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Measurement of Ultrasonic Attenuation Within
Regions Selected from B-Scan Images

KEVIN J. PARKER, MEMBER, IEEE, AND ROBERT C. WAAG, MEMBER, IEEE

Abstract—This paper describes the calculation of absolute ultrasonic
attenuation as a function of frequency by processing backscattered
signals obtained from a clinical imaging instrument. The signal process-
ing steps are developed from a mathematical model of scattering in an
attenuating medium with random inhomogeneities. Attenuation data
are derived from the imaging system by recording amplitude-compressed
ultrasonic echo waveforms along with transducer position information
and time-varying gain values. The input-output characteristics of the
receiver are employed to remove the effects of compression and gain.
Attenuation values are calculated for selected regions within scans of
two tissue phantoms and a normal breast. The values agree with other
independent measurements and illustrate the requirements for incor-
porating quantitative attenuation measurements with clinical imaging.

INTRODUCTION

INCE the early 1970’s [1], it has been recognized that the

frequency-dependent attenuation of tissues can be indica-
tive of the presence or absence of disease states in a tissue or
organ. Accordingly, frequency-dependent attenuation in tis-
sues has been calculated from measurements of reflected,
transmitted, or backscattered ultrasound and used to study
abnormalities in the eye [2], indicate the development of
myocardial infarcts [1], [3], [4], detect tumors [5], [6],
and evaluate liver tissue [7]-[10].

Commercially available imaging systems are presently capable
of a variety of dimension and volume estimates and can per-
form image enhancement functions, but none extract quantita-
tive attenuation measurements. In some cases, an estimate of
attenuation can be made from a B-scan image which shows
shadowing beneath an object, such as a gallstone [11]. These
effects depend, to a certain extent, on the time-varying gain
selected by the clinician to boost signals returning from deeper
tissues. For small attenuation differences, this qualitative
approach loses the ability to discriminate tissue types.

Reliable ultrasonic attenuation measurements of tissue
specimens are made difficult by phase cancellation errors [12],
beam distortion effects [13], and entrapped gas [14]. How-
ever, consistent in vitro measurements of attenuation as a
function of frequency can be obtained by carefully eliminating
the sources of artifact [13]. There are additional difficulties
to overcome in measurements of ultrasonic attenuation in vivo.
The lack of sufficient through-transmission paths in abdominal
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organs severely restricts the use of radiation force techniques
[15], time delay spectrometry [16], and transmission recon-
struction tomography [6]. The absence of plane specular
reflectors within internal organs creates uncertainties in the
use of nonstatistical reflection-based techniques [1], [17],
(18]. .

The incorporation of attenuation measurements into an
imaging system is also hindered by the inclusion of a com-
pression amplifier and time-varying gain which are used to
display the wide dynamic range of returning echoes and
compensate for signal attenuation as a function of range.
Compression effects and time-varying gain are often subjec-
tively varied case-by-case by the clinician to improve the
quality of the resulting image. Therefore, in order to obtain
absolute attenuation measurements, both the nonlinear com-
pression and instantaneous value of the time-varying gain
must be taken into account.

In general, the statistical nature of backscattered ultrasonic
signals from inhomogeneities or nonspecular reflectors must
be considered to calculate frequency dependent attenuation
of internal organs in vivo. Pioneering work with statistical
methods in this area was carried out by Kuc and Schwartz
[71, [8] who determined the slope of attenuation assuming
a linear frequency dependence. In this paper, a different
statistical approach has been used to determine the absolute
values of attenuation as a function of frequency, thereby
determining the slope of attenuation as well. No a priori re-
quirement of linear frequency dependence is required. Al-
though more work is required to define practical resolution
and accuracy limits of this technique for clinical use, the
preliminary results are very encouraging.

THEORY

Our calculation of frequency-dependent attenuation is
based on a mathematical model which characterizes scattering
as arising from random small scale fluctuations in acoustic
properties of a medium. When a sample volume of the medium
is irradiated by a plane wave ultrasonic signal, the scattered
pressure at any point in the far field becomes a random
variable. There is a well-known Fourier transform relation-
ship between the ensemble average of the pressure squared
(or intensity) and the correlation function of the variations
in the material [19], [20].

Backscattered signals, which are used to create images,
represent a particular case of this general theory. In a non-
attenuating medium with small, zero mean fluctuations in
sound speed, we designate ko as the average material wave-
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number and y(r') as the zero mean sound speed fluctuations
as a function of position r’. Then the complex backscattered
pressure from a narrow-band signal can be written using a
small scattering assumption as [20]-[22]

A j2k or' ! ’
P =2 [ &M 2w M)
.

where A4 is a complex factor dependent on frequency, medium
density, and amplitude of the incident wave; r is the distance
between the receiver and the scattering region; v’ represents
the sample volume of integration; and » is a unit vector point-
ing in the direction of the incident sound propagation. In this
expression, pys(r) represents the pressure at a point. However,
we assume that the output voltage from our finite area trans-
ducer is directly proportional to this pressure.

Each sample function for backscattered pressure pyg(r) will
depend on the particular random variations in y(r") and,
given our assumption that vy is a zero mean quantity, pys(r) has
a mean value of zero. However, the magnitude of backscattered
pressure has a nonzero mean which can be employed to extract
frequency dependent attenuation.

The effects of attenuation may be included by adding an
imaginary component & to the wavenumber. Under the
assumptions that ko >>a, and that e™®" "=1 within the
sample volume of integration, the complex backscattered
pressue becomes [20]

A j r’ ' '
P =er 2 [ Ny a @)
v’

This expression is similar to the nonattenuating case, with the
exception of the exponential decay term outside the integral.
Thus, under weak scattering and weak attenuating assumptions,
the effects of backscattering and attenuation are separable.

For a plane wave propagating through an attenuating medium,
the incident wave amplitude at distance r is given in terms of
its initial value po by [27]

-Qar

pi(r)=poe (3)
The complex coefficient 4 in (2) includes the magnitude of

the incident wave, so to incorporate the r dependence explic-
itly, we write

A=A(r)=Age™™" )
and (2) becomes
e—zarA » ik L , ,
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If the attenuating medium is separated from the transducer
by a long water path, the distance can be rewritten as

(6)
where ry is the distance in water from the transmitter to the
attenuating medium and d is the depth of the sample volume.
Assuming no attenuation takes place in the water, (5) becomes

r=ro td
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The separation of the attenuation from random backscatter
can be accomplished by evaluating the ensemble average of the
magnitude of pressure along independent scan lines through
the medium.

Using (7) we have
e—2ad
< a)|>= 7
IPus(@) o) ? (®)

where the brackets indicate ensemble averaging of magnitude;
the backscattered pressure on the left-hand side has been
written as a function of depth, d; and

l—’=< A, .[enk“""” 7(r’)dv'.>. ®

In this expression, P is a constant whose value depends on the
statistics of the material represented by v(r'). Equation (8)
shows that the ensemble average of pressure magnitudes will
decay exponentially from increasingly deep sample volumes.
The exponential decay is modified by the distance term in the
denominator. Although individual waveforms exhibit both
random scattering and attenuation effects, the absolute value
of a can be obtained from the ensemble average given in (8).

When a broad-band pulse propagates through tissue, a con-
tinuous signal is received by the transducer as backscattered
energy arrives from increasingly distant range. In this case,
portions of the returned signal may be windowed to select
sample volumes. Fourier transformations of these data yield
the magnitude of pressure in the sample volume as a function
of frequency. Equation (8) can then be used at each resolv-
able frequency to determine the absolute values of attenuation
at discrete frequencies, thus permitting the functional depen-
dence of attenuation on frequency to be found without a
priori assumptions of slope.

METHODS

The ultrasonic image system used in our study is the Octoson
made by Ausonics, Inc., Australia. In this system, the acous-
tic energy is transmitted and received by eight large aperture,
wide-band transducers having a center frequency which we
found to be near 2.5 MHz. The transducers are arranged in an
arc at the base of a deep water path chamber and are weakly
focused at a range of approximately 35 cm. Ultrasonic echo
signals are amplified by a wide-band receiver which has a non-
linear compression characteristic and a time-varying gain. The
amplified RF waveforms are sent along with positional infor-
mation to both the Octoson imaging circuits and to an 8 bit,
10 MHz, A/D converter for storage in digital form and later
analysis. The time-varying gain values are also digitized and
stored for processing which removes gain and compression
effects. This processing is accomplished by using measured
input-output characteristics of the Octoson. ‘

The measurement of the input-output characteristics em-
ployed a 2.5 MHz continuous wave signal which was injected
into the receiver input. During the cycle over which ultra-
sound echoes are normally received, the time-varying gain was
swept linearly from low to high values. The receiver output
waveform was digitized and demodulated. The strength of the
injected signal was varied over 96 dB in 6 dB increments. The
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Fig. 1. Receiver input-output characteristics. Values of the output
detected signal amplitude (relative linear scale) are plotted vertically
as a function of time-varying gain (arbitrary units) for 17 levels of
2.5 MHz input amplitudes spanning a 96 dB range in 6 dB increments.

resulting family of waveforms is displayed in Fig. 1. The sig-
moid shape of any individual curve is due to compression eftects
acting on an increasingly amplified signal. From these data,a
table was created to map any given compressed signal amplitude
into a corresponding linear value using the instantaneous value
of the time-varying gain.

Two tissue phantoms were used in this study. The exact
composition of these phantoms is proprietary, but indepen-
dent laboratory measurements of the attenuation characteris-
tics of the material were obtained for comparison against the
estimates of the new technique. In addition, the scan of a
normal female breast was processed.

First, regions 3.5 cm wide and no longer than 4.5 cmin depth
were selected from B-scan images for processing to determine
absolute attenuation. Then, 100 individual waveforms from
these regions were isolated and the effects of receiver com-
pression and time-varying gain were removed. Next, the wave-
forms were divided into segments of 128 data points. At a
10 MHz sampling rate, this corresponds to sample volumes of
approximately 9.6 mm. In order to limit the total sample
volume, a segment-to-segment overlap of 28 points was em-
ployed. An FFT routine was used with rectangular data win-
dows to calculate the spectral magnitudes as a function of
frequency and depth. Finally, the attenuation coefficient was
estimated by a least square error fit of an exponential function
to the mean values of backscattered pressure.

The isolated RF waveforms from the selected regions of the
B-scan images were also demodulated and averaged to obtain
a single curve of average video signal versus depth. The attenu-
ation was calculated from this curve and ascribed to the center
frequency (2.5 MHz) for comparison with the other techniques.

RESULTS

Results were obtained from a tissue-mimicking phantom
made by ATS Laboratory [23]. A compound B-scan image of
this phantom and the region selected for analysis are displayed
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Fig. 2. ATS phantom. The rectangle indicates the region from which
waveforms were selected for analysis.

in Fig. 2. Waveforms from a single transducer with a line of
sight approximately parallel to the long axis of the box were
employed in our calculations. The individual waveforms repre-
sent lateral shifts in the transducer line of sight. The expo-
nential decay of 2.58 MHz (typical of other frequencies) and
also the decay of the envelope are shown in Fig. 3. Attenua-
tion values derived from the exponential decay rates are plotted
versus frequency in Fig. 4 along with data found using radiation
force technique.

Data were also obtained from a phantom made by Acoustic
Standards Laboratory [24]. An ultrasonic image of this phan-
tom and the region selected for analysis are displayed in Fig. 5.
The exponential decay of 2.82 MHz (representative of other
frequencies) as well as the decay of the envelope are shown in
Fig. 6. Resulting attenuation estimates are plotted in Fig. 7
along with attenuation data measured independently [25].

Backscattered RF ultrasonic signals were also digitized during
the routine clinical examination of a normal female breast.
The breast image and region selected for analysis are shown in
Fig. 8. [Illustrative exponential decay data at 2.42 MHz are
given in Fig. 9. Plots of resulting attenuation values versus
frequency in Fig. 10 show a magnitude and frequency depen-
dence consistent with values obtained by others [6], [26] .

DiscussioN

There are some features of our model that deserve comment.
Although our assumption that scattering is caused by fluctua-
tions in sound speed may be an oversimplification, a more
complex model in which sound is scattered by compressibility
and density variations would have the same general form as (1)
but would involve a different expression for y [19]. Since this
does not enter into the frequency or range relations that we
develop, our model which expresses scattering in terms of varia-
tions in sound speed is also applicable to scattering caused by
fluctuations in compressibility and density.

Our model presumes that the basic statistical properties of
the scattering medium do not change over the entire range
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Fig. 3. Average pressure magnitude versus range in the ATS phantom
(normalized vertical scale). (a) 2.58 MHz data. (b) Video signal.
(®= average pressure magnitude, — = fitted exponential.)
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Fig. 4. Absolute attenuation versus frequency for the ATS phantom.

(O= calculated from the decay of pressure at discrete frequencies,
&= calculated using the signal envelope, ®= measured using radiation
force.)
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Fig. 5. Acoustic Standards phantom. The rectangle indicates the region
from which waveforms were selected for analysis.
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Fig. 6. Average pressure magnitude versus range in the Acoustic Stan-
dards phantom (normalized vertical scale). (a) 2.82 MHz data.
(b) Video signal. (®=average pressure magnitude, — = fitted
exponential.)
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Fig. 7. Absolute attenuation versus frequency for the Acoustic Stan-
dards phantom. (O= calculated from the decay of pressure at discrete
frequencies, ®= calculated using the signal envelope, ®= reference
measurement of o = 0.32f 138 )

Fig. 8. Normal breast. The rectangle indicates the region from which
waveforms were selected for analysis.

interval being analyzed. For example, it would be inappro-
priate to choose a region comprised of both medulla and
cortex in the kidney. While this limits the organs or regions
that may be studied with our approach, our methods can be
applied to a variety of important organs such as the breast and
liver which are usually sufficiently large and which sometimes
contain diffusely distributed diseases.

In backscatter experiments, the transmitted pressure will
vary with depth not only due to attenuation, but also by the
effects of beam spreading or convergence caused by focusing.
However, changes in beamwidth due to focusing were neglected
over the ranges we analyzed because these ranges were a small
fraction of the normalized distance from the transducer. Also
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Fig. 9. Average pressure magnitude versus range in the breast (normal-
ized vertical scale). (a) 2.42 MHz data. (b) Video signal. (®= average
pressure magnitude, — = fitted exponential.)

neglected for the same reason were any changes in beamwidth
arising from the frequency dependence of attenuation.

There are statistical considerations which support the validity
of our measurements. A comparison of pressure versus depth
data and fitted exponential curves yielded correlation coeffi-
cients of greater than 0.95 at those frequencies between 2 and
3 MHz represented in Figs. 4, 7, and 10. These high values of
correlation indicate that the average backscattered pressure
magnitudes for specific frequencies as a function of depth are
well described by exponential curves over the frequency range
for which we report data. Also, these correlation values imply
that our mean pressure estimates were close to actual mean
values as a result of averaging 100 individual waveforms. The
small spread of calculated attenuation values around indepen-
dent measurements indicates that the overall processing steps,
including compensation for compression and time-varying
gain effects, produce accurate estimates of frequency-depen-
dent attenuation.

The small lateral movement of the transducer between scan
lines creates a degree of dependency between neighboring
waveforms. Therefore, we believe that good estimates of
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Fig. 10. Absolute attenuation versus frequency for the breast tissue.
(O= calculated from the decay of pressure at discrete frequencies,
® = calculated using the signal envelope, ®= comparison curve of
a=0.61f13)

attenuation may be obtained from fewer than 100 waveforms
when they are statistically independent.

Qur reports of absolute attenuation are confined to the range
of 2.0-3.0 MHz for two reasons. First, the compression and
time-varying gain characteristics of the Octoson receiver ampli-
fier that we employed began to have a frequency dependence
outside this range. Second, the received signals outside this
range had significantly higher noise content which limited our
ability to obtain high values of correlation coefficients when
fitting an exponential function to the signal decay. However,
we feel that some expansion of the frequency range over
which the measurement of absolute attenuation is made can
be realized by the use of a broader bandwidth acoustic pulse
and receiver amplifier. '

The simple approach of calculating the demodulated signal
(video as opposed to RF waveform) decay and attributing the
resulting attenuation value to the center frequency gave results
which were consistent with our other measurements as shown
in Figs. 4, 7, and 10. However, use of this method is not
strictly justifiable since the broad-band nature of the ultrasonic
pulse is ignored. Also, frequency dependence of attenuation
cannot be inferred from this single measurement without
further assumptions.

A number of issues require further work. The optimal data
windowing and segmenting before performing FFT operations
must be explored in the analysis of waveforms. The minimum
volume of tissue required for accurate measurements needs to
be determined. The possible effects of phase distortion by
overlying tissue and phase cancellation errors in the receiver
remain to be evaluated. Nevertheless, the data reported in
this paper show how quantitative attenuation measurements
may be incorporated with clinical imaging instrumentation.

CONCLUSION

A mathematical model of ultrasonic scattering has been
employed to calculate absolute values of frequency-dependent
attenuation from echo signals received by a clinical B-scan
imaging system. The model indicates that, after removal of
the nonlinear compression and time-varying gain characteristics
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of the imaging system, the ensemble average of the pressure
magnitude as a function of frequency and tissue depth can be
used to derive ultrasonic attenuation. Although additional
effort is needed to define the limits of our technique for
determining absolute frequency-dependent attenuation, our
results from two tissue-mimicking materials and a breast scan
are encouraging because of their agreement with independent
attenuation measurements.
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