normal control samples only, the specificity increases from 5.71 to 100 % 
when the specified T level increases in the same range. The sensitivity is defined as the 
percentage of abnormal oral mucosal samples, in which T values in SS-OCT scans are larger 
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than the specified T level (judged to be abnormal based on SS-OCT scan results). Based on 
the 16 EH and 12 MD samples, the sensitivity decreases from 100 to 28.57 % when the 
specified T level increases from 150 to 600 μm. Based on the 12 MD samples only, the 
sensitivity decreases from 100 to 16.67 % when the specified T level increases in the same 
range. From the statistics of the collected data, the choice of T value of 300 μm can result in 
82.86 % for specificity and in 92.86 % for sensitivity if the EH lesion is regarded as abnormal. 
In Table 6, we list the specificity and sensitivity of different sample groups. Here, one can see 
that T is an effective indicator for diagnosing EH and MD lesions. Figure 12 shows the 
receiver-operating characteristic curves of the three indicators under the condition of 
excluding the EH samples. The plots of the sensitivity values versus the values of one minus 
the specificity are always distributed in the upper-left corner (with respect to the dashed 
diagonal line), indicating the effectiveness of using the three indicators for oral cancer 
diagnosis based on the OCT technique. In Fig. 12, the letters next to the data points label the 
conditions shown in Tables 1, 3, and 5. It is noted that the p values of all the three proposed 
indicators under the condition of excluding the EH samples were evaluated to give values 
always smaller than 0.001, which is much smaller than the threshold value of 0.05 for reliable 
statistical analysis [33]. 

The statistics shown in Tables 1-6 were obtained by using the universal criteria of SD, α, 
and T. However, because the microstructures of oral mucosa may significantly vary among 
people and even among different locations in the oral cavity of an individual, a universal 
criterion for diagnosing a disease may lead to inaccurate results. In the following, we present 
the statistics of using the SS-OCT scan result in normal mucosa of an individual patient as the 
reference of the nearby abnormal mucosa for building the diagnosis criteria. As mentioned 
before, for each patient, we always scan normal control mucosa near an abnormal oral lesion. 
With the available normal control mucosa data, we can use their SD, α, and T values as the 
references for designing the criteria of diagnosis. For instance, we can use a certain percentage 
of the normal control SD, α, or T value as the criterion. Based on this reference, we can 
eliminate the factor of tissue structure variation among different patients. Table 7 shows the 
specificity and sensitivity of using 100 to 150 % the normal control SD value (relative SD) of 
each individual patient as the criteria. Among the three groups of abnormal oral mucosal 
samples, the relative SD is an effective indicator for MD and SCC, but not for EH. This 
conclusion is the same as that of the universal criteria (see Table 2). Table 8 shows the 
specificity and sensitivity of using 90 to 105 % the normal control α value (relative α) of each 
individual patient as the criteria. Except for MD, the α value does not seem to be a good 
diagnosis indicator. Table 9 shows the specificity and sensitivity of using 100 to 150 % the 
normal control T value (relative T) of each individual patient as the criteria. Similar to the 
case of universal criterion, T value is quite a good indicator for EH and MD lesions. Generally 
speaking, the specificity and sensitivity of using the relative criteria are similar to those of 
using the universal criteria. However, since in clinical practice we always perform a few 
normal control SS-OCT scans near an abnormal oral mucosal lesions under examination, it is 
more practical to use the relative criteria in diagnosing the abnormal oral mucosal lesions. 
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Fig. 11 T data point distributions of the three groups of data. 

 Table 5. Specificity (%) and sensitivity (%) of using the epithelium thickness, T, as a diagnosis indicator with various 
criteria from 150 to 600 μm. N: number of sample. The labels of a-i for the T values will be used for assigning the 

data points in Fig. 12. 

 

T (μm)   
N 150a 200b 250c 300d 350e 400f 450g 500h 550i 600 

Specificity (including EH) 51 3.9 25.5 47.1 56.9 68.6 70.6 74.5 78.4 82.4 86.3 

Specificity (excluding EH) 35 5.7 37.1 68.6 82.9 97.1 97.1 97.1 97.1 100 100 

Sensitivity (including EH) 28 100 100 96.4 92.9 78.6 75 64.3 53.6 46.4 28.6 

Sensitivity (excluding EH) 12 100 100 91.7 83.3 58.3 58.3 50 41.7 33.3 16.7 
 

Table 6. Specificity (%) and sensitivity (%) of using the epithelium thickness, T, as a diagnosis indicator for different 
groups of abnormal oral mucosal samples. N: number of sample. 

 

T (μm) 
Sample group 

  
N 

150 200 250 300 350 400 450 500 550 600 

Specificity of EH 16 0 0 0 0 6.3 12.5 25 43.8 43.8 62.5 

Sensitivity of EH 16 100 100 100 100 93.8 87.5 75 56.3 56.3 37.5 

Sensitivity of MD 12 100 100 91.7 83.3 58.3 58.3 50 41.7 33.3 16.7 
 

 
Fig. 12. Receiver-operating characteristic curves of the three indicators. The letters next to the 
data points label the conditions shown in Tables 1, 3, and 5. 
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5. Conclusions 
  

We have used an SS-OCT system of 8 μm in free-space axial resolution, 103 dB in system 
sensitivity, and 20 kHz in A-mode scanning rate to clinically scan oral precancers and cancers. 
The statistics of using three diagnosis indicators, including the standard deviation of an A-
mode scan signal profile, the exponential decay constant of an A-mode-scan spatial-frequency 
spectrum, and the epithelium thickness when the boundary between epithelium and lamina 
propria could still be identified, were evaluated. Besides normal control mucosa, three groups 
of abnormal buccal mucosa samples, including EH, MD, and SCC, were identified for 
analysis based on the histopathological examination of biopsy specimens. Generally, in 
abnormal oral mucosal lesions, the standard deviation became larger, the decay constant of the 
spatial-frequency spectrum became smaller, and the epithelium became thicker. The 
sensitivity and specificity of the three diagnosis indicators were calculated based on the 
universal and relative criteria of the three indicators. It was found that the SD and α are good 
diagnosis indicators for MD and SCC lesions. T is a good diagnosis indicator for EH and MD 
lesions. Although the results based on the universal and relative criteria were similar, it is 
more practical to use the relative criteria in diagnosing abnormal oral mucosal lesions.  

Table 7. Specificity and sensitivity (%) of using the relative SD as a diagnosis indicator for different groups of 
abnormal oral mucosal sample based on the normal control conditions of individual patients. N: sample number. 

 

Relative SD (%) 
Sample group 

 
N 100 110 120 130 140 150 

Specificity of EH 16 31.3 31.3 50 62.5 68.8 75 

Sensitivity of EH 16 68.8 68.8 50 37.5 31.3 25 

Sensitivity of MD 18 100 100 100 100 100 100 

Sensitivity of SCC 15 100 100 100 100 100 86.7 

Table 8. Specificity and sensitivity (%) of using the relative α as a diagnosis indicator for different groups of 
abnormal oral mucosal samples based on the normal control conditions of individual patients. N: number of sample. 

 

Relative α (%) 
Sample group 

  
N 

105 100 95 90 

Specificity of EH 16 12.5 31.3 43.8 81.3 

Sensitivity of EH 16 87.5 68.8 56.3 18.8 

Sensitivity of MD 18 100 100 61.1 50 

Sensitivity of SCC 15 100 86.7 73.3 46.7 

Table 9. Specificity and sensitivity (%) of using the relative T as a diagnosis indicator for different groups of 
abnormal oral mucosal samples based on the normal control conditions of individual patients. N: number of sample. 

 

Relative T (%) 
Sample group 

  
N 

100 110 120 130 140 150 

Specificity of EH 16 0 0 0 6.3 18.8 25 

Sensitivity of EH 16 100 100 100 93.8 81.3 75 

 Sensitivity of MD 12 100 100 100 91.7 91.7 83.3 
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