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The attenuating properties of biological tissue are of great importance in ultra-
sonic examination even though its anatomical variability limits diagnostics effective-
ness. We are currently developing a technique for parametric imaging of attenuation
and we intend to apply it for in vivo characterization of tissue. The diagnostic
usefulness of the proposed technique crucially depends on the precision of the atten-
uation estimate and the resolution of the parametric image. These two parameters
are highly correlated, since the resolution is reduced whenever averaging is used to
minimize the errors introduced by the random character of the backscatter. Here
we report on the results of numerical processing of both, simulated and recorded
from a tissue-mimicking phantom echoes. We have analyzed the parameters of the
estimation technique and examined their influence on the precision of the atten-
uation estimate and on the parametric image resolution. The optimal selection of
attenuation image parameters depending on its intended diagnostic use, was also
considered.
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1. Introduction

The basic operating principle of modern ultrasonic scanners remains unal-
tered from their origin. Short, wideband pulses are transmitted through the tis-
sue and the backscattered echoes are being received. The envelope of the echo
is subsequently detected. The ultrasonic image consists of many lines; each of
them corresponds to echo envelope. The B-scan image reflects the distribution
of the tissue reflectivity. The RF echoes contain information about the tissue
properties that cannot be assessed with the signal envelope. The attenuation of
ultrasound is one of such properties with potentially substantial importance in
medical diagnostics. It has been demonstrated that pathological state tissue has
different attenuation properties than the healthy one. OOSTERVELD et al. have
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shown that the slope of attenuation coefficient, combined with statistical para-
meters of image texture can be used to diagnose the diffuse liver disease [11].
SA1JO et al. employed scanning acoustic microscope to measure five types of
gastric cancer and indicated different attenuation coefficient and sound speed
comparing to normal tissue [14]. BIGELOW et al. investigated possibility of the
prediction of the premature delivery based on the noninvasive ultrasonic attenu-
ation determination [1]. In various other publications it has been reported that
pathological processes can lead to changes in the mean attenuation coefficient
that range from several percent for cirrhotic human liver, through dozens per-
cent for fatty human liver [6], or degenerated bovine articular cartilage [8] to
over a hundred percent in case of porcine liver HIFU treatment in vivo [16] or
two hundred percent for porcine kidney thermal coagulation [15]. These reports
motivated us to consider the parametric imaging of the attenuation in medical
diagnostic tool. There are two approaches to the estimation of ultrasonic attenu-
ation. The spectral difference technique that is based on a comparison of power
spectrum of backscattered signals after propagation through the medium and
the spectral shift method that uses the downshift of the pulse mean frequency
caused by frequency-depended attenuation. In our approach the mean frequency
(MF) is directly evaluated from the backscatter. MF is highly variable due to the
random character of the backscattering RF signals [3, 12|. The mean frequency
variability results in major errors of the attenuation estimation. This limits the
spatial resolution, the precision of the attenuation determination and the poten-
tial medical applications. Signal variability can be reduced by averaging over the
frequency lines (which decreases the lateral resolution) or increasing the window
of the frequency estimator (which decreases the longitudinal resolution). This
paper examines and optimizes the strategy of averaging the mean frequency lines
in the context of attenuation estimation.

2. Methods

The amplitude A of the ultrasound plane wave propagating in homogenous
medium decreases exponentially with the penetration depth due to attenuation:
A = Agexp(—azx), (1)

where Ag — initial intensity, o — attenuation coefficient and x — wave path length.
The attenuation coefficient v depends on frequency f and in the soft tissue have

the form:
f n
ath=ar (£) ', 2
fi
where «; is attenuation coefficient for frequency fi (in the literature generally
fi = 1 MHz) and n for soft tissue is very close to 1 [9]. The linear relation

between attenuation coefficient and the wave frequency is often assumed. When
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a short ultrasonic pulse propagates within the homogenous medium the dispersion
of the attenuation coefficient results in a shift of the pulse MF. To find estimates
of the attenuation from ultrasonic echo signals we assume that the attenuation of
tissue increases linearly with frequency and that the backscattered signals have
the Gaussian shaped spectrum (Gaussian pulse). With this assumptions the MF
shift (f — fo) is given by [4, 5]

oz'Ax~a§

f-fo= 50, 3)

where fy and f are MF before and after propagation respectively, 0(2] is the
variance of the pulse spectrum, Ax denotes penetrated distance and « is the
attenuation coefficient that can be calculated from the Eq. (3) as

o290 (@)
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To determine the MF along the propagation path we have applied the MF
correlation estimator (I/Q algorithm used in Doppler technique [10]). The results
obtained from the selected amount of adjacent B-scan echo-lines were averaged.
Then the overall MF shift trends were calculated using Singular Spectrum Analy-
sis (SSA [2]). The attenuation estimates along the propagation path were calcu-
lated from MF trends using Eq. (4).The number of averaging scan lines and the
length of the time window applied for frequency determination define the spa-
tial resolution of parametric attenuation imaging. The accuracy of the applied
method was verified by calculating standard deviation and the maximal error of
the attenuation estimates. We defined the maximal error as

Omax — max(‘aest - atheor‘)a (5)

where egt and ipeor are the estimated and the assumed attenuation coefficient,
respectively.

3. Simulations

The artificial RF lines were generated according to the following scheme.
A uniform spatial distribution of scattering centers along the 5 cm path in atten-
uating medium (0.5 dB/MHz/cm) was assumed. The amplitudes of the scatterers
were also uniformly distributed.

The received pulse-echo signal was simulated by superposition of all of the
elementary, individually scattered pulses, taking into account the phase differ-
ences caused by spatial location of scatterers and the pulse frequency contents
modified by attenuation. The average number of scatterers in the sample volume
was 60. The 4.44 MHz gaussian interrogating pulse with bandwidth equal 80% at
—6 dB level was assumed. The scatterers positions and amplitudes were different
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for each simulation. The example of the simulated RF line and the corresponding
MEF line is presented in Fig. 1.
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Fig. 1. The simulated RF line (a) and corresponding MF line for 1Q window length equal
2 cm (b).

The simulated RF lines were processed according to the scheme presented
in Fig. 2. First RF lines were subsequently grouped into 20 packets, each of n
lines, with n € {1,5,10...50}. Then, the following procedure was executed for each
packet: first, the MF line was estimated for each line in each packet using selected
(1 cm, 2 cm or 3 cm) window length (see chapter 2). Next, the n frequency lines
were averaged and the frequency trend was extracted.
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Fig. 2. The simulated RF lines processing scheme.

For each packet the attenuation profile was calculated (Eq. 4) using the esti-
mated frequency trend. Two parameters, standard deviation (SD) and the max-
imal error (MR) were calculated for each attenuation profile. Thus each packet
was associated with parameters that depended on the window size and the av-
eraging. Finally, the mean values and the standard errors of SD and MR were
calculated. The results are presented in Fig. 4.
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4. Measurements

The RF-echoes from the tissue mimicking phantom (Dansk Phantom Ser-
vice, model 571, a = 0.5 dB/MHz/cm) were recorded. The experimental setup
consisted of a flat transducer (15 mm diameter, 5 MHz, 80% 6 dB bandwidth,
IMASONIC ME5-1/27, France), a pulser-receiver (Panametric 5900 PR, USA)
and a sampling oscilloscope (Agilent Infinium 54810A, USA).

The transducer was moved over the selected area of the phantom with 5 mm
steps, and echo data raging from the depth of 1 to 7 cm were collected. 24 scat-
tered waveforms were recorded and processed to calculate attenuation coefficient
profiles. The processing was performed for the length of the I1/Q algorithm win-
dow being equal 1, 2 or 3 cm and the number of averaged lines varying from 1
to 24. The example of measured RF line, corresponding MF line for 1Q) window
length equal 2 cm, the averaged MF line and its trend is presented in Fig. 3.
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Fig. 3. The measured RF line (a), corresponding MF line for IQ window length equal 2 cm (b),
the MF line averaged over 24 measurements (c) and the same line after the SSA trend extraction
procedure (d).
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Additionally, the B-scan image and corresponding RF data from human liver
in-vivo were recorded using commercial ultrasonic scanner (Antares, Siemens
Medical Solutions USA, Inc.). The scanner was equipped with the 4.44 MHz
convex probe and Axius Direct Ultrasound Research Interface which is a ded-
icated module enabling the recording of raw RF lines. The B-mode image and
calculated, corresponding attenuation map is presented in Fig. 6. In processing
the IQ window and the number of averaged MF lines was set to 1.5 cm and 30
respectively.

5. Results

However both parameters, the mean SD and mean MR decrease with the
number of averaged lines and the IQ window length, the influence of the window
is much stronger. For example, by changing the I1Q window from 1 cm to 2 cm
(Fig. 4) for a constant number of averaged lines being equal to 10, the mean SD
decreased from 22.4% to 7.3%. The doubling of the number of averaged lines for
a constant 1 cm long IQ window results in lower decrease of the standard deviation
(16.5%). Analogous trend is observed for the maximal error — an increase of the IQ
window length results in a drop of MR from 46.3% to 17.7%, whereas doubling the
number of averaged lines results in a drop to 32.7% only. The 1Q window length
has therefore significantly greater influence on the quality of the estimation of
the attenuation profile than the number of averaged lines.

The experimental data confirms this observation. The results of phantom
measurements are presented in Fig. 5. Three attenuation profiles obtained with
different window parameters, but all corresponding to a constant scan area (i.e.
distance along the Z axis, corresponding to the 1Q window multiply by the dis-
tance along the X axis, corresponding to the number of averaged lines) are com-
pared. The SD were 15.5%, 11.1% and 7.1% and the MR were 34.2%, 16.8%
and 14.3% for profiles corresponding to the IQ windows equal to 1, 2 and 3 cm,
respectively. The results of the measurements agree with the simulation, i.e. the
measured parameters are within 95% confidence interval for the simulated SD
and MR with one exception — the measured SD value for 3 cm window is outside
of the 99% confidence interval.

The image of the liver was obtained in vivo and is presented in Fig. 6a together
with the calculated attenuation coefficient distribution (Fig. 6b). The spatial
resolution in attenuation image can be assumed to be approximately similar to
the averaging area equal to 2 cm?. The attenuation coefficient averaged over the
liver tissue was equal to 0.56 + 0.3 dB/cm-MHz what also corresponds well with
published data [6, 7, 13]. Some variation of attenuation within the liver tissue
could be of natural reasons as well as could be caused by not satisfactory focusing
compensation. Very high attenuation shown at the liver left border (Fig. 6b) could
be caused by reflections at the interface.
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Fig. 4. The simulation results: the standard deviation (a) and the maximal error (b) of the
attenuation coefficient vs. the number of averaged lines. The successive lines correspond to 1Q
windows of 1 cm, 2 cm and 3 cm respectively.
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Fig. 5. The measurement results: the attenuation profiles are plotted for different length of 1Q
window and different number of averaged lines, the averaging area (IQ window length multiply
by the number of averaged lines) is constant. The phantom attenuation coefficient was equal
0.5 dB/MHz/cm.
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Fig. 6. The B-mode image of the human liver in-vivo obtained from commercial scanner (a) and
corresponding attenuation map estimated with 1Q window length equaled 1.5 cm and averaged
MF lines number equaled 30 (b).

6. Conclusions

The results of the simulations and the measurements clearly indicate that the
IQ window length stronger influences the accuracy of attenuation estimates than
the averaging over the frequency lines. Nevertheless, the averaging of frequency
lines is still a useful procedure that significantly improves the precision of the
attenuation estimation (see Fig. 4). The simulation results also suggest that the
number of averaged lines should not exceed 20-30 as the further increase do not
improve very much the attenuation estimates. The parameters of estimation, i.e.
the IQ window size and the number of averaged lines, should be selected depend-
ing on the application. For example, if we examine the tissue coagulation, we
expect large attenuation changes, much larger than 100% [11, 12]. In this case,
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the number of averaged lines can be small and the IQ window length can be set
to approx. 1 cm. A fatty liver attenuates more than 50% stronger than a healthy
liver [6], thus for its examination the number of averaged lines should be above
20 for the IQ window of 1 cm, or just a few lines for 2 cm length of the 1Q
window. The attenuation of a cirrhotic liver is only a few percent higher than
that of a healthy one (it has been reported about 6% [6]). Probably, in this case,
the resolution of attenuation estimation is not sufficient for parametric imaging
but still it is possibly to obtain valuable results when the averaged attenuation
of the liver is considered. For example, processing the simulated RF echoes with
the IQ window length of 3 cm, and applying averaging over 50 lines the mean
standard deviation and the maximal error are obtained equal to 0.37% and 4.5%,
respectively. In this case, low spatial resolution of attenuation estimation is com-
pensated with the high accuracy.

In the paper the parametric image of attenuation coefficient distribution was
presented. The frequency dependent attenuation is an interesting acoustic para-
meter for tissue characterization. Usually, tissue-attenuating properties averaged
over large areas are presented. However, it has been shown that imaging is the best
diagnostic technique. Conventional ultrasonic imaging as well as other medical
visualization methods is successfully applied in all medical fields. Their useful-
ness is closely connected with physician’s experience, not with numerical data
that can be extracted from ultrasonic waves or another kind of radiation applied
for examination. Thus, it could be anticipated that also parametric attenuation
imaging is a promising diagnostic technique.
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