INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

Speckle Noise Reduction and Edge-Enhancement of
Coronary Plague Tissue in Intravascular Ultrasound
Image by Using Anisotropic Diffusion Filter

Takanori Koga, Eiji Uchino, Noriaki Suetake,
Genta Hashimoto, Takafumi Hiro, and Masunori Matsuzaki

Abstract—This paper describes a novel edge-preserved smooth-
ing method with special consideration to an intravascular ul-
trasound (IVUS) image. An IVUS image, which is commonly
used for a diagnosis of acute coronary syndromes (ACS), is very
grainy due to heavy speckle noise. The speckle noise prevents
not only the medical doctors’ interpretation of the IVUS image,
but also the processing of medical images for computer-aided
diagnoses (CADs). In order to reduce the speckle noise, in this
study, we propose a modification of anisotropic diffusion filter in
which a diffusion strength is locally and adaptively controlled
by a weighted separability of an IVUS image. The weighted
separability is a modification of separability for an edge detection
with special consideration to an 1VUS image. Furthermore, the
proposed method not only reduces a speckle noise but also
effectively enhances an edge of plague tissue in an 1VUS image.
The effectiveness of the proposed method is verified by the
experiments using the real 1VUS images.

Index Terms—acute coronary syndromes (ACS), anisotropic
diffusion, edge-preserved smoothing, intravascular ultrasound
(IVUS) image, speckle noise reduction, weighted separability.

. INTRODUCTION

ecently, the computer-aided diagnoses (CADs) of medi-

cal imaging are common in the fields of medicine [1]-[4].
The CADs support medical doctors’ interpretation and findings
of lesion on a magnetic resonance (MR) image, a computer-
ized tomography (CT) image, an ultrasound image, and so on.
The CADs mainly contain the following processings. Those
are pre-processing of a raw image, segmentation of structures,
analysis of the structures, and evaluation/classification of the
structures. In the pre-processing, reduction of artifacts and
denoising are mainly carried out. The performance of pre-
processing significantly affects the results of the latter pro-
cessings.

In the case of pre-processing of intravascular ultrasound
(IVUS) image [5], [6], speckle noise reduction and edge
enhancement of plague tissue are very important issues. An
IVUS image is obtained by the 1VUS method [7]-[9]. The
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IVUS method provides a real-time cross sectional image
of a coronary artery in vivo less-invasively. It is used for
a diagnosis of acute coronary syndromes (ACS) [10], [11]
caused by a rupture of vulnerable plaque [12], [13].

In particular, in the quantitative assessment of plaque [14],
the inner and the outer boundaries of plague and the cross-
sectional area of plague are to be extracted and evaluated pre-
cisely [15]. Medica doctors however manually extract those
boundaries and evaluate the area of plague. This extraction task
is very hard for the medical doctors. This is not only because
a large number of the IVUS images must be processed, but
also because it is very difficult to recognize the boundaries
of plague due to a heavy blood speckle noise. For those
reasons, an efficient edge-preserved smoothing method as a
pre-processing for a precise plaque boundary extraction [16]-
[19] and for an area segmentation of plague [20] is strongly
required.

As the representative conventional noise reduction methods,
the median filters [21], morphological analysis [22], bilateral
filters [23] are well-known. Those filters can reduce speckle
noise, but at the same time the edge of plague also becomes
dull unexpectedly by applying those methods.

Above al methods, an anisotropic diffusion filter [24] is
known as an effective edge-preserved smoothing method, and
it is broadly used [24]-[29]. When applied to a natural image,
the anisotropic diffusion filter not only reduces the noise but
also enhances the edge of the image. However, when applied
to an IVUS image, speckle noise is unexpectedly enhanced
by this filter. This is because a speckle noise is similar to
a texture pattern, and the edge of plaque and that of the
speckle noise pattern can not be distinguished. For an effective
edge-preserved smoothing by an anisotropic diffusion filter for
an IVUS image, an adaptive filtering depending on the local
features of an edge must be introduced.

The purpose of this study is to develop a novel edge
preserved smoothing method employing the anisotropic diffu-
sion filter, which is controlled by a weighted separability [30]
of an IVUS image. The weighted separability is a modification
of a separability [31] with special consideration to an IVUS
image. A separability is a kind of statistical discriminant
measure, which is effective for an edge extraction on a
texture image. In the proposed method, a local and adaptive
filtering is executed by controlling the diffusion strength of
the anisotropic diffusion filter.

The validity and the effectiveness of the proposed method
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Fig. 1. An ultrasound probe attached to the distal end of a catheter.
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Fig. 2. Signa examples obtained by an IVUS method. (a8) Sampled RF

signd; (b) Luminal intensity signa of (a).

have been verified by applying it to the real 1VUS images.

I1. INTRAVASCULAR ULTRASOUND (IVUS) METHOD
AND B-MODE IMAGE

Intravascular ultrasound (1VUS) method is one of the medi-
cal imaging techniques. It allows the application of ultrasound
technology to see from inside the blood vessels out through
the surrounding blood column, visualizing the inner wall of
blood vessels in living individuals.

In the IVUS method, a specially designed thin catheter
with a miniaturized ultrasound probe attached to its dista
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end is used (see Fig.1). To visualize a coronary artery in
vivo, angiographic techniques are used. The medical doctor
steers the guidewire with very thin diameter from outside the
body through angiography catheters into the coronary artery
to be visualized. The ultrasound catheter tip is did in over
the guidewire and positioned, using angiography techniques
so that the tip is at the farthest away position to be visualized.
The guidewire is kept stationary and the ultrasound catheter
tip is dlid backwards, usually under motorized control.

The proximal end of the catheter is connected to comput-
erized ultrasound equipment. The sound waves are emitted
from the ultrasound probe, which are in the 40MHz range in
this study, and the catheter also receives the reflected signa
from the tissue. It is sampled at 400 MHz and stored in the
computerized ultrasound equipment.

An example of a sampled radiofrequency (RF) signal is
shown in Fig.2(a). An IVUS image is constructed of the
amplitude information of the received RF signal. In order to
visualize theinside of a coronary artery, the sampled RF signal
shown in Fig.2(a) is first transformed into an 8-bit intensity
signal shown in Fig.2(b) by taking the absolute value of signal,
then enveloping, and finally by taking the logarithmic value.
The intensity signalsin all radial directions are then formed to
get a tomographic cross sectional image of a coronary artery
as shown in Fig.3(a).

The IVUS image shown in Fig.3(a) is called a “B-mode
image” A B-mode image displays a real time ultrasound
cross-sectional image of a thin section of the blood vessel
currently surrounding the catheter probe. The B-mode image
is constructed with 1,024 points in depth, and 256 lines in
radial direction. The resolution of distance and angle are
3.91umipixel and 1.41°/line, respectively.

Fig.3(b) is a B-mode image of Fig.3(a) transformed from the
polar coordinates to the Cartesian coordinates. In this study,
all processings are carried out in the Cartesian coordinates.
Note that the aspect ratio of the IVUS image in the Cartesian
coordinates is adjusted intentionally to facilitate visualization.
The angle in Fig.3(b) starts from the 3-0’ clock direction of the
IVUS image of Fig.3(a). The vertical axis corresponds to the
distance from the probe positioned at the center of the IVUS
image of Fig.3(a).

In the quantitative assessment of plague, the following two
boundaries are to be extracted. One is a leading edge of a
luminal boundary (LB) between the lumen and the plague,
and the other is an adventitial boundary (AB) between the
plaque and the vascular wall as indicated in Fig.3(a) by the
dotted lines. As a pre-processing for the boundary extraction
of plague, an edge-preserved smoothing is necessary because
the plaque boundary recognition is considerably affected by
heavy blood speckle noise.

I1l. ANISOTROPIC DIFFUSION FILTER CONTROLLED BY
WEIGHTED SEPARABILITY OF IMAGE

A. Anisotropic Diffusion Filter

The anisotropic diffusion filter was originaly proposed by
Perona and Malik [24] in order to realize an edge-preserved
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Fig. 3. 1VUS B-mode image. (a) The dotted lines show alumina boundary
(LB) and an adventitial boundary (AB). (b) IVUS B-mode image transformed
to the Cartesian coordinates.

smoothing for an image. In this study, Perona-Malik’s Diffu-
sion (PMD) is employed and modified to meet our needs.

The basic idea behind the PMD diffusion process isto get an
increasingly smoothed image u(zx, v, t) from an original image
uo (2, y), indexed by diffusion parameter ¢. This process can
be interpreted as an image convolution by a Gaussian kernel
with an increasing width as follows:

I(z,y,t) = Io(z,y) * Gz, y,1). ()
The anisotropic diffusion equation is defined by:
ol .
I = e div(c(z,y,t)VI)

= c(z,y, )VI+ Ve(r,y,t)VI, 2
where
c(z,y,t) = g(|| VI(z,y,1) |]) @)

is a diffusion coefficient. VI denotes a gradient of an image.
¢(-) is caled an edge stopping function, which is a decreasing
function of the image. The initial condition is given by:

I(z,y,0) = In(x, y). 4
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Fig. 4.  Diffusion directions. An edge stopping function g(-) takes a
small value when an intensity difference between the center pixd 7, and
a neighboring pixel is large (i.e., a the edge of the image).

The discrete version of PMD is given as follows:

I£n+1) — I,gn) + |¢A_| Z g(VIlg?Iz) . vl.g?lz’ (5)
2l ped,

where s=(z,y) and p are the coordinates of the pixel of
concern and its neighboring pixels, respectively. I §") is an
intensity at s with an iteration count n. ¢ . represents the four
neighboring pixels in North, West, South and East diffusion
directions as shown in Fig.4. |¢]| is a number of the pixelsin
the neighborhood area, which is then |¢5|=4 in this study. A
is a parameter.

g(-) is called an edge stopping function. A monotonically
decreasing function of the gradient of an image is usualy
adopted as ¢(-). The gradient of the image is calculated by:

v =1 — 1. (6)
In PMD, the edge stopping function is given by:
1
9(z) = — =, @)
1+ (=)
K

where K is a parameter which controls the strength of diffu-
sion. ¢(-) takes large values at the regions where the intensity
gradients are small. On the contrary, it takes small values at
the regions where the intensity gradients are large.

The processing of PMD is performed by using the intensities
of the image. Therefore, when applied to an IVUS image, not
only the edges of plaque but also those of speckle patterns are
both enhanced unexpectedly by this PMD processing.

B. Separability of IVUS Image

In order to distinguish the edge of plague and that of the
speckle pattern on an 1VUS image, the proposed method em-
ploys a statistical discriminant measure of image separability
[31]. Evaluation of image separability is very simple and has
the following features:
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Fig. 5. Regions for calculating the image separability for a pixel s=(z,y).

1) Robust to noisy and blurred edge,
2) Sensitive to detect an edge between different texture
regions.
Those are the reasons why we employ image separability for
a detection of plague boundary.

Separability is calculated by a linear discriminant analysis
using the information of the two local regions 1 and 2 as
shown in Fig.5. The separability 7 , for the pixel s=(z, y) of
Fig.3(b) is calculated by:

k=L
2
E Opk
_ k=1

Ns = w—1 ) )
Z O'%k
k=1
oy = n1(Iky — Ii)? + na(lpe — I)?, 9
and
ni1+nsz B
o7y = Z (Iki — ), (10)

i=1

where I, and I are the means of the intensities in the
regions 1 and 2, respectively. I is the mean of the intensities
in the combined two regions. n; and n» represent the numbers
of the pixelsin regions 1 and 2, respectively. n, is 0<n,<1,
and it takes a large value when two regions are separated with
each other in the meaning of separability.

Fig.6(a) shows a discriminant image of Fig.3(b) by using 1 5.
Each pixel of the image represents the separability ns. When
7ns IS large, high brightness is assigned to its corresponding
pixel. The separability takes a large value around the regional -
edge of the IVUS image. That is, a chain of white pixels
with high brightness can then be a candidate of a boundary of
plague.
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Fig. 6. (&) Discriminant image of the transformed image of Fig.3(b) by using
the separability 7 s with My,=3 and M 5 =70. (b) Discriminant image of the
transformed image of Fig.3(b) by using the weighted separability ¥ with
My =3 and M z=70.

C. Proposed Method

We propose a hovel edge-preserved smoothing method in
which the diffusion strength of PMD is controlled localy
and adaptively by the image separability. Furthermore, the
weighted separability [30] is introduced here in order to
increase the edge-discriminant performance with special con-
sideration to an IVUS image.

The weighted separability detects the candidates of the
inner (lower) and the outer (upper) boundaries of plague by
considering the following two conditions peculiar to an IVUS
image. Those are: 1) intensity in the outside area of a luminal
boundary (LB) tends to be bigger than that in the inside area of
LB; 2) intensity in the outside area of an adventitial boundary
(AB) tends to be bigger than that in the inside area of AB.

For the local regions shown in Fig.5, an IVUS image is
scanned from the bottom to the top. The weighted separability
for a pixel s is defined by:

Y =, (Infax — 1) I

: (11)

Invax Invax

where Iy ax IS @ maximum intensity on the whole 1IVUS
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Fig. 7. Experimenta results 1. () The original image to be processed. The white lines indicate the desirable boundaries to be extracted. (b) Sobel filtering
result for Fig.7(a). (c) Edge-preserved smoothing result by the conventional PMD for Fig.7(a) (best result converged at »n=500). (d) Sobel filtering result for
Fig.7(c). (e) Edge-preserved smoothing result by the proposed WSC-PMD for Fig.7(a) (best result converged at »=1000). (f) Sobel filtering result for Fig.7(e).
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Fig. 8. Experimenta results 2. () The original image to be processed. The white lines indicate the desirable boundaries to be extracted. (b) Sobel filtering
result for Fig.8(a). (c) Edge-preserved smoothing result by the conventional PMD for Fig.8(a) (best result converged at »n=400). (d) Sobel filtering result for
Fig.8(c). (e) Edge-preserved smoothing result by the proposed WSC-PMD for Fig.8(a) (best result converged at »n=1000). (f) Sobel filtering result for Fig.8(e).
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Fig. 9. Experimenta results 3. (@) The original image to be processed. The white lines indicate the desirable boundaries to be extracted. (b) Sobel filtering
result for Fig.9(a). (c) Edge-preserved smoothing result by the conventional PMD for Fig.9(a) (best result converged at »=600). (d) Sobel filtering result for
Fig.9(c). (e) Edge-preserved smoothing result by the proposed WSC-PMD for Fig.9(a) (best result converged at »n=1000). (f) Sobel filtering result for Fig.9(e).
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Fig. 10. The subject and the background areas. The dotted lines indicate the
desirable plague boundaries to be extracted. The white region is a subject area
for calculating SAV. The black region is a background area for calculating
BAV.

image. /; and I, are the means of the intensities in the regions
1 and 2, respectively.

Fig.6(b) shows a discriminant image of Fig.3(b) by using
n¥. Comparing Fig.6(b) by nY with Fig.6(a) by 7., Fig.6(b)
shows vividly the two candidates of plaque boundary. Further-
more, it is observed that the weighted separability in the area
where the blood speckle noise exists (in the lumen ared) is
suppressed.

By modifying the original PMD, the proposed iteration
formula of diffusion is given as follows:

[ = g 4 % S gV v,
8 PEPs

In the proposed PMD, the diffusion becomes sluggish in the
area where the weighted separability is high.

(12)

IV. EXPERIMENTAL RESULTS

The proposed method is applied to three real 1024x256
IVUS B-mode images shown in Figs.7(a), 8(@ and 9(a).
Those three images are obtained from human patients in vivo,
and thus blood speckle noise is observed on each image. In
the experiments, the edge-preserved smoothing performance
of the conventional PMD and the proposed PMD (weighted
separability controlled PMD abbreviated as WSC-PMD) are
compared. In all the experiments, the parameters are set to be
K=4, A=1.0, Mg=70 and My =3.

Figs.7(c), 8(c) and 9(c) show the results obtained by the
conventional PMD for Figs.7(a), 8(a) and 9(a), respectively.
Figs.7(e), 8(e) and 9(e) show the results obtained by the
proposed WSC-PMD. It is observed that, comparing with
the conventional PMD, the proposed WSC-PMD reduces the
speckle noise and enhances the plaque boundaries.

Figs.7(b), (d), (f), 8(b), (d), (f), and 9(b), (d), (f) show the
Sobel filtering results for Figs.7(a), (c), (€), 8(a), (c), (e), and
9(a), (c), (), respectively. It is seen that the pre-processing by
the proposed WSC-PMD is better than that by the conventional
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Fig. 11. Smoothing performance for Fig.7(a). (a) SAV/BAV vs. diffusion

iteration by each method (M =70, K'=4). (b) SAV/BAV vs. diffusioniteration
of the proposed method (WSC-PMD) by changing M r; (K =4).

PMD for the Sobel filter to detect the edges of the true plaque
boundaries. If we employ more suitable edge-detection method
other than Sobel filter, the effectiveness of the present WSC-
PMD will become more conspicuous.

In order to evaluate quantitatively the performance of edge-
preserved smoothing, we use the indices of the Subject Area
Variance (SAV) and the Background Area Variance (BAV).
SAV and BAV are the means of local variances of subject
area and background area, respectively. The variances are
calculated with a 9x9 local size window. The subject area
is defined to be an area with 25 pixels in depth direction from
each side of the desirable plague boundary. The background
area is defined to be an area with the pixels other than those
pixels in the subject area. Fig.10 shows the desirable plaque
boundaries, the subject area and the background area.

The more the boundaries are enhanced, the more the SAV
increases. The more the noises are reduced, the more the
BAV decreases. Figs.11(a), 12(a) and 13(a) show the ratio of
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iteration by each method (M =70, K'=4). (b) SAV/BAV vs. diffusion iteration
of the proposed method (WSC-PMD) by changing M r; (K =4).

SAV/BAV for the smoothed images of Figs.7(a), 8(a) and 9(a),
respectively. In each figure, the results by using the conven-
tiona PMD (abbreviated as PMD), the normal separability
controlled PMD (abbreviated as SC-PMD), and the weighted
separability controlled PMD (abbreviated as WSC-PMD), are
shown. Using the proposed WSC-PMD, SAV/BAV takes large
values from an early stage of diffusion process compared with
other methods.

In the proposed WSC-PMD, the size Mg of the region for
evaluating the weighted separability has an influence on the
performance. Figs.11(b), 12(b) and 13(b) show the results of
SAV/BAV vs. diffusion iteration of the proposed WSC-PMD
by changing Mg.

With those experimental results the effectiveness of the
proposed method has been verified.

V. CONCLUSION

In this paper, we have proposed a novel pre-processing
method for an edge detection of coronary plaque tissue on
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of the proposed method (WSC-PMD) by changing M r; (K=4).

an IVUS image. The present method realizes an efficient
edge-preserved smoothing by using an anisotropic diffusion,
controlled by a weighted separability of an IVUS image. The
present method not only reduces the speckle noise but aso
enhances the edge of the plague tissue at the same time. The
effectiveness of the proposed method has been confirmed by
applying it to the edge-preserved smoothing using the real
IVUS images.

The combination of our present method with various kinds
of boundary extraction methods is our future study in order to
realize afast and more precise boundary extraction of coronary
plaque tissue.
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