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Abstract

This work presents a new approach in the application of computer vision tech-
niques to asses the diagnosis of solid breast tumors on ultrasound images. Most
works related to medical image analysis for breast cancer detection refer to mammo-
graphies. However, the studies carried out by the radiologists prove the significance
of some aspects observed on ultrasound images, which are spiculation, calcifications,
ellipsoid shape, taller than wide shape, echogenicity, capsule, angular margins, mi-
crolobulations, two or three gentle lobulations, acoustic shadow and ramifications.
We have developed a common framework for the analysis of such diagnosis crite-
ria, so that they can be measured by the computer and a set of parameters are
available for the physicans to decide whether the biopsy is necessary or not. The
results produced by the system have been compared to those given by three spe-
cialists to adjust the parameters and test their accuracy. The presence or absence
of the diagnosis factors coincides for human and computer in most of the nodules.
In some cases, the computer indicated the presence of suspicious factors which were
not actually worrisome, but the most important aspect is avoiding overlooking the
malignant nodules without needing carrying out a biopsy in all of them. We present
a set of mathematical methods to extract objective evidence of the presence or ab-
sence of the diagnosing criteria. This system is able to extract the relevant features
for solid breast nodules with high accuracy and represents a very valuable help in
the assessment of radiologists.

1 Introduction

There are certain criteria which are used by the physicians to determine whether a solid
breast nodule is benign or malignant. This work uses the computational techniques for
the study and classification of shapes and textures to help the physicians in the early
diagnosis of breast tumors on ultrasound images. Contrary to other works which deal with
mammographies, this one is based on the analysis of ultrasound images, in which a series



Figure 1: Markedly hypoechoic nodule (left) and hyperechoic nodule (right)

of diagnosis factors can be observed. Some previous works try to adjust the parameters of
the ultrasound systems to help in the decision making process [1], segment the tissues [2],
or deal with certain particular aspects of the nodules, such as texture [3]. The analysis
of ultrasound images that we propose allows performing precise measurements of a series
of diagnosing factors in order to characterize each nodule according to the values of the
parameters which have been obtained.

Spiculation, taller than wide shape, angular margins, markedly hypoechoic appear-
ance, acoustic shadowing, calcifications, ramifications and microlobulations are consid-
ered as malignant findings which lead the physicians to carry out a biopsy. On the other
hand, hyperechogenicity, ellipsoid shape, 2 or 3 gentle lobulations as well as a thin and
echogenic capsule suggest the benignity of the nodule [4].

It is not always easy for a human observer to measure some of these features and pro-
vide objective evidence of the benignity or malignancy of the tumor. However, computer
vision techniques may help detecting some of them and supplying numerical measurements
of the presence and relevance of these factors, in such a way that the risk of overlooking a
malignant nodule can be reduced [5] [6]. The purpose of this work is not the substitution
of the human observer or the physician’s interpretation, but the addition of a precise,
objective and invariable examiner which can draw the specialist’s attention to those areas
where each diagnostic factor is likely to be present.

2 Description of the Diagnosis Criteria

In this section, we will describe each one of the criteria that will be considered in the
diagnosis of the nodules, both malignant and benign. We will also present some examples
of the results provided by the computer-aided system.

First, we will consider the generation of echo by the nodule and the area around it. The
hyper or hypoechogenicity of a nodule, i.e. the excessive or defective generation of echoes
by that nodule, is measured with respect to the echogenicity of the fat of that particular
woman, since it is the relative intensity and not the absolute one that determines whether
it is hyper or hypo-echoic. This feature is considered because of the hyperechogenicity
of some benign tumors and the marked hypoechogenicity of malignant nodules. In fact,
the central part of two-thirds of malignant solid breast nodules is very hypoechoic with
respect to fat. In Fig. 1, we can see an example of a markedly hypoechoic nodule (left)
and a hyperechoic nodule (right).

Not only the generation of echo within the nodule is relevant, but also how the region



Figure 2:

Figure 3: Wider-than-tall nodule (left) and taller-than-wide nodule (right)

under it is affected. A nodule is said to produce acoustic shadow if the ultrasound is
attenuated when crossing through it. In this case, the region beyond the nodule, from the
point of view of the ultrasound emitting device, is darker than the region at the same level
which is not under the nodule, since its emission of echo is not altered by the nodule’s
being in between. In Fig. 2, we observe how a nodule can leave the generation of echo
unaltered (left) or interfere it (right). The generation of shadowing is considered as a
malignant factor.

We will now focus on the general shape of the nodule. A nodule is said to be taller
than wide when it is greater in the direction normal to the skin than in the parallel
ones. When this ratio is quite high, the possibility of being analyzing a malignant nodule
increases, since this reflects that the nodule is growing across normal tissue planes. On
the other hand, benign nodules usually affect a single tissue and appear perpendicular to
the direction of the ultrasound signals. Figure 3 shows a wider-than-tall nodule (left) and
a taller-than-wide one (right).

An ellipsoid shape increases the probability of the nodule’s being benign, and even if
a nodule does not present an ellipsoid-like shape, it is considered as benign if it presents
two or three smooth, well circumscribed and gentle lobulations. Figures 4 and 5 present a
nodule with elliptical shape and a nodule with two smooth and gentle lobulations, respec-
tively, as well as the ellipses extracted by the computer-aided system to help classifying
the nodules.

Contrary to the elliptical shapes described above, malignant breast nodules may
present projections from the surface of the nodule which extend radially within a duct
towards the nipple (duct extension) and/or within ducts away from the nipple (branch
pattern). Figure 6 shows a nodule with ramifications, which have been signaled by the
system.



Figure 4: Ultrasound image of a solid breast nodule (left), contour and ellipse extracted
from that contour (right)

Figure 5: Ultrasound image of a solid breast nodule (left), contour and combination of
two ellipses extracted from that contour (right)

Some other factors do not refer to the general shape, but to local variations of the
contour. For example, the finding of angular margins makes the nodule suspicious of being
malignant. Angular margins refer to the contour of the junction between the hypoechoic or
isoechoic solid nodule and the surrounding tissues. The entire surface of the lesion must be
surveyed, since they may involve only a part of it. Similarly, microlobulations are observed
as small ellipsoid arcs in certain regions of the contour and are frequently associated
with angular margins. Figures 7 and 8 show the angular margins and microlobulations
extracted for a nodule, respectively.

Spiculation consists of contrasting lines radiating out perpendicularly from the surface

Figure 6: Ultrasound image of a solid breast nodule (left), contour and ramifications
extracted by the system (right)



Figure 7: Ultrasound image of a solid breast nodule (left), contour and angular margins
extracted from that contour (right)

Figure 8: Ultrasound image of a solid breast nodule (left), contour and microlobulations
extracted from that contour (right)

of the nodule. Figure 9 shows the spiculated areas extracted for a nodule.

Finally, the presence of punctate echogenic calcifications within a solid breast nodule is
worrisome for malignancy. Calcifications are identified as highly contrasting white points
inside the nodule. Figure 10 shows an example of a nodule with calcifications and where
they are located by the computer.

In the following section, we show how the ultrasound images have been processed to
analyze these factors on them.

Figure 9: Ultrasound image of a solid breast nodule (left), contour and spiculations
extracted from that contour (right)



Figure 10: Ultrasound image of a solid breast nodule (left), contour and calcifications
extracted from that contour (right)

3 Computer Processing of the Diagnosis Criteria

In this section, we will show how the criteria described above have been processed by the
computer-aided system. First, we will explain how the nodule has been segmented, then
we will present the processing of the intensity-related criteria, and finally we will explain
how the shape of the nodule has been analyzed.

3.1 Image Segmentation

Before measuring the diagnosis criteria on the nodule, it must be located and delimited.
Thus, we must segment the interesting area and the background in order to identify
the regions which will be processed in the further studies. The segmentation of the
images to separate the nodule from the surrounding tissues is performed by means of a
truncated median filter, a balloon algorithm and a dilation process. Due to the presence of
Rayleigh distributed noise, which characterizes ultrasound images, the mode filter could
be appropriate to denoise the images, since it eliminates the spurious negligible points.
However, its performance depends strongly on the size of the window in which the filter is
applied and, if it is not large enough, it may result in modeless regions or quite arbitrary
values. That is why we have used the truncated median filter, which produces quite good
results in a few iterations. In this filter, the median is calculated in each iteration and
the further values are eliminated, so that median and mode approach. For a given pixel
(x,y), the process is as follows: let f,, be the histogram of the grayvalues in the wxh
window from z — (w —1)/2 to y + (h — 1)/2 (n ranges from 0 to 255), and let m be the
median of such histogram, i.e. Sk—0" " fr < (w* h)/2 and S;=0" fi > (w * h)/2, those
values which differ from m more than the minimum of m and 255 — m are eliminated and
the median is recalculated [6]. After a few iterations, the median can be considered as a
good approximation of the mode. Figure 11 shows some iterations of the application of
this filter on an ultrasound image.

From a seed into the nodule, which must be entered to the system by the user, a
balloon algorithm allows filling the interesting area as connected intensity-similar pixels.
The pixels which are connected to the already selected ones, whose intensity is similar
to theirs and inside a certain interval are included into the selected region. If given two
thresholds for intensity and difference, no more points can be incorporated, the thresholds
are increased until no point is added in a given iteration or the added region is larger to



Figure 12: Ultrasound image of a nodule (left), contour and center on the filtered image
(right)

the previous one, since the latter might mean that the background has been connected to
the nodule.

Due to the difficulty that many of these images present, the user is allowed to correct
the result of the automatic segmentation in case it does not fit the area covered by the
nodule. Thus, adding and subtracting regions in the segmentation will produce a more
reliable delimitation of the nodule to proceed to the further analysis. Fig. 12 shows an
example of the ultrasound image of a nodule (left), the filtered image, the contour and
the center of the selected region (right).

3.2 Intensity Related Features

In this section, we consider those factors which refer to the graylevels of the image, which
represent the echo produced at each point when the ultrasound reaches it. These are the
echogenicity of the nodule, the presence of acoustic shadow under the nodule and the
observation of a thin echogenic capsule around the nodule.

Using the binary segmented image as a mask, we calculate the mean intensity of the
region covered by the nodule. This is its mean echogenicity and, similarly, a fat region is
selected by the user to extract its echogenicity and compare them. This comparison will
help determining whether the nodule is hypo or hyperechogenic.

To determine whether the nodule is producing acoustic shadowing, we compare the
region under the nodule and the region at the same level which is not covered by the nod-
ule. As done before, we calculate the mean intensity (echogenicity) of both regions. The
comparison of both mean intensities allows determining whether the nodule is absorbing
the ultrasound or not.

By using the structure tensor method, we have estimated the magnitude of the gradient
in every point inside the nodule. Those points where the intensity and the magnitude of



the gradient is quite high have been selected as calcifications (see Fig. 10). In order to
estimate the magnitude of the gradient, we first calculate an initial estimation for every
point using the following mask for the horizontal component wu,:

L —2=v2) 0 (2-v2)
7| —2v2-1) 0 2(v2-1) (1)
~2-v2) 0 (2-v2)

and the following one for the vertical component w,:

L2V 2/2-1) —2- VD)
E 0 0 0 (2)
2-v2) 2v2Z-1) (2-v3)

If we have an estimation of the gradient (z,,y,) for a certain point, the vector (a,b)
would be parallel to that gradient if the following product is 0:

ayn = ban = (a,b) (2, yn) " = [1(@, D) | (20, yn)|| cos(a) (3)

where « is the angle formed by the directions of (z,,,%,)" and (a,b). Thus, if we want
to find the direction which best represents the estimations for a set of points, we must
calculate the vector (a,b) which minimizes the following sum:

i(ayi — ba;)* = (a,b) ( _gijjiiiyz _%g:;gyz ) ( Z ) n

For every component of the sum in the matrix, there are two eigenvalues and eigen-
vectors. One of the eigenvalues is 0, and its corresponding eigenvector is the estimation
of the orientation of the gradient (z;,y;):

(2 ) ()-(0) ®

Since any two-dimensional vector can be expressed as a linear combination of the
two linearly independent eigenvectors, the maximum variation will be achieved by the
maximum eigenvector. We can see that this vector is (—y;,z;), and its corresponding
eigenvalue is (2 4+ y?), i.e. the square of the norm of the gradient estimation:

P T —Yi —Yi
(5, ) (2)-wen(2) e

Consequently, (? 4+ y?) is the highest eigenvalue, and its square root is the norm of
the gradient.

The capsule of the nodule is extracted by eroding the selected region and analyzing
the eroded points. The echogenicity of the capsule is measured, as the previous ones,
from the mean intensity of the region.



3.3 Shape Related Features

This section deals with those factors which refer to the shape of the nodule. The pro-
portion of the width and the height of the nodule, the presence of angular margins, the
ramifications which may appear, the number and size of lobulations and the ellipsoid
shape are considered as benign or malignant factors.

On the binary segmented image, we calculate the mean width and the mean height of
the nodule and the quotient of both measures indicates its disposition. When studying
whether the nodule has ellipsoid shape or not, we extract the ellipsoid for which the
distance from the points on the contour is minimum. This yields the one which best
represents the set of contour points (see Fig. 4). When the mean distance is low enough,
the nodule has a clearly ellipsoid-like shape. On the other hand, the higher the distance,
the more dissimilar the nodule and the ellipsoid are.

The usual techniques to estimate the ellipse location in an image are based on the
Hough transform or the principal axis estimation [7][8]. We propose an algorithm to
estimate, in a very accurate way, the ellipse location in an image by minimizing the mean
distance from a set of points to the ellipse. This minimization criterion has a more physical
meaning and provides a very accurate estimation.

An ellipse depends on 5 parameters © = (o, yo, a, b, ), where (z,y) is the center,
(a,b) are the sizes of the principal axes and @ is the orientation. We parametrize an ellipse
in the following way:

_( xo+ cos(f)acos(t) + sin(0)bsin(t)
celt) = ( Yo — sin(f)a cos(t) + cos(0)bsin(t) ) t €0, 27] (7)

In the following lemma, we compute the distance from a point to an ellipse:

Lemma 1 Let (x,y) € R%, and let eg(t) be an ellipse. The distance from the point (x,v)
to the ellipse is denoted by d((z,y), eo(.)). Such distance is attained in a point ty € [0, 27].
If z = cos®(ty) then z is a root of the polynomial

P2t 4 2miz® + (k4 2ln +m?) 22 4+ (2mn — k)z +n® =0 . (8)

where

cos(0)(x — xo) — sin(0)(y — yo)
ZJ sin(0) (z — xo) + cos(0)(y — vo)
l= —(b2 —a®)?, m=(b* —a®)?* + a*7? - VPP, k = 4775’ n = —7%a’

Proof: A straightforward calculation.
Given a set of points X = {(x;, ¥;) }i=1,...n, we define the mean distance from an ellipse
to the set of points X as

d(X, eof. Z d((xs,9:), eo(.)) 9)

zl,,

Next, we minimize the distance from X to the ellipse with respect to the parameters
of the ellipse ©. We propose a gradient descent method to perform the minimization
procedure. We start with an initial approximation for the ellipse parameters which could



be provided by the Hough transform or another simpler method. Then, we iterate the
scheme:

OF 1 = OF — AVed(X, eor(.)) (10)

The step A is adapted in each iteration using the following criterion: We initialize A = \g,
we compute O from ©F using (10). If d(X, egrs1(.)) < d(X, egr(.)), we update A = 10).
If d(X, eort1(.)) > d(X, eer(.)), we update A = 0.1\ and we recompute ©*1. We stop the
iterative scheme when ©*+! — @ is small enough, or when we cannot reduce d(X, egx(.))
after a number of attempts. If the nodule has not ellipsoid shape,we must determine if
it has two or three gentle lobulations. We proceed as in the previous case, but instead
of searching for an ellipsoid which fits the whole contour, we search for large lobulations
which fit a large region of the contour each, which together cover the whole contour, whose
axes do not differ strongly in their lengths, and whose centers are clearly separated (see
Fig.5 ).

To analyze whether the nodule presents any of both kinds of ramifications, we locate
those points whose distance to the ellipsoid which best fits the nodule is large. Since
the ellipsoid covers the most representative part of the nodule, when it has ramifications,
they appear as branches projecting out from this ellipsoid. The number and dimensions
of these ramifications is strongly considered to characterize the nodule.

In order to prevent the ramifications from influencing the main ellipse’s position and
dimensions, an iterative scheme has been used in which the points which are very far from
the ellipse are eliminated and the ellipse is recalculated. After a few iterations, the ellipse
which is extracted is much more representative of the central region and the ramifications
are more clearly identified (see Fig. 6).

We can locate angular margins by searching for pseudo-straight lines on the contour of
the nodule. In order to adjust a set of N points to a straight line, we proceed as follows:

Let (u,v) be a point, and let r = = + ay + ¢ be a line, the distance from (u,v) to
T +ay + cis:

|u + av + 0|
d(m,r) Sitae (11)

If we minimize with respect to a and b, we extract the values which best extract the
supporting line for a set of planar points.

When a point joins two straight lines with different orientations, an angle is signaled.
In order to select those angles which are significant for the study, the lines must fit the
contour, i.e. the mean distance from the points on the contour to the line must be low,
they must be long enough in order to neglect small variations in the contour’s orientation,
and the difference in the orientation must be less than 7/2, i.e. they form an acute angle
(see Fig. 7). For every candidate to be a pseudo-corner, they line which adjust the points
before it in the contour and the line which adjust the points after it, considering the
contour as a sequence, must be extracted and compared.

Besides angular margins, we may find microlobulations. For this feature, a similar
technique as the one used when extracting the general ellipsoid is applied. However, in
this case, we search for segments of the contour which can be approximated by a part
of an ellipsoid and whose size and axes are small. In order to avoid the duplication of
the lobulations by extracting overlapping ellipsoids, only those whose centers are clearly
different are selected (see Fig. 8).
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To locate the areas where spiculation appears, we extract the orientation of a window
around every contour point. As done with the calcifications, the structure tensor method
has been used, though, in this case, not only the magnitude of the gradient, but also
its orientation is significant. When the orientation in that region is quite dissimilar to
the one of the contour in that point, it is marked as a spiculation zone (see Fig. 9).
Non-spiculated nodules present a clearly defined contour along which the orientation
varies softly. Similarly as done when we calculated the magnitude of the gradient for
the localization of the calcifications, we now extract the magnitude and the orientation.
We have already described how we can extract the magnitude. The orientation can be
estimated with the eigenvector associated to the lowest eigenvalue of the central matrix.
For that purpose, we apply Jaccobi’s method to extract the eigenvalues and eigenvectors
of the following matrix:

Zﬁvzo Y - £V=0 LiYi
N N 2 (12)
- Zi:o TiYi Zi:o &

4 Conclusion

In this work, we have presented a new approach in the field of breast cancer early detection.
We have dealt with a very difficult type of images, those generated by ultrasound devices,
which present a dense and intense kind of noise and whose interpretation is quite difficult,
even for a human observer.

The definition of a series of objective and reliable criteria for the discrimination be-
tween benign and malignant solid breast nodules and their relation to visual characteristics
of a region have made it possible to apply those techniques used in shape and texture
analysis to the description of those nodules.

A wide range of techniques, such as truncated median, seed segmentation, shape ad-
justment, ellipse location or structure tensor, have allowed reaching very satisfactory re-
sults in terms of quantitative and qualitative description of the criteria that the physicians
take into account when diagnosing a nodule.

The possibility of providing objective numerical measurements of the presence of the
diagnosis criteria represents a remarkable progress in the classification of the nodules.

These results emphasize the importance of the introduction of computer vision tech-
niques in the processing of medical images, not to substitute the role of the physicians,
whose skills can only be imitated in a hard and limited way, but to aid the decision making
process.
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