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Abstract

Purpose The purpose of this study is to propose a novel
method to depict small calcifications in ultrasound B-mode
images using decorrelation of forward scattered waves with
no decrease in the frame rate.

Methods Since the waveform of an ultrasound pulse
changes when it passes through a calcification location, the
echo waveform from regions behind the calcification is
quite different from that without a calcification. This
indicates that the existence of a calcification is predictable
based upon the waveform difference between adjacent scan
lines by calculating cross-correlation coefficients. In addi-
tion, a high-intensity echo should return from the calcifi-
cation itself. Therefore, the proposed method depicts the
high-intensity echo positions with posterior low correlation
coefficient regions.

Results  Eleven of 15 wires 0.2-0.4 mm in diameter were
depicted using this method, yielding a sensitivity of 73.3%
and a specificity of 100%, even though they might go
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undetected under clinical inspection of ultrasound B-mode
images.

Conclusion This study suggests that an US device could
perform well in terms of calcification detection.

Keywords Ultrasonography - Calcification -
Decorrelation - Forward scattered wave - Calcification
detection

Introduction

Ultrasonography (US) has an excellent ability to depict soft
tissues without ionizing radiation; however, the calcifica-
tion detectability of US is insufficient compared with X-ray
computed tomography (CT) and other X-ray imaging
techniques [1-4]. The detection of calcification is an
important factor when diagnosing the malignancy of mas-
ses. As such, improvement of the calcification detectability
of US is strongly desired.

Since the echo from a calcification is supposed to be of
high intensity, several calcification detection methods that
use extraction of high-echo-intensity regions have been
reported. For extraction of high-echo-intensity regions,
many researchers have employed a constant false alarm
rate (CFAR) technique [5, 6]. A CFAR detector extracts
targets in nonstationary noise and clutter while maintaining
a constant probability of a false alarm [7, 8]. Therefore, a
small calcification with low echo intensity is almost never
detected using CFAR detectors. In addition, when a layered
structure exists close to a calcification, the specular echo
from the layered structure severely interferes with detec-
tion of the calcification.

Other strategies to detect small calcifications employ
techniques to suppress speckle artifacts. Tissue harmonic
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Fig. 1 Schema of the proposed calcification depiction method using
correlation coefficients between adjacent scan lines

imaging (THI) utilizes harmonics to suppress speckle
artifacts [9—12]. However, THI exhibits considerably lower
performance than CT in terms of calcification detection [1].
In contrast, spatial compound imaging generates a single
B-mode image from multiple sweeps [13—16]. This causes
the suppression of acoustic shadowing, resulting in the low
performance of spatial compound imaging for calcification
detection [17].

We have proposed a calcification detection strategy using
cross-correlation between adjacent scan lines for detection
of a small calcification with low echo intensity [18, 19].
Since the acoustic impedance of a calcification is much
larger than that of other tissues, the waveform of an ultra-
sound wave changes significantly when it passes through the
calcification location. This causes decorrelation between
adjacent scan lines behind the calcification location, as
shown in Fig. 1. Therefore, the existence of a calcification is
predictable using the region with decorrelation that contin-
ues along the range direction, similar to calcification
detection using acoustic shadowing. In addition, a relatively
high intensity echo returns from a calcification because of its
large acoustic impedance mismatch to soft tissue. In this
study, we thus propose a method to presume the existence of
calcifications by selecting high-echo-intensity positions
with posterior low correlation regions. A layered structure
behind a calcification improves the performance of the
calcification depiction method [18]. Therefore, we investi-
gate the performance of the proposed method experimen-
tally under the condition that a layered structure exists just
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Fig. 2 Waveforms of two scan lines of in-phase and quadrature data
without a calcification and one scan line with a calcification. Solid and
broken lines denote the waveforms of in-phase and quadrature data,
respectively

behind a calcification, which is one of the most difficult
cases in which to detect calcifications with US and suitable
for the proposed calcification depiction method.

Materials and methods
Extraction of high-echo-intensity regions

An echo from a calcification should have a relatively high
intensity because of its large acoustic impedance mismatch
to soft tissue. For the selection of candidates for calcifica-
tions, the proposed method picks up positions where echo
intensities exceed an intensity threshold, /;. The condition of
the cutaneous tissue layer influences the echo intensity in a
region of interest behind the cutaneous layer. In contrast,
two measurement regions of the same tissue have similar
distribution shapes in terms of echo intensity. Therefore, the
selection of candidates for calcifications should employ a
rank filter, not a fixed echo intensity. We thus chose [, as the
intensity of a pixel that is a certain fraction of the maximum
intensity value of the pixels in the image. The value of I
depends on the echo intensity distribution of the measure-
ment tissue, and the user should employ a value of [; that is
adequate to pick up all the pixels with sufficient intensities.
In this study, we set I; as 1% of the maximum intensity
value of a pixel in a B-mode image.

Correlation between adjacent scan lines

The proposed method utilizes correlation between adjacent
scan lines for the depiction of calcifications. When a cal-
cification exists in a scan line, creeping waves around the
calcification surface, diffraction waves, and multiple
reflection waves in the calcification occur in both the
transmit and receive events. These forward scattered waves
change the waveform considerably, as shown in Fig. 2. The
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Fig. 3 Measurement points behind a high-echo-intensity position
investigated using the proposed method. Lw and Ly; denote the
correlation window width and the width of the measurement region
behind the high-echo-intensity position, respectively

correlation of the echoes behind a calcification is thus
suppressed severely. Since a calcification suppresses cor-
relation of the region behind the calcification, the proposed
method utilizes the measurement points behind a high-
echo-intensity position where the correlation windows of
the measurement points include the region behind the high-
echo-intensity position, as shown in Fig. 3.

US devices acquire in-phase and quadrature (IQ) data
for detection of the Doppler signal, and most devices uti-
lize quadrature detectors for acquisition of IQ data.
Detection is accomplished by mixing the received signal
with two sinusoidal waves, where the phase difference of
the two sinusoidal waves is 90° and their center frequency
is equal to the transmit center frequency. A cross-correla-
tion coefficient between adjacent scan lines of IQ data is
suppressed not only by the existence of a calcification but
also by the noise intensities of the scan lines. We thus
employed an echo intensity constraint to suppress the
influence of noise. The cross-correlation coefficient with a
constraint is given by

L AX
r{x 27Z

|51, 86 2)g(x+AX,Z + LAZ)'|

= max

i 8P, 8+ AX 2+ LAZ)?
(1)

subject to

Z Z
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Z=z—Lw Z=z—Lw

(2)

where x and z are respectively the lateral and vertical com-
ponents of a measurement point in a B-mode image, g(x, z) is

the IQ datum at a pixel in a B-mode image, g(x, z)* is the
complex conjugate of g(x, z), AX is the scan line interval,
AZ is the range interval, o is a positive number employed for
the echo intensity threshold, and Ly and m are the width and
number of pixels of the correlation window, respectively.
The variable L is employed to acquire the maximum of the
correlation coefficients. The correlation coefficient is nor-
malized by the average echo intensity, and thus it relates to
the waveform change itself. In this study, we examined cases
of oo = 0.05, 0.1, and 0.2. We set the correlation window
width, Ly, and the width of the measurement region behind a
high-echo-intensity position, Ly, to 5 and 6 mm, respec-
tively. Since the range interval is 0.05 mm, the number of
pixels of the correlation window is 100. In the cases of
o = 0.05, 0.1, and 0.2, the method eliminates the cross-
correlation coefficients with the echo intensity under 5, 10,
and 20 times the echo intensity threshold, /;, respectively.
Since I, is the echo intensity of a single pixel with a sufficient
intensity, the echo cut out by the correlation window seldom
has an echo intensity over 40 times /. In contrast, the echo
intensity under twice /; indicates an insufficient signal-to-
noise ratio of the echo, and the echo should be eliminated.
Therefore, the values of o are adequate, and optimization of
the values of o is not necessary.

Depiction of high-echo-intensity positions
with posterior low correlation regions

A calcification originates a high-echo-intensity position
accompanied by a low correlation region behind the position.
Therefore, the present method presumes the calcification
positions by selecting the high-echo-intensity positions with
posterior low correlation regions. First, the method calcu-
lates the ratio of correlation coefficients lower than the value
of a correlation threshold among the measurement region
behind each high-echo-intensity position. The correlation
threshold of i — fo is determined using the average, u, and
the standard deviation, o, of the correlation coefficients of all
the measurement regions behind all the high-echo-intensity
positions, where f is a positive number. Then, the method
depicts the high-echo-intensity position with a posterior low
correlation region, where the region accounts for half the
measurement region behind the high-echo-intensity posi-
tion. In this study, we examined two cases, i.e., § = 2 and 3,
because they are adequate statistically.

Experimental setup

Experiments were conducted with a Hitachi EUB-8500
(Hitachi, Tokyo, Japan) US device, which has a function to
export raw IQ data. A 7.5-MHz linear array probe was
used, where the scan line interval, AX, and range interval,
AZ, of the device were 0.13 and 0.05 mm, respectively. We
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Fig. 4 Calcification phantom prepared in this study

prepared a calcification phantom with three different cop-
per wires (0.2, 0.29, and 0.4 mm in diameter from left to
right) embedded into a 4% agar gel block at 2 cm depth
and 1 cm intervals, as shown in Fig. 4. A polyethylene
sheet 0.1 mm thick was placed just behind the wires. The
agar gel contained 0.5% Tech Polymer particles, spherical
polymer particles 7 um in diameter (Sekisui Plastics).
Aberrations originating at a cutaneous tissue layer deteri-
orate the image quality of B-mode images, causing inter-
ference of calcification detection. To evaluate the influence
of a cutaneous tissue layer, we placed a swine cutaneous
tissue layer 1 cm thick onto the gel block. To avoid mul-
tiple reflections in the wires, the image plane was set at 85°
to the wires. Figure 5 shows a B-mode image of the cal-
cification phantom. In this set up, the specular echo from a
polyethylene sheet had a higher intensity than that from
wires, indicating that the strategy of selecting high-echo-
intensity masses, such as CA CFAR detectors, was
unsuitable for small calcification detection. Kamiyama
et al. [6] focused on the tissue structure in a B-mode image
having continuity in the lateral direction, and they pro-
posed a calcification detection method using CA CFAR
with a kernel that emphasizes the lateral direction. The cell
averaging process employed by the method calculates the
indicator of calcification:

PCA(x7 y):PL(x7 y)_PK(x’ y)v (3)

where Py (x, y) is the logarithmic intensity of a measure-
ment pixel, and Pg(x, y) is the average of the logarithmic
intensity of the kernel pixels surrounding the measurement
pixel. However, the calcification detection ability of the
method deteriorates when a layered structure is not parallel
to the lateral direction and the echo intensity of the layered
structure varies, as shown in Fig. 6.

In the present study, five B-mode images of different
sections were obtained. Each B-mode image contained
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Fig. 5 B-mode image of the calcification phantom with a swine
cutaneous tissue layer. White arrows point to wires simulating
calcifications

three wires, and thus the sum of the embedded wires was
15. To investigate the robustness of the proposed method,
we also prepared a calcification phantom without a swine
cutaneous tissue layer. As shown in Fig. 7, absence of a
swine tissue layer was far from in vivo conditions, and the
wires were easily detected upon US inspection.

Results and discussion

Calcification depiction using low correlation
of adjacent scan lines

First, the proposed method selects high-echo-intensity
positions in a B-mode image of a calcification phantom. As
shown in Fig. 8, almost all specular echoes and echoes
from wires were picked up by using the 1% intensity
threshold. This indicates the validity of the echo intensity
threshold for the calcification phantom. Then, the method
calculates correlation coefficients in the measurement
region behind the high-echo-intensity positions. Figure 9
shows correlation coefficients between adjacent scan lines,
where three values of the intensity threshold, «, were
examined. The employment of a low value for o means that
the method counts scan lines with low SNR among the
region for the calculation of correlation coefficients,
causing enhancement of the influence of noise on the
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Fig. 6 a Kernel pattern that emphasizes the lateral direction [6].
b B-mode image of the calcification phantom, and c that with the cell
averaging process using the kernel. Gray pixels denote the kernel
pixels, and the white arrows point at wires
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Fig. 7 B-mode image of the calcification phantom without a swine
cutaneous tissue layer

correlation profile. When « of 0.05 was employed, corre-
lation coefficients were suppressed continuously along the
range direction behind the middle and right wires. When
o = 0.2 was employed, false images were eliminated and
the suppression of correlation coefficients caused by the
left wire became conspicuous at a cost of the loss of the
low correlation region caused by the right wire. In addition,

20
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30

40

50

* Positions with top 1% echo intensity

Fig. 8 Candidates for wire positions with high echo intensities. The
intensity threshold was set to the top 1% intensity threshold

the strong suppression of the correlation coefficients
appeared only behind the wire positions, indicating that the
employment of a high correlation threshold can eliminate
false images at the cost of the sensitivity of the method.
When a correlation threshold parameter f§ of 3 was
employed, i.e., the correlation threshold of u — 30 was
employed, no false image appeared in this study. There-
fore, a correlation threshold parameter f§ over 3 is useless
under the conditions of this study.

Calcification depiction with a totalizing process

The degree of suppression in a correlation profile caused by
a wire depends on the intensity threshold parameter o, as
shown in Fig. 9. Therefore, we propose a calcification
depiction method with a totalizing process. First, the
method calculates three correlation profiles using three
values for o = 0.05, 0.1, and 0.2, where each profile uses a
certain value for f5. After the selection of calcification
positions in the three correlation profiles, the method totals
up all the selected positions and depicts them on the
B-mode image.

When the method employs a small value for f, i.e.,
when a mild correlation threshold is employed, the sensi-
tivity of the method improves at the cost of the appearance
of false images. Since a correlation profile using a large
value for o is less influenced by noise, a false image rarely
appears in the profile. To improve the performance of the
method, we employed a smaller value for f for the
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Fig. 9 Correlation profiles between adjacent scan lines employing
three values of the intensity threshold parameter « = a 0.05, b 0.1,
and ¢ 0.2
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Table 1 Threshold sets of three combinations of parameters « and f§
employed by the proposed calcification depiction method with a
totalizing process

Threshold number Combinations of parameters o and f§

1 (2, B) = (0.05, 3), (0.1, 3), (0.2, 3)
2 (2, B) = (0.05, 3), (0.1, 3), (0.2, 2)
3 (o, B) = (0.05, 3), (0.1, 2), (0.2, 2)
4 (2, B) = (0.05, 2), (0.1, 2), (0.2, 2)

selection of calcification positions in a correlation profile
with a larger value of «. As the employment of 5 over 3 is
useless under the conditions of this study, we examined
two cases, i.e., f =2 and 3. Table 1 shows the four
threshold sets utilized by the proposed calcification
depiction method with a totalizing process, where a prior
threshold number denotes a more severe threshold. As
expected, employing a milder threshold yielded a higher
sensitivity at the cost of the positive predictive value, as
shown in Fig. 10. We calculated the sensitivity and the
positive predictive value (PPV) of the method as Np/Nt
and Np/(Np + Ngp), respectively, where Np, Nt, and Ngp
are the number of detected wires, embedded wires, and
false-positive wires, respectively. In this study, three wires
were embedded in a phantom, i.e., Nt = 3. The sensitivity
and PPV are presented as the mean = standard deviation,
where the number of samples is 5. The proposed calcifi-
cation depiction method with the second threshold set
depicted 11 of 15 wires embedded in five B-mode images
of a phantom with a swine tissue layer, and all positions
selected by the proposed method were located close to
wires, as shown in Fig. 11, corresponding to a sensitivity of
733 £27.9% (n =5) and a PPV of 100 £ 0% (n = 9).
When PPV = 100%, the number of false-positive wires is
0; and thus the specificity also becomes 100%. This result
suggests that the proposed calcification depiction has the
potential to depict thin wires about 0.3 mm in diameter
with both high sensitivity and good specificity.

Applied to a phantom without a swine tissue layer, the
proposed methods with a totalizing process had high sen-
sitivities with sufficient PPV. These results show that the
proposed method has a high sensitivity and a good PPV for
small calcification detection with sufficient robustness.

Conclusion
We propose a novel calcification depiction method that

utilizes the decorrelation of forward scattered waves caused
by the waveform change originating at a calcification
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Fig. 10 Sensitivity and positive predictive value of the proposed
calcification depiction method with a totalizing process for a
calcification phantom a with and b without a swine cutaneous tissue
layer

location. A small calcification slightly changes the intensity
of an ultrasound pulse causing no associated acoustic
shadowing. However, it should change the waveform of the
ultrasound pulse significantly. The proposed calcification
depiction method depicted wires about 0.3 mm in diameter
with a sensitivity of 73.3% and a specificity of 100%, where
the wires might have gone undetected under clinical
inspection of ultrasound B-mode images. This study sug-
gests the probability that an US device will be able to
perform calcification detection well. We investigated a
situation where a single layered structure with calcifications
exists in a homogeneous medium, simulating the calcifi-
cations in a gallbladder wall. Future work will examine a
situation where calcifications and several layered structures
exist in an inhomogeneous medium to investigate the

Lateral position (mm)
0 10 20 30 40 50

Depth (mm)

« Estimated calcification position

Fig. 11 Estimated wire positions in a calcification phantom with a
swine tissue layer, where the proposed method with a totalizing
process employed the second threshold set

potential for application of the proposed method to breast
cancer screening.
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