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SUMMARY  We have developed a new computer-aided diagnostic sys-
tem for differentiating oral borderline malignancies in hematoxylin-eosin
stained microscopic images. Epithelial dysplasia and carcinoma in-situ
(CIS) of oral mucosa are two different borderline grades similar to each
other, and it is difficult to distinguish between them. A new image process-
ing and analysis method has been applied to a variety of histopathological
features and shows the possibility for differentiating the oral cancer bor-
derline grades automatically. The method is based on comparing the drop-
shape similarity level in a particular manually selected pair of neighboring
rete ridges. It was found that the considered similarity level in dysplasia
was higher than those in epithelial CIS, of which pathological diagnoses
were conventionally made by pathologists. The developed image process-
ing method showed a good promise for the computer-aided pathological
assessment of oral borderline malignancy differentiation in clinical prac-
tice.

key words: medical image analysis, oral borderline malignancy, feature
quantification, segmentation, edgel

1. Introduction

Oral cancer is one of the six most common human cancers in
the world. In many Asian and Arabic cultures, the chewing
habit (e.g. Qat, betel, and paan) is known to be an impor-
tant risk factor for developing oral cancer. In Yemen and
India, oral cancers are the most common, representing up
to 30% of all body cancers. Oral cancers have been con-
sidered to develop from their pre-malignant lesions, such as
leukoplakia, which histopathologically includes two major
borderline malignancies: epithelial dysplasia and carcinoma
in-situ (CIS).

Since it is still difficult for pathologists to make a
proper diagnosis of these borderline malignancies only on
hematoxylin-eosin stained specimens [1], computer-aided
diagnostic tools can be developed for objective analysis of
microscopic images of oral tissues [2]. The oral dysplasia
and CIS are two different grades, which should be distin-
guished from each other, because CIS develops into invasive
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Fig.1  The main schematic structure of the method.

squamous cell carcinoma. However, it is not always clear for
pathologists how to differentiate them due to their histolog-
ical similarities [3], [4]. Accurate histopathological grading
necessitates different treatments, making such a diagnostic
decision a complicated responsibility for pathologists.

In this paper, our aim is to present a new method
that enables the distinction of CIS from dysplastic epithelia
based on the analysis of drop variations of rete ridge units.
Our approach can be divided into several well-defined stages
as illustrated in Fig. 1.

After image acquisition using a high resolution digital
camera, the best matching pair of neighboring rete ridges is
selected among the other rete ridges presented in the same
tissue section. This criterion of malignancy that has been
considered will be covered in details in Sect. 2.

Followed to feature selection, a feature extraction
method is developed in order to extract the contour of the
rete ridges. This was achieved by applying saturation based
color segmentation in the HSV color space with the purpose
of separating the epithelium region from the rest of the tissue
image. After segmentation, a texture-based operation has
been concerned in which the main pixels at the border of the
objects are defined and referred to as edgels. Next, a mor-
phological operation based on dilation is applied followed
by a thinning operation to connect the edgels. A chain cod-
ing is designed to trace the contour that represents the rete
process contour. The details of the method are described in
Sect. 3, while Sect.4 describes the quantification part. The
obtained results are shown in Sect.5. Finally, a discussion
and some concluding remarks are given in Sects.6 and 7,
respectively.

2. Histological Features of Borderline Malignancies

Observing histological changes under the microscope is still

Copyright © 2010 The Institute of Electronics, Information and Communication Engineers
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Fig.2  Varieties of rete ridges among oral epithelial lesions. (a) Normal epithelium. (b) Epithelial
hyperplasia. (c) Epithelial dysplasia. (d) Carcinoma in-situ. (e) Carcinoma in-situ with micro-invasion.

(f) Invasive squamous cell carcinoma.

an essential practice in the oral cancer diagnosis. Patholo-
gists evaluate those changes in regards to how they are dif-
ferent from their normal appearances.

This section explains some basic concepts on how
pathologists make their diagnostic decisions under the mi-
croscope, although it is not the aim of this article to explain
it in detail that could be found in histopathological papers
[1]. The criteria used for grading epithelial dysplasia in the
WHO 2005 classification [5] included seven architectural
and nine cytological criteria. One of the most important
architectural changes must be alteration of the rete ridges,
and hence we first adopted analysis of the rete ridge shape
when seeking histological objects to be investigated by a
computer-aided method. The rete ridge shape or contour
can be defined as the edge segment that separates the epithe-
lium region from the connective tissue. Thus, the shape of
rete ridges (projection parts of the covering epithelium, also
known as rete processes or rete pegs) is a histological key
feature highly considered by pathologists for differentiating
grades of the oral borderline malignancies [1], [6].

In contrast to normal rete ridges, those towards malig-
nant transformation become enlarged down in the direction
of underlying connective tissues. The most characteristic
form at this stage is a drop-shape, which was basically indi-
cated by the WHO classification [5],[6]. Figure 2 shows
the representative rete ridge variations selected from oral
mucosal lesion samples whose diagnoses were well agreed
upon by different pathologists. However, carcinoma in-situ
(Fig.2(d)) is not always clearly identified from epithelial
dysplasia (Fig. 2(c)). Since these borderline malignancy le-
sions resemble each other, their diagnosis requires extra at-
tention by pathologists [1]. The marked rete ridge pairs in
Fig. 2 are of particular importance and this will be explained
later in this section.

As shown in Fig. 2(a), normal rete ridges are random-

Fig.3  Representative rete ridges of oral borderline malignancies. Panels
in the upper row show those of epithelial dysplasia and those in the lower
row are those of carcinoma in-situ.

shaped and project in slightly different directions. When
they change their shapes in the process of malignant trans-
formation, it becomes a hard and subjective task to make di-
agnostic decisions only by the pathologists’ eyes [4]. This is
because pathologists must evaluate individual rete ridges as
well as their whole tendencies of alteration. Figure 3 shows
representative examples of drop-shape rete ridges which are
frequently seen in epithelial dysplasia and CIS. Therefore,
it was difficult to discriminate CIS from epithelial dyspla-
sia, as far as only the individual drop shape of rete ridges
is concerned. In this study, we have thus focused our atten-
tion to these drop shapes swelling of rete ridges. Our con-
cern was how to distinguish them by objective ways. To this
end, we have invented a new diagnostic method by using im-
munohistochemistry [7] that leads to reasonable distinction
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Fig.4  Twin rete ridges. (a) Best match twin rete ridges. (b) Standalone
twin rete ridges.

of borderline grades based on the current biological concept
of cellular differentiation and proliferation [8], [9].

In the daily practice of surgical pathology, it is com-
mon to observe multiple neighboring rete ridges similar to
each other at a glance. Applying this visual behavior to our
image acquisition, we pick up two neighboring rete ridges
as a unit and called them twins as shown in Fig. 4. It is as-
sumed that, in normal epithelia the twin rete ridges should
have the maximum similarity appearance (Fig.2(a)). When
normal rete ridges start to change their shapes towards ma-
lignant transformation, each rete ridge of the twins would
start to deform itself and obtain its own new shape indepen-
dently at different speeds and in different directions. Thus,
the similarity between the twin mates would decrease with
respect to malignancy levels. The twin rete ridges could be
divided into two main categories; either the best matching
pair of rete ridges next to each other among all rete ridges
as shown in Fig. 4(a), or a standalone pair of rete ridges as
shown in Fig. 4(b).

Based on the current understanding in cancer research,
it is important to note that cancer is a genetic disease which
is generated by gene mutation in singular or a small number
of cells. In their process of proliferation, cancer cells would
start to communicate with their neighboring cells [10], [11],
and this should cause an autonomous and excessive growth,
resulting in an enlargement of the rete ridges of the oral ep-
ithelia. Therefore, the likelihood that twin rete ridges are
within the same grade is very high, since they started the
cancerous growths at a similar time.

The above mentioned is our hypothesis for the present
paper, and our method is basically a shape comparison be-
tween those neighboring rete ridges.

3. Materials and Method
3.1 Origin and Acquisition

All biopsy samples were prepared by using the standard
pathological procedure. Tissue sections were cut by a mi-
crotome at 5um thick. These sections were stained with
hematoxylin and eosin (HE). Eighteen histological features
of rete ridges from 6 normal and 6 dysplastic epithelia and
6 CIS, collected from different sites of the oral mucosa in-
cluding the lips, tongue, gingiva, palate, floor of the mouth,
and buccal mucosa but not from atrophic types epithelial
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dysplasia or CIS, which have no obvious rete ridges. The
histopathological criteria for epithelial dysplasia and CIS
of the oral mucosa were described elsewhere [1],[12]. We
selected epithelial dysplasia cases with the characteristic
two-phase appearance in which the presence of proliferat-
ing centers was confirmed in HE stain and immunohisto-
chemical stain for Ki-67 [13]. For the diagnosis of CIS,
we chose cases with the typical histology for the three vari-
ations, basaloid, verrucous, and acanthotic types, with an
aid of immunohistochemical stainings for keratin 13, ker-
atin 17, keratin 19, and Ki-67 [12]. The 18 cases men-
tioned above were selected from the surgical pathology file
at the Division of Oral Pathology, Niigata University, Grad-
uate School of Medical and Dental Sciences, during one-
year period of 2008, in which 96 cases of epithelial dyspla-
sia and 54 cases of CIS were registered in addition to 97
cases of squamous cell carcinomas and more than 180 cases
of the other lesions containing normal squamous epithelia.
Their HE-stained sections together with immunohistochem-
ical ones were circulated among the oral pathologists at au-
thors’ and a few overseas institutions for reconfirming their
diagnoses. Only those samples of which diagnoses were
agreed by at least three pathologists were selected and cap-
tured on a high quality optical microscope (Nikon S-800,
Tokyo, Japan) equipped with a high resolution digital cam-
era (Nikon DXM1200C). Every image was acquired with
the magnifications at 20x and 2058 x 1536-pixel resolution
on the camera. The image files captured by the pathologist
author were saved in TIFF format and delivered to the engi-
neer authors for further investigations.

The intensity level was adjusted in such a way that dig-
itized images become visually acceptable by pathologists.
The rotation of the captured images was to be set in a way
that the upper surface of the epithelium was in a horizontal
position if at all possible.

3.2 Twins Selection

By using the developed graphical user interface (GUI), at a
glance the region of interest (ROI) where the twin rete ridge
is selected by specifying a cropped rectangle that fits the
twin area in the image as shown in Fig. 4. The rest of other
distinction processes are applied to the ROI automatically.

3.3 Epithelium Segmentation

In this study we must extract the targeted histological fea-
ture, the rete processes, in order to quantify the drop-shape
similarity between the twin rete ridges. The rete process is
an edge segment that can be obtained from the boundary
pixels of the epithelium region. Thus, epithelium segmen-
tation is a crucial step in this study with some challenges.
The challenges are mainly from staining artifacts, lighting
acquisition conditions, and undesired touching objects.

In past literature, epithelium segmentation and rete pro-
cess extraction were targeted in different studies [14], [15].
Here, we have developed a new method for epithelium seg-
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Fig.5  Epithelium segmentation. (a) Twins ROI. (b) Adjusted saturation
component. (c) Morphed image. (d) Largest region.

mentation and rete processes representation [16],[17]. The
method was developed based on the assumption that an HSV
representation has a certain advantage over RGB when it
comes to epithelium segmentation. The HSV color sys-
tem is considerably closer than the RGB system to the way
in which humans experience and perceive color sensations
[18]. The saturation component in the epithelium region has
a lower saturation than the connective tissue. The intensity
has been adjusted over the saturation component in such a
way that 1% of the intensity values are saturated at low and
high intensities. Pixels with low intensity values will be re-
placed in a lower intensity, and pixels with high intensity
values will be replaced in a higher intensity. This increases
the contrast in the image as shown in Fig. 5(b).

A global thresholding based on the Otsu method [19]
has been used to determine the threshold value applied to
the adjusted saturation component of the HSV color space.
It creates a bilevel image based on the quantization of in-
tensity values of the saturation component image. Pixels
with intensity values falling within a given range are deter-
mined as foreground (ones), while all other pixels are deter-
mined as background (zeros). With respect to the image in
Fig. 5(c), the threshold value obtained from Otsu’s method
is 0.55. The undesired occlusion objects were removed by
applying morphological operations.

At first, the objects in the obtained bilevel image are
thickened by adding pixels to the exterior of the objects until
doing so would result in previously unconnected objects be-
ing 8-connected. Note that a pixel is said to be 8-connected,
if it is connected to at least one of 8 immediate neighbors.
Similarly, a pixel is said to be 4-connected, if it has at least
one unit-distance neighbor along the horizontal and vertical
directions. The resultant image from this thickening is re-
ferred to as I. Separately, the binary image objects will be
bridged in order to connect the objects separated by a single
pixel gaps, and we will call this image J. Both the thickened
and the bridged images will be added together I + J and this
will assure us that the closest objects near to the epithelium
are joined into the epithelium and only those objects rela-
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tively far away are discarded.
The above mentioned thickening [18] of a bilevel im-
age A is defined as

AOB=AU(A=*B) (D

where U denotes the union of two sets. B is a pair of struc-
turing elements, B = (B} + B»), used in the hit-or-miss trans-
formation [18] in such a way that

AxB=(A6B)N (A 0B )

where N stands for the intersection of two sets. AB; indi-
cates the erosion of A by B; and A€ is the background of
A.

A morphological opening operation using a 3X3 square
structuring element is applied to the image, I + J. Morpho-
logical opening is the erosion of A by B followed by dilation
by B. The erosion of A by B is defined as

A©B={z(B).NA" # ¢} 3)

where (B), denotes the structuring element B translated by z
and ¢ is the empty set. The dilation of A by B is expressed
by

A®B={ZB),NA+# ¢} 4

where (B), stands for the translation of B by z of the reflec-
tion about the origin.

The largest region (here it is the epithelium) is targeted,
while all the other objects will be removed by labeling the
regions to get the region that has the largest area. The im-
age is then to be closed by a morphological closing oper-
ation (dilation followed by erosion) using the same 3 x 3
square structuring element. The obtained result is shown in
Fig.5(d). The whole sequence of the described operations
is demonstrated in Fig. 6.

3.4 Contour Extraction of Rete Processes
3.4.1 Selection of Wide-Angle Edgels

The epithelium boundary is disconnected and fragmented
because of insufficient contrast and imperfect segmenta-
tion. For a precise extraction of contour pixels of an ep-
ithelium that can possibly represent the rete processes, we
used highly textured areas in this work known as wide-angle
edgel method [20]. One of its advantages is that the bound-
ary of an object is detected, even if the object boundary
may be disconnected. Edgels are edge pixels located at the
boundary of an object. The method can be explained as fol-
lows. If someone takes a position at the front edge of an
object, he or she will see nothing in the field of view within
the line-of-sight distance.

In part (a), P is to be checked if it is an edgel, and it
is assumed that five significant pixels, A, B, C, D, and E,
are present within a line-of-sight distance. The line-of-sight
distance is defined by a 7 X 7 window located at P. Two
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A ] 343 Skeletonization
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Fig.7 Wide-angle edgel method. (a) Wide-angle edgel window. (b) The connectivity, and do not remove an endpoint pixel. This pro-

obtained edgels from the method.

successive significant pixels are visited in the clockwise or-
der to define a field of view with respect to P. If there is a
field-of-view angle that is wider than or equal to 90 degrees,
P is identified as an edgel. This condition is easily checked
by the inner product. For any pair of points, say A and B,
a pair of vectors, a and b, is defined with respect to P in
such a way that they are outgoing vectors from P. The inner
product between a and b is written by

(a,b) = |a| - || cos 6, (5)

where 0 is ZAPB. If the inner product is not positive, P is an
edgel. The obtained result is shown in Fig. 7(b).

3.4.2 Connecting Edgels

The targeted contour must satisfy two conditions; to be con-
tinuous and to be of one-pixel thickness. The image ob-
tained from the wide-angle edgel method consists of sparse
edgel pixels and is considered to represent the main shape of
the rete process contour. The gap between pixels is filled by
a dilation operation using a 4 X 4 square structuring element
to connect the edgel pixels. The size of the structuring el-
ement is sufficient to fill the maximum gap between edgels
obtained from a 7 X 7 window.

cess is applied iteratively, until the image no longer changes.
If a pixel has at most a single neighbor with respect to either
4 or 8-connectivity, it is an endpoint.

For our application, the requirements for the contour
skeleton are: 1) the resulting skeleton must be topologically
equivalent to the object; 2) it must be one pixel-thick; 3) it
must be connected in terms of the 8-connectivity. Note that
if a pixel has at least one neighboring pixel among 8 possible
locations with respect to the 8-connectivity, it is identified
to be connected. The skeleton of A is expressed in terms of
erosions and openings [18] and is written as

K
S(A) = U S(A) (6)
k=0
with
Su(A) = (AckB) - (AckB)o B 7)

where o indicates morphological opening and B is a struc-
turing element, and A © kB indicates k successive erosions
of A by B. K is given by

K = max {k|(A © kB) # ¢} (3

It expresses the maximum count of iterations before A may
have eroded to an empty set. The obtained image from this
skeletonization is shown in Fig. 8(a). It is interesting to note
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(2) (b)

Fig.8 Skeletonizing and Pruning. (a) Skeletonized image. (b) Chain
coding output contour.

that the skeleton defined by Eq. (6) allows itself to recon-
struct the original image, as follows.

K
A= U (S«(A) ® kB) ©)
k=0

where S (A) @ kB indicates k successive dilations of S (A)
by B.

344 Pruning

The obtained skeletons usually contain spurious arcs that are
not topologically part of the targeted feature, the rete pro-
cesses edge. In our case, the length of the spurious arcs is
not important, so all of these arcs must be removed. An easy
way to remove those arcs is to keep eliminating the endpoint
pixels iteratively until doing so will make no change in the
image between two consecutive iterations. Pixels touching
the boundaries of the image are not considered to be end-
points.

3.4.5 Chain Coding

Finally, we have designed a chain coding for our application
to facilitate tracing the connected pixel contour that repre-
sents the rete processes. The starting point is always deter-
mined by the pixel located in the bottom leftmost of the first
column of the image, and it can be identified by the highest
value of the y-axis coordinate. Going forward to the right-
most end of the image can be obtained by checking all the
possible pixels after every movement. Inside a 3 X 3 win-
dow size, the movement priority of the chain code is always
given to the next south side pixel. The obtained rete pro-
cesses edge is shown in Fig. 8(b).

3.5 Shape Closing and Smoothing

Each rete ridge unit is determined by finding the upper peak-
points of the rete process that appears at every 1/3 part of
the image width. Finding these peak-points located in the
innermost edge of the rete ridges was obtained by dividing
the image vertically into three equal parts; P, P,, and Pj.
In a normal coordinate convention, checking the x-y coordi-
nates of all contour pixels was done to find the four inner-
most pixels of the rete ridge units using the following steps:
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Fig.9 Rete ridge unit representation. (a-b) The added half circle arc at
the innermost upper peak-pints. (c-d) The smoothed contours using 2% of
the descriptors.

1) in P; select the lowest y-axis pixel that has the highest
x-axis; 2) in P, select the lowest y-axis pixel that has the
lowest x-axis; 3) in P, select the lowest y-axis pixel that has
the highest x-axis; 4) in P3 select the lowest y-axis pixel that
has the lowest x-axis.

The two innermost peak-point pixels for the left side
rete ridge unit are determined from step 1 and 2. While the
other two innermost peak-point pixels for the right side rete
ridge unit are determined from step 3 and 4. A half circle
arc is then added to the rete ridge segment in order to obtain
a closed loop shape that could represent one rete ridge unit
as illustrated in Figs. 9(a) and (b).

Smoothing the obtained closed-loop contour has been
done by reducing the number of contour descriptors. For
images captured under the acquisition conditions described
in Sect. 3.1, 2% of the descriptors were enough to obtain a
more regular shape for representing every rete ridge unit.

Shape smoothing by reducing the number of Fourier
coefficients is a well-known technique in image processing
and has been used in different applications [18], [23].

Assume that the contour of a shape consists of N points
of which horizontal and vertical coordinates are written by
x(n) and y(n), respectively, for n = [0, N — 1]. The Fourier
descriptor of the contour is defined by the discrete Fourier
transform as follows.

N-1

D(k) = Z W d(n), (10)
n=0

where
d(n) = x(n) + jy(n), and W = eI

An approximate description of the contour is obtained
by keeping M low-frequency components as they are and by
neglecting the other high-frequency components, where M
< N. A smoothed description of the contour is given by

N-1
dn) = % Z W™ D(k), (11)
k=0

where
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0. i [%J <k<N‘{%J (12)

D(k), otherwise.

D(k) =

La] denotes the maximum integer that does not exceed a.

The contour of the image in Fig. 9(a) consists of N =
858 points in total and has been reduced to its 2% of de-
scriptors. The resulting smoothed contours are shown in
Figs. 9(c) and (d).

4. Quantification

The aim of the developed image processing method is to
measure the drop-shape development in order to compare
the malignancy level of the twin rete ridges. Shape factors
are a set of equations used to quantify the shape roughness in
different applications [23], [24]. The measurement of round-
ness was the shape factor used to quantify the drop-shape
level [23]. The roundness of an object is defined by

R= iz 13)

nr

where A and r denote the area and a half the maximum di-
ameter of the object, respectively. The roundness is scale
and rotation-invariant. Hence it offers an objective and ro-
bust metric against possible variations in orientation, size,
and shape.

5. Results

Table 1 shows part of the results for 6 tested images so as
to describe the way of analysis that has been used. Each
tissue sample image contains at least a single twin pair rete
ridges indicated as left and right. The higher value of round-
ness of the twin mates from either side was selected to indi-
cate the maximum malignancy level that has been developed
(shown in italic). Simultaneously, the absolute difference
value between the twins mate’s roundness was used to show
the drop-shape similarity level (shown in bold). In the same
way, Fig. 10 shows the distribution of the whole tested sam-
ples in a feature space where three clusters of normal, dys-
plasia, and CIS samples are found to be clearly separated.
Each mark in the plot represents a pair of rete ridge twins.
The roundness similarity level is measured along the x-axis
and the maximum malignancy level is in the y-axis.

6. Discussions

We have developed the software package with the name
TwinsViewer that implements the diagnostic system de-
scribed in this paper [25]. A user friendly front-end GUI
has been designed in order to aid pathologists in examin-
ing the drop-shape similarity between the twin rete ridges.
After specifying a pair of targeted twins, the rest of the pro-
cedure is automatic. In this paper, the tested images were
selected from different parts of oral malignancy. The de-
veloped image processing method shows success for epithe-
lium segmentation and rete processes representation in the
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Table 1  Results for 6 test images.
Tissue Roundness
Sample ] ]
Left Difference Right
Norml 0.23 0.02 0.25
Norm?2 0.31 0.03 0.28
Dysl 0.50 0.08 0.58
Dys2 0.65 0.10 0.75
CIS1 0.62 0.19 0.81
CIS2 0.81 0.15 0.66
T
O Normal
g 0897 © Dysplasia [~~----------eeieeoe- N S A B
2 & Cls ;
E sl e - S L
S i oo @ | |
L frosreseens e Fresmenseneases
& | | | |
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e
é 0 1 7,,,,,,,,,,,,,,,,,,J,,,,,,,,,,,,,,,,,,,JE ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
=" |
% 06 X XG F

Roundness Difference between a Pair of Twins

Fig.10  Distribution of 18 tested twins samples in a two-dimensional
feature space.

HE stained oral microscopic images. The considered twin
histopathological method was reasonably accepted from dif-
ferent pathologists since it is based on the existing funda-
mentals of oral histology in cancer research.

7. Conclusions

A new image processing method has been developed for
quantifying the rete processes units in the HE stained mi-
croscopic images of the oral mucosa. The method was suc-
cessful in the precise representation of the rete ridges. The
drop-shape similarity between the twin rete ridges has been
considered as a malignancy sign for differentiating the oral
borderline grades. The measurement of roundness was the
shape factor used to quantify the rete ridge units. From the
obtained results, it was found the considered similarity in
dysplasia was higher than those in epithelial CIS. The de-
veloped image processing method shows good promise for
the computer-aided pathological assessment of oral border-
line malignancy differentiation in clinical practice.
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