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ABSTRACT

Current  systems  for  automatic = chromosome
classification are interactive and require human intervention for
correct separation between touching and overlapping
chromosomes. Special separation methods are required to
segregate chromosomes because they are non-rigid objects. This
study develops a new technique to separate overlapping
chromosomes based on computational geometry. This technique
requires the identification of all possible cut points from the
contour line of overlapping chromosomes, using Voronoi
diagrams and Delaunay triangulations to select the four target
cut points and cut overlapping chromosomes into two
chromosomes. We test our algorithm on 35 overlapping
chromosome images and find that 28 out of 35 overlapping
chromosomes images can be separated correctly (i.e. 80.0 %).
Three out of the 35 images are separate incorrectly (i.e. 8.6 %)
and four out of 35 images are not separable by our algorithm
(i.e. 11.4 %).
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INTRODUCTION

Human chromosome analysis is an essential task in cytogenetics,
especially in prenatal screening and genetic syndrome diagnosis, cancer
pathology research and environmentally induced mutagen dosimetry [1]. Cells
used for chromosome analysis are taken mostly from amniotic fluid or blood
samples. One of the aims of chromosome analysis is the creation of a
karyotype, which is a layout of chromosome images organised by decreasing
size in pairs [2]. The karyotype is obtained by cutting chromosome images
from a photograph of a cell, taken using a microscope, and arranging the
chromosomes into their appropriate places on the layout according to their
visual classification by a cytotechnician. Karyotyping is a useful tool for
detecting deviations from normal cell structure. Abnormal cells can have an
excess or deficiency of a chromosome and/or structural defects, like breaks,
fragments or translocations (i.e. exchange of genetic material between
chromosomes). However, even today chromosome analysis and karyotyping
are performed manually in most cytogenetic laboratories in a repetitive, time
consuming and therefore, expensive procedure.

Great efforts to develop automatic chromosome classification
techniques have been made during the last 25 years. However, all have had
limited success and have yielded poor classification results compared with
those of a trained cytotechnician [3-5]. Some of the reasons for the relatively
poor performances are the inadequate use of expert knowledge and
experience, and insufficient ability to make comparisons and/or elimination
among chromosomes within the same metaphase. In addition, the systems
always require operator interaction to separate touching and/or overlapping
chromosomes and to verify the classification results [1,3,4].

Automatic separation of overlapping chromosomes is important for the
analysis of prophase and pro-metaphase images, but automatic separation has
received relatively little attention compared to other aspects of the
chromosome analysis problem such as classification. Methods for
automatically segmenting both touching and overlapping chromosomes are to
decompose a thresholded object into individual components using geometric
evidence by reasoning about shapes [6-8], boundary curvature [9,10],
chromosome skeleton [11] and banding pattern [12,13]. In this study, we
develop a new technique for separating overlapping chromosome images by
using computational geometry, which has been widely used for image analysis
[14-16].
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MATERIALS AND METHODS

Thresholding techniques for chromosome images

Thresholding is a well-known technique for chromosome segmentation
and the operation of converting a multi-level image into a binary image
[17,18]. Each pixel in a binary image value is represented by a single binary
digit. In its simplest form, thresholding is a point-based operation that assigns
the values of 0 or 1 to each pixel of an image based on a comparison with
some global threshold value 7T as in Eq. (1).

L if f(x,»)2T (1)
0, if f(x,»)<T

Thresholding leads to a significant reduction in data storage and results
in binary images that are simpler to analyse. Binary images permit the use of
powerful morphological operators for shape and structure-based analysis of
image content. A threshold value can be determined based on two selectable
minimisation criteria: (1) minimising a mean squared error between the
original and the binary image (Figures 1a,b) and (2) minimising a weighted
sum of group variances, where the groups are formed from the pixels that fall
above and below some chosen threshold (Figure 1c¢) [19]. The Mathematica
Digital Image Processing package is used to generate a histogram of the
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original image and select threshold values [20].
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Figure 1 Overlapping chromosome images with minimising techniques. (a) an original
image of two overlapping chromosomes, (b) threshold image by minimising the mean
squared error (7 = 218), and (c) threshold image by minimising the weighted sum of
group variances (7' = 207).
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Preprocessing for computational geometry

Further successful information compaction may be achieved by
locating interesting points on the shape contours [21]. Interesting points are
defined as contour pixels at which an abrupt change occurs. For the purpose of
object separation, it is sufficient to consider only high concave points on
external contours [22]. These interesting points are possible cut points that are
obtained from contour lines by selecting points from a curvature function. The
target cut points (i.e. four points used for separating overlapping
chromosomes) are cut points around the overlapping area. Voronoi diagrams
are used for determining the centre of overlapping area. Delaney triangulation
is used for determining the four nearest possible cut points.

Computation of the chromosome outlines

Chromosome contours are obtained from threshold images. They are
object pixels that connect to background pixels. These pixels are obtained by
forming the convolution of the kernel K in Eq. (2) and Eq. (3) with the
threshold image (Figures 2a,b). Then contour pixels are obtained from the
convolution matrix by Eq. (4) (Figure 2c¢).
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Interpolation of the discrete curvature function

The curvature function y of a curve y(x) is defined as the changing rate
of the curve slope @(s) with respect to its length s. The exact calculation of the
curvature function according to its definition is given by Eq. (4).

do(s) l: y 4)
ds p ()'/2+1)3’/2

/4

Where y and j denote the first and second derivatives of y,

respectively, and p represents the radius of curvature, which is the radius of a
circle that is tangent to the concave side of the curve, and has the same
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curvature as the curve at the tangential point. Since the exact calculation of the
curvature function requires a second derivative, it is impractical for discrete
curves.

The curvature function is a derivative of the contour’s slope function,
thus the contour’s slope function can be evaluated. In order to prevent noise in
the slope function caused by fluctuations on the contour, some smoothing
must be introduced into the slope evaluation. The K-slope at a contour pixel is
defined as the slope of a line connecting that pixel with its right neighbour
[23]. The selection of a large enough K introduces the required smoothing into
the slope function evaluation. The K-curvature at a contour pixel is defined as
the difference between the K-slope at that pixel and the K-slope of its left
neighbour. The values of the K-curvature should then be normalised so that a
unique representation for each possible angle will be obtained.

. P

(2) (b)

Figure 2 Overlapping chromosome images. (a) threshold image, (b) convolution image
and (c) contour image
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Detection of the possible cut points

The possible cut points are contour pixels where an abrupt change
occurs. The possible cut points are detected as extremum points of the
curvature function (Figure 3). Before analysing the curvature function, a low-
pass filter for high frequency noise removal is used to filter the noise out in
order to stress its main features. The filtered curvature function is segmented,
and extremum points are detected within each segment. The result of this
process is a list of possible cut points, each having a curvature measure.
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Figure 3 Possible cut points on a filtered curvature graph. m represent possible cut
points.

Determination of the centre of overlapping area using Voronoi diagram
technique

Target cut points of overlapping chromosomes are possible cut points
at the crossing area. These points can be observed as points that are nearest
around to the centre of the crossing area and the intersection point of two
chromosome skeletons. From this property, we can obtain possible cut points
by skeletonising the chromosome and finding the points. We use a Voronoi
diagram to find the centre of this crossing area. The Mathematica
Computational Geometry package is used to compute both Voronoi diagrams
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and Delaunay triangulations [20]. The bounded Voronoi diagram is used due
to reduced computational time (Figure 4a). From a Voronoi diagram the centre
of the overlapping area can be obtained from the diagram as the points that
connect to more than two internal nodes. From our previous study [24], we
found that if fewer points are used for computing the Voronoi diagram, a
unique answer cannot be found. To avoid this problem, we add some contour
points for computations. These points are points at a middle position between
possible cut points. For two points, we use the middle point for computation in
the next step. The algorithm sometimes gives more than two points. Extra
points appear which would add more contour points for computation. These
points are all the nodes at the end of the skeleton not at overlapping areas.
They can be eliminated by cutting the branch end of the chromosome skeleton
by using the same criteria for selecting the point again. The usable cut points
can be obtained by using Delaunay Triangulation to calculate a set of possible
cut points joined to the crossing centre point (Figure 4b).

(a) (b) (c)

Figure 4 Overlapping chromosomes with Voronoi diagrams and Delaunay
Triangulations. (a) possible cut points on the contour line, (b) a Bounded Voronoi
diagram of possible cut points and (c) Delaunay Triangulation of possible cut points
and the centre of the overlapping area. Target cut points are connected to the centre of
the overlapping area. e, _,M and e represent chromosome contour, Delaunay
Triangulation, crossing centre and target cut points, respectively
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Separation of chromosomes

Overlapping chromosomes are separated by dividing the contour set
into two contour sets using the four cut points. Given a contour set
A4 ={a,,a,,a,,...,a,}, B four cut points set B={a,,a;,a,,a,} where i<j<k<I

set A can be separated into set A; and A4, by Eq. (5) (Figure 4c).

4, =1{a,,ay,a,,...,a,}Ula;,a,,,,a,,,.,a,}Ula,,a,,,a,5,..,a,} 5)

Ay =404, 8155 815550, U0, 055 0y 5500000

Chromosome data set description

Amniotic fluid cells were acquired from the Human Genetics Unit,
Faculty of Medicine, Prince of Songkla University. A total of 80 complete cell
metaphase images were collected mostly with overlapping chromosomes.
Thirty-five sub-images of overlapping chromosomes were randomly selected
and cut from the original images. Resulting images were verified by a
cytotechnician from karyotype images.

RESULTS AND DISCUSSION

Twenty eight out of the 35 overlapping chromosomes images can be
separated correctly (i.e. 80.0 %). Three out of 35 images are separated
incorrectly (i.e. 8.6 %). Four out of 35 images are not separable by our
algorithm (i.e. 11.4 %). Our results are comparable with Agam and Dinstein’s
[9] study. They separated overlapping chromosome images as follows: 82 %
correctly, 7 % incorrectly, and 11 % were non-separable.

The algorithm works well with long overlapping chromosomes
(Figures 5a-d). In some cases, the algorithm gives 5 - 6 target-cut points of
which 4 out of the 5 - 6 target cut points are the correct target cut points.
However, overlapping chromosome images that contain 5 - 6 target-cut points
will be separated incorrectly. An Extended algorithm is needed in these cases.
Four points nearest to the centre of the overlapping area are selected. These
nearest points may be used because the centre of the overlapping area is
obtained by the possible cut points at the overlapping area using its
geometrical property (i.e. Voronoi diagram).
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Figure 5 Separation overlapping chromosome images. (a) original image of two
overlapping chromosomes, (b) a Bounded Voronoi diagram of possible cut points,
(c) chromosome 1, and (d) chromosome 2.

Incorrect chromosome segmentation occurred in four cases. First, the
algorithm provides the wrong four possible cut points that are around the
overlapping area (Figure 6a). Second, the algorithm cannot find a Voronoi
diagram of possible cut points (Figure 6b). Third, the algorithm cannot find a
centre of overlapping area (Figure 6c¢). Finally, this algorithm can be used only
with X-shape overlapping chromosomes. Therefore, with T-shape overlapping
chromosomes, the algorithm will give incorrect chromosome separation
(Figure 6d). T-shape Chromosomes cannot be separated because possible cut
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points are not at high concave pixels. For future work, this technique could be
used to segment three and four overlapping chromosome images and T-shape
chromosomes by extending our algorithm.
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Figure 6 Incorrect separation. (a) the algorithm gives the wrong four points, (b) the
algorithm cannot find a Voronoi diagram of possible cut points, (c) the algorithm
cannot find a centre of overlapping areas and (d) the algorithm cannot be used with
T-shape overlapping chromosomes.
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