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Twin-pair rete ridge analysis: a computer-aided method for
facilitating objective histopathological distinction between epi-
thelial dysplasia and carcinoma in-situ of the oral mucosa
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Abstract: Epithelial dysplasia and carcinoma in-situ (CIS) of the oral mucosa are two
different borderline grades similar to each other, and it is difficult for pathologists to
distinguish these two lesions on hematoxylin and eosin-stained sections only. To
support objective differential diagnoses, we have developed a new computer-aided
analysis system. The method was based on a comparison of the elevation levels in the
drop shape between twin-pairs of neighboring rete ridges. The dissimilarity of the
drop shape was defined by the roundness difference between a pair of rete ridge units.
All the steps were performed using a graphical user interface. The similarity levels in
epithelial dysplasia were higher than those in CIS, whose histopathological diagnoses
were conventionally made by experienced pathologists. The developed image
processing method showed good promise for the computer-aided pathological
assessment of oral borderline malignancies in clinical practice.
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Introduction

Oral cancer is one of the six most common human
cancers in the world (1). While cigarette smoking and
alcohol drinking are major risk factors in Western countries,
the habits of chewing betel quid, tobacco, or gat leaves are
major risk factors in the causation of oral cancer in many
Asian and Arabic cultures (2-3). In Yemen and India, oral
cancers are the most common types of cancer, representing
up to 30% of all body cancers (2, 4). Oral squamous cell
carcinoma (SCC) accounts for more than 90% of all oral
cancers. Oral SCCs have been thought to develop from pre-
malignant lesions (5), such as leukoplakia, which histo-
pathologically includes two major classes of borderline
malignancies: epithelial dysplasia and CIS.

As it is not always easy for pathologists to make an
accurate diagnosis of these borderline malignancies by using
only hematoxylin-eosin stained specimens (6), the develop-
ment and use of computer tools for analyzing microscopic

images of oral tissues could aid in objective analysis (7).
Oral epithelial dysplasia and CIS are two different grades
which should be distinguished from each other because CIS
develops into invasive SCC. However, how to differentiate
between them due to histological similarities is not always
clear to pathologists (8-9), and diagnoses based on
subjectivities or the personal experiences may differ from
hospital to hospital, and accordingly, pathologists may feel
uncertain when making such diagnostic decisions based on
but a few commonly-accepted standards. Therefore, accurate
histopathological grading methods are needed to commence
category-specific treatments.

At the histopathological level, the shape of the rete
ridges is a histological key feature and is considered to be
highly important by pathologists when grading oral
borderline malignancies (6, 10). The rete ridge contour can
be defined as the edge segment that separates the epithelial
zone from the connective tissue. The contour of the rete
ridges is fixed by a basement membrane, which is a sheet-
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like extracellular matrix interface between the epithelial
zone and the underlying connective tissue. In contrast to
normal rete ridges, those in the process of malignant
transformation become enlarged in the direction of underlying
connective tissues. Their most characteristic form at this
stage is a “drop shape” as indicated in the WHO classification
(10), and it is frequently associated with epithelial dysplasia
with the characteristic two-phase appearance (11).

In this article, our aim is to introduce a new method that
enables the distinction of CIS from dysplastic epithelia
based on the analysis of drop shape variations of rete ridge
units, providing an objective tool with promising potential
for clinical use.

Materials and methods

Our approach for analyzing rete ridges was divided into
several well-defined stages. After image acquisition using a
high resolution digital camera, we manually selected well
matching twin-pairs of neighboring rete ridges from the rete
ridges present in the same section. A sequence of image
processing operations was applied in order to extract the
contour of rete ridges. At first, saturation-based color
segmentation in a hue, saturation, and value color space
(HSV) was applied for the purpose of separating the
epithelial zone from the rest of the tissue image. After
epithelium segmentation, the main pixels at the boundary of
the objects were defined and referred to as edgels. Next, a
morphological operation based on dilation was applied
followed by a thinning operation to connect those edgel
pixels. A chain code was designed to trace the contour that
represented the rete ridges. Finally, every rete ridge unit was
determined and quantified for aiding differentiation of the
borderline malignancies.

Histopathological preparation

All biopsy samples from the oral mucosa were fixed in
formalin and processed for paraffin embedding using the
standard pathological procedure. Serial paraffin sections
were cut to a thickness of 5 pm with a microtome. These
sections were stained with hematoxylin and eosin (HE).
Thirty-three histological images from normal and dysplastic
epithelia and CIS were captured by the authors who are
pathologists, using a Nikon high-resolution digital camera
(DXM1200C, Nikon Corporation, Tokyo, Japan) connected
to a Nikon optical microscope (S-800). Images were
acquired with a 10 x or 20 x objective lens at 2058 x
1536-pixel resolution on the camera. The intensity level was
adjusted so the digitized images were visually acceptable to
the pathologists. The rotation of the captured images was set
in such a way that the upper surface of the epithelium was in
a horizontal position.

Twin rete ridge selection

Twin-pairs of the rete ridge were defined as two
neighboring rete ridges which resembled each other from the
view point of the authors who were technologists and who
had no histopathological backgrounds. Using the developed

Computer-aided distinction of oral carcinoma in-situ

R o P e S A Y

Fig. 1. Twin-pair of rete ridges in a histopathological image of
oral carcinoma in-situ stained with hematoxylin and
eosin (HE). The term twin-pair was applied for a
spatially neighboring pair of rete ridges with similar
shapes. Selection of twin-pairs was performed
subjectively by technologists and not by pathologists.

graphical user interface (GUI), which will be described later,
they selected regions of interest at a glance where twin-pairs
were located by specifying a cropped rectangle that fit the
twin-pair area in an image as shown in Fig. 1. The rest of the
distinction process was then applied to the region of interest
automatically.

Image processing

Image processing operations for the automatic extraction
and representation of the rete ridges (12) were performed
according to a standard method described elsewhere (13). In
addition, the method was simplified in order to focus on the
present series of images. The rete ridge, a targeted edge
segment, was obtained from the boundary pixels of the
epithelial zone. The epithelium segmentation was obtained
on the basis of observation of the saturation of the epithelial
zone being lower than that of the lamina propria connective
tissue. Thus, the captured histological images were
transformed into those of the hue, saturation, and value
(HSV) color space. This generated a saturation component
image in which the epithelium and connective tissue zones
were clearly distinguished with different contrasts over the
image. The contrast of the saturation image was improved
by applying an intensity adjustment operation.

A global thresholding method (13) based on Otsu’s
method (14) was used to determine the threshold value for
segmentation. This created a bilevel image in which pixels
with lower intensity values were determined as foreground
pixels (ones), while all other pixels were determined as
background pixels (zeros). This resulted in a bilevel image
of the epithelium as a single large object. In contrast, other
smaller separate objects appeared in the connective tissue.
These smaller objects were located very close to the
epithelium and were considered as a part of the epithelium.
This was achieved by applying morphological thickening
and bridging operations followed by an opening operation.
The epithelial zone was determined by the largest object in
the image, while the other remaining objects which were
located far away from the epithelium were removed from the
image. Finally, a closing operation was applied to the
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Fig. 2. Schematic concept of wide-angle edgel method. P,
target pixel; A-E, neighboring significant pixels inside a
line-of-sight distance; 6, angle between two pixels A
and B around P. Field of view and line-of-sight distance
were defined by 6 and a square window centered on P,
respectively. With respect to P, if the inner product
between two vectors of PA and PB is not positive, P is
an edgel which belongs to the border of the object.

segmented epithelium image.

After the epithelium segmentation, the rete ridges were
extracted. They were then obtained from the main boundary
pixels of the segmented epithelia. To this end, we utilized a
texture-based method known as the wide-angle edgel
method for selection of the edgels (15). An edgel is an edge
pixel located at the boundary of an object. Its concept is
explained as follows: when pixel P shown in Fig. 2 is
assumed to be located at the boundary of an object, in which
the boundary is disconnected and fragmented because of
insufficient contrast and imperfect segmentation, a pair of
significant pixels, for instance, A and B, defines a field of
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view (theta) within a line-of-sight distance. The line-of-sight
distance is defined by a window of a 7 x 7-pixel size. If there
are no pixels within the field of view inside the window, and
if the angle APB is equal to or larger than 90 degrees, P is
identified as an edgel.

Since the set of edgels obtained from the wide-angle
edgel method were still disconnected, a morphological
operation of dilation followed by a skeletonization thinning
operation was applied to obtain a connected boundary
(16-17). The generated images contained some undesirable
spurious arcs which were removed by a spur removal
operation. Finally, a chain coding was developed to trace the
boundary of the rete ridges.

Isolation of rete ridge units

Each rete ridge unit was terminated by finding the upper
peak points of the dermal papilla in the rete ridge. A half
circle arc was then attached onto every pair of end-points of
the rete ridge units in order to obtain a closed loop shape,
and hence all rete ridge units were isolated separately.
Finally, the obtained closed loop units were smoothed by
assuming a 2% value of the contour descriptors (18). As a
result, smoother shapes of rete ridge units were obtained,
and they were resistant against insignificant variations in
shape.

Numerical quantification

The aim of the presented method was to measure the
drop-shape development in order to compare the malignancy
levels with respect to any given twin-pair rete ridge. The
roundness measurement was the shape-factor (18-19) used
to quantify the drop-shape malignancy level of the rete ridge
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Flg 3 Hlstologlcal varieties of rete ridges among oral epithelial lesions. (a) Normal eplthehum (b) eplthehal hyperplas1a (c)
epithelial dysplasia, moderate; (d) carcinoma in-situ; (e) carcinoma in-situ with micro-invasion; (f) invasive squamous cell
carcinoma. Rete ridge shapes definitely showed variation from normal to carcinomatous epithelia. There was an obvious
tendency for their shapes to become more complicated as their levels of malignancy were elevated, although it was difficult to
identify the levels for each category.
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units. The roundness of a rete ridge unit was defined as

area

Roundness = 3
T [max dlameter]

2

Its maximum value was 1 in the case of a true circle and 0.5
for a half circle. The roundness was scale-invariant and
rotation-invariant.

Development of graphical user interface for twin-pair
analysis

For use by the pathologists of the above-mentioned
analysis on digital captured histological images of oral
mucosal lesions, we developed a user-friendly graphical
user interface (GUI) which allowed for easy handling and
analysis of histological images automatically. The software
was developed using MATLAB programming language and
could be run on Microsoft Windows and Macintosh
operating systems.

Fig. 4. Step-wise procedures of epithelium segmentation. (a) HE-stained image of twin-pair rete
ridges captured from a normal epithelium sample; (b) saturation component of (a); (c)
contrast-adjusted saturation component; (d) morphological operation-processed image; (e)
final image of segmented epithelium. After intensity levels were adjusted over the image
(a-c), thresholding based on Otsu’s method was applied to the contours of twin-pairs (d), and
they were supplemented with neighboring small objects by a thickening operation to identify
the epithelial zone (e).
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Results

Twin rete ridges extraction

Fig. 3 shows the representative rete ridge variations
selected from oral mucosal lesion samples whose diagnoses
were well agreed upon by three different pathologists. As
shown in Fig. 3a, normal rete ridges were random-shaped,
and they projected down into slightly different directions. In
epithelial dysplasia (Figs. 3b & 3c), rete ridge units of a
twin-pair resembled each other, but they were delicately
different from each other compared to normal ones. Rete
ridges of epithelial dysplasia (Fig. 3c) and CIS (Figs. 3d &
3e) were not always clearly distinguished from each other on
HE-stained sections. In invasive SCCs (Fig. 3f), their tumor
cell nests were obviously different from any other lesion
types mentioned above. Therefore, it was difficult to
discriminate CIS from epithelial dysplasia as far as only
their similar rete ridge shapes were concerned.

To obtain an objective metric for the degree of malignant
transformation, we selected two neighboring rete ridges as a
unit and identified them as twins, as shown in the box in Fig.
1. It was assumed based on our hypothesis that the twin-pair
rete ridges should have had a more similar appearance in

b

Fig. 5. Rete ridge contour ex-
traction. (a) Pixels as a set of
wide-angle edgels; (b) a final
rete ridge contour after spur-
edge removal followed by
chain coding. Since the con-
tour obtained in (a) was im-
perfect because of uncon-
nected pixels, it was necessary
for gaps between pixels to be
filled by a sequence of dilation
and skeltonization. The opera-
tion also produced undesired
spur edges, and thus they were
pruned.




normal epithelia (Fig. 3a) or in lower grades of epithelial
dysplasia (Fig. 3c) compared to higher grades of epithelial
dysplasia or CIS. With malignant transformation, each rete
ridge of the twin-pairs began to deform itself and obtained
its own new shape independently, resulting in different
shapes within the twin pairs in CIS and SCC (Figs. 3d-3f). In
addition, the similarity levels of twin-pair rete ridges varied
from area to area within the same tissue sections.

Fig. 4a shows an example of the twin-pair rete ridge
selected from captured RGB images. It was transformed into
a saturation component in HSV color space (Fig. 4b), and its
contrast was enhanced (Fig. 4c). Its bilevel image was
obtained by Otsu’s thresholding (Fig. 4d), from which
insignificant artifacts were removed, as shown in Fig. 4e. To
obtain the boundary of the rete ridge, wide-angle edgels
were extracted from the bilevel image of Fig. 4e. An
obtained boundary (Fig. 5a) was fed to a sequence of
processing of spurious removal and chain coding, and a
continuous boundary of the rete ridge was generated, as
shown in Fig. 5b. Finally, every rete ridge of the twin-pairs
was isolated into a separate unit, as illustrated in Figs. 6a and
6b, which show two different examples. Their contour
descriptors were truncated up to a significant value of 2% to
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Fig. 6. Isolation of a pair of rete ridge units. (a, b) Closed-loop
units by placing a half-circle arc onto two end-points of
rete ridge twins; (¢, d) smoothed contours of isolated
rete ridge units in (a) and (b), respectively, by assuming
a significant 2% value of the contour descriptors.
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generate robust representations of the rete ridge units, as
shown in Figs. 6¢ and 6d, respectively.

GUI for twin-pair analysis

For the clinical use of the twin-pair rete ridge analysis, a
software package named TwinsViewer was developed (Fig.
7). It included a user-friendly GUI designed to aid
pathologists in their clinical testing of the drop-shape
similarity between twin rete ridges. Once a targeted twin-
pair was identified by a box on a digital microscopic image,
all analyses were performed automatically. The output
resulted in a pair of the rete ridge units followed by their
roundness values and supplementary geometric measure-
ments with respect to their shapes.

Numerical quantification

For reference purposes, the roundness values of different
shapes shown in Fig. 8 are listed in Table 1. The roundness
value was sufficiently sensitive to drop-shape variations. For
example, roundness values were significantly different from
each other among objects a, b, and ¢, which were typical rete
ridges seen in higher grades of epithelial dysplasia and CIS.
Object e, a half circle, was a rotated version of object d,
while the roundness of both of them was identical to 0.5,
which is a demonstration of the rotation-invariant property
of the roundness defined in this article. The scale-invariance
was demonstrated by three objects, g, h, and i, whose
roundness values were 0.63 and identical. Object f represents
an irregularly shaped unit of the rete ridge obtained from the
right rete ridge unit shown in Fig. 6d.

Sample measurement

Table 2 lists the roundness values of left and right twins
and their differences for 33 sample images analyzed by the
method mentioned above. A higher roundness value among
a pair of twins is shown in italics, and the absolute difference
with respect to twin-pairs is shown in boldface text in the
table. For ease of analysis, Table 2 was converted into Fig. 9,
in which the horizontal and vertical axes represent the
absolute difference between the left and right rete ridge units
of twin-pairs and the representative roundness value of the
pair of twins, respectively. It was possible to consider that
the drop-shape similarity increases as the roundness
difference decreases. Three clusters of plots are clearly
separated in the figure. Plots for CIS occupy the top-right
area, in which its difference and the roundness levels were
higher than those of the other categories. On the other hand,
within the interval of low levels of the roundness difference,
plots for epithelial dysplasia were distributed throughout the
top-left area, and they were represented by their higher
roundness and lower difference levels. Plots for normal
epithelia are concentrated in the bottom-left area, where
their roundness and difference levels were lower than those
of any other categories.
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Discussion

The presence of epithelial dysplasia is generally
considered as one of the most important prognostic factors
of oral leukoplakia (8, 10). Moreover, the presence of CIS
was shown to be significantly associated with recurrence or
more advanced progression into invasive SCC (6, 9).
However, the histological distinction between CIS and
epithelial dysplasia is one of the most challenging issues for
pathologists. Since its histopathological evaluation generally
depends on an assessment of cellular atypia and arrangements
in the epithelial layer, pathologists take into account such
various and complicated factors as cellular features, epithelial
thickness, cross-cutting, and other histological findings
based on their quantitative and qualitative measures which
are not evenly weighted but case-dependent proportional
weighted. It is thus not surprising that inter- and intra-
examiner variabilities in the histopathological diagnosis of
oral CIS and grading of oral epithelial dysplasia have often
been reported (8, 20-21). The WHO 2005 criteria used for
grading epithelial dysplasia included seven architectural and
nine cytological criteria (22). One of the most important
architectural changes should be alteration of the rete ridges.
Rete ridges with a drop-shaped enlargement of their lower
part generally result from a monotonous proliferation of
basaloid cells, which we have proposed calling a “two-phase
appearance” of oral epithelial dysplasia and CIS (6, 9, 11,
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Fig. 7. A graphical user interface
(GUI) for the developed method of
twin-pair capturing. This GUI was
prepared for clinical use of the
method. The analysis was per-
formed automatically once twin-
pairs of rete ridges were specified.

23). There should be no arguments on the issue that the rete
ridge alteration is the most important issue among the 16
WHO criteria (22). Therefore, we wanted to analyze the rete
ridge shape at first by a computer-aided method.

In this study, we have focused our attention on the
drop-shaped swelling of rete ridges. Since our concern has
been how to distinguish oral borderline malignancies by
objective criteria, we have already developed a new
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Fig. 8. Examples of objects for a demonstration of scaling-
invariance and rotation-invariance. The drop-shape of a
rete ridge was quantified by identifying its roundness
value. (a-c) Different drop shapes; (d, e) rotated variants
of a half circle; (f) an irregular shape of a rete ridge unit
as shown in Fig. 6d; (g-i) scaled variants of pointed-

shapes.
Table 1. Roundness value of different round-shaped objects of Fig. 8.
shape a b c d e f g h i
roundness 1 0.80 0.45 0.50 0.50 0.53 0.63 0.63 0.63




Table 2. Quantitative values of roundness in 33 tissue samples

?;;?;le histopathological : roundness
# diagnosis ;?)?1):11(?1112:; left right difference

1 normal epithelium 0.52 0.45 0.52 0.07

2 normal epithelium 0.49 0.41 049 0.08

3 normal epithelium 0.39 0.39 0.35 0.04

4 normal epithelium 0.38 0.38 0.32 0.06

5 normal epithelium 0.54 0.54 047 0.07

6 normal epithelium 0.25 0.23 0.25 0.02

7  normal epithelium 0.31 0.31 0.28 0.03

8  normal epithelium 0.38 0.38 0.35 0.03

9  normal epithelium 0.37 0.34 0.37 0.03
10 normal epithelium 0.39 0.32 0.39 0.07
11 normal epithelium 0.34 0.28 0.34 0.06
12 epithelial dysplasia 0.61 0.61 0.57 0.04
13 epithelial dysplasia 0.67 0.67 0.64 0.03
14 epithelial dysplasia 0.87 0.83 0.87 0.04
15  epithelial dysplasia 0.75 0.75 0.70 0.05
16 epithelial dysplasia 0.89 0.82 0.89 0.07
17  epithelial dysplasia 0.58 0.50 0.58 0.08
18  epithelial dysplasia 0.75 0.65 0.75 0.10
19  epithelial dysplasia 0.74 0.74 0.66 0.08
20  epithelial dysplasia 0.82 0.82 0.72 0.10
21  epithelial dysplasia 0.80 0.80 0.74 0.06
22 epithelial dysplasia 0.75 0.68 0.75 0.07
23 carcinoma in-situ 0.90 0.90 0.76 0.14
24 carcinoma in-situ 0.72 0.59 0.72 0.13
25  carcinoma in-situ 0.77 0.77 0.63 0.14
26  carcinoma in-situ 0.84 0.84 0.68 0.16
27  carcinoma in-situ 0.70 0.70 0.58 0.12
28  carcinoma in-situ 0.81 0.62 0.81 0.19
29  carcinoma in-situ 0.81 0.81 0.66 0.15
30  carcinoma in-situ 0.88 0.88 0.74 0.14
31 carcinoma in-situ 0.90 0.80 0.90 0.10
32 carcinoma in-situ 0.88 0.88 0.76 0.12
33  carcinoma in-situ 0.91 0.91 0.69 0.22

diagnostic method by using immunohistochemistry that
leads to reasonable distinction of borderline grades (9) based
on the current biological concept of cellular differentiation
and proliferation (24). However, at the same time, we also
intended to develop other objective methods based on
different approaches. We believe that our use of a twin-pair
method is a sensible approach because the deforming
process for each of the twin-pair rete ridges is thought to be
independent in terms of direction and speed.

Current cancer biology research notes that some gene
mutations in a single cell or in a small number of cells
proliferate by communicating with their neighboring cells
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(25), causing their autonomous and excessive growth, which
might result in different degrees of enlargement of the rete
ridges from area to area in those lesions.

The rete ridge is an edge segment that can be obtained
from the boundary pixels of a segmented epithelial zone
(26). Thus, identification of the segmentation was a crucial
step, although it did present us with some challenges. These
challenges were mainly due to the following: i) staining
artifacts, which caused color variations of the biopsy section;
ii) lighting acquisition conditions that affected the brightness
of different parts of the tissue under the microscope; and iii)
the unintentional touching of objects such as lymphocytes.
However, we were successful in overcoming these technical
difficulties in the present study.

In the past literature, epithelium segmentation has been
targeted in some studies, in which different image processing
methods were investigated and applied to HE-stained
microscopic images (27-28). Landini and Othman isolated
the full extent of the epithelial compartment from the
underlying connective tissue by optical density thresholding
after histogram equalization to obtain a bilevel image of the
full epithelial profile (27). The method seems to be simple;
however, they did not report on how precise and successful
their results were. In addition, their segmentation was not
always targeted to the rete ridge representation. In the
present study, our main targeted feature was the rete ridge of
the epithelium, and it was therefore important to develop a
precise segmentation of the epithelium. In the study by
Blomgren et al., epithelium segmentation was achieved in
the green component of the RGB color space (28). Since the
contrast between the epithelium and connective tissue was
high in the green (G) level values, a thresholding value was
clearly determined. In the present study, however, we
preferred to obtain the epithelium segmentation by generating
the saturation component of the HSV color image, in which
the contrast was also high. We intended not to use any
color-based segmentation methods because the color
variations by staining artifacts could be higher than those of
the saturation variation.

In the present study, we could obtain the epithelium
segmentation on the basis of our assumption that HSV color
space would contain a saturation component which provided
a better contrast between the epithelium and connective
tissue zones. The epithelial zone had a lower saturation
value while the connective tissue zone had a higher
saturation value. The contrast between these two main zones
was improved by applying the intensity adjustment method.
Our application of the global thresholding method to the
images was successful in creating bilevel images based on
the intensity values of the adjusted saturation images. Since
the epithelium and other objects from the connective tissue
falling within the same intensity range were segmented
together, most parts of the connective tissue were reasonably
eliminated. Thus, the epithelial zone was handled as one
connected large object, and the other smaller objects were
separated into the connective tissue zone. However, some of
them were histologically parts of the epithelium, and it was
necessary to connect these very close objects to the
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Fig. 9. Plot of roundness values vs. roundness differences
in 33 oral epithelial lesions. @, Normal epithelia; @,
epithelial dysplasia, moderate; A, CIS. Differences
between roundness values in the X-axis and
roundness levels in the Y-axis. Note that the
similarity level increases as the difference value
decreases. There were three clusters of plots. Plots
for CIS occupied the top-right area, while those for
epithelial dysplasia were distributed throughout the
top-left area, and those for normal epithelia were
concentrated in the bottom-left area. The figure
clearly indicated that the roundness and similarity
levels of twin-pairs were lowest and highest,
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roundness difference between a pair of twins

epithelium boundary by bridging and thickening morpho-
logical operations.

In the same way, we were able to eliminate some of the
unintentionally touched objects, which were considered to
be parts of the epithelium, by using a highly-textured
operation, known as the wide-angle edgel method, to obtain
the main structure pixels of the edge of the rete ridges. The
gap between edgel pixels was successfully filled by our
dilation-and-thinning morphological operation. It was
important to generate a closed-loop shape by adding a half
circle arc to each rete ridge unit after the determination of
the inner peak point of rete ridges and before the quantification
of their drop shapes. Since the roundness value of a half
circle of any scale and orientation is always fixed and equal
to 0.5, we assumed that every rete ridge was to be equally
treated. Smoothing the shape roughness of the obtained
closed-loop contour was accomplished by reducing the
number of contour descriptors in turn to evaluate their
roundness more precisely, as reported in different studies
including medical applications (18). Shape factors are
different measurement tools that can be used for the
numerical representation of features. It was important for us
to find a quantitative tool which responded to those drop-
shape changes found in the histopathological images.
Roundness seemed to be the most reasonable shape factor
used for quantification because it actually showed good
responses to the histological features of rete ridges in oral
mucosal lesions.

It is, of course, still too early to say that the present
method could be used as a universal one for differentiating
any lesional categories of oral borderline malignancies.
However, use of the method enabled us to distinguish
between epithelial dysplasia and CIS in many of their
captured images. The twin-pair method introduced in the
present study might not be incongruous to pathologists,
because it is based on the existing fundamentals of
histopathology for oral cancer research. This method can be
applied to any sites of the oral mucosa including the lips,
tongue, gingiva, palate, floor of the mouth, and buccal

respectively, in the normal samples, while those
behaviors were opposite in CIS. The figure also
indicates that CIS and epithelial dysplasia were
distinguishable based on this evaluation method.

mucosa. However, this method does not seem to be
applicable to atrophic types epithelial dysplasia or CIS (6),
which have no obvious rete ridges, although they have a
rather higher risk of recurrences or invasive changes.

In conclusion, our automated computer-aided method,
developed for quantifying rete ridge units in HE-stained
microscopic images of the oral mucosal lesions, was shown
to function well in discriminating CIS from epithelial
dysplasia by evaluating the roughness among rete ridge units
using the roundness values of twin-pairs. The concept of a
twin-pair could be fed back to routine diagnostic activities of
pathologists. In addition, based on the present study, it seems
prudent that the development of additional computer-aided
morphometrical devices be pursued collaboratively between
both pathologists and engineers.
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