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Abstract— The central concept of spectral tissue
characterization is the backscatter coefficient (BSC). Due to its
stochastic characteristic, it is often necessary to employ temporal
averaging to obtain a coherent estimate. Thus, the acquisition
rate plays a role in the characterization of fast moving tissues,
such as arterial blood and cardiac walls. Plane wave imaging
(PWI) presents a means to reduce BSC variability as it allows the
acquisition of thousands of frames per second with sustained
image quality over the entire field of view. However, the steering
needed to increase the image quality of PWI can modify the
spectral content of anisotropic tissues. Therefore, during the
compounding process, different spectra are combined producing
a biased BSC. Nonetheless, we hypothesized that in isotropic
media, this drawback can be cancelled using the instrumentation
compensation method (e.g., the reference phantom technique).
We experimentally evaluated this hypothesis by estimating the
BSC of a tissue mimicking phantom using PWI and compared it
to data obtained with a single-element transducer. Our results
suggest that PWI can produce accurate estimates of the BSC
under isotropic conditions with percentage errors below 10%.
These results indicate that the reference phantom technique
effectively compensates for the effects of the compounding
process in PWI for isotropic tissues.
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I. INTRODUCTION
Spectral methods have been used for more than 30 years for
acoustic tissue characterization. Its pertinence in clinical
applications has been demonstrated several times [1-3]. The
central concept allowing describing tissue properties is the
backscatter coefficient (BSC) [4]. This parameter describes
how much acoustic energy a tissue is able to return to the
transducer. In practice, the BSC can be understood as the
power spectrum component related to the signal filtering
performed by the tissue. In this sense, the BSC estimation is a
process that requires the compensation of other factors
affecting the power spectrum: the medium attenuation and the
instrumentation effect.

from several temporal frames. However, when characterizing
fast moving tissues, such as cardiac walls or tissues that change
their properties with movement [5], a higher frame rate is
required.
Recently, ultrafast acquisitions have been possible thanks
to the development of techniques like plane wave imaging
(PWI) and to hardware improvements (notably GPU) [6]. In
PWI, all elements of the transducer are excited with a linear
delay to generate tilted or flat planar waves (Fig. 1, left
images). However, a beamforming process is needed to
compensate for the different acoustic time of flight from a
scatterer to each element of the array. This beamforming
process is also known as migration in the field of seismology,
where it was originally developed. Several methods have been
proposed for the migration process. In particular, Montaldo et
al. [7], Lu [8] and Garcia et al. [9] have proposed geometrical
and k-space techniques. Following migration, compounding
can be used to average all single angle images to improve
contrast and lateral resolution (Fig. 1, right image).
Tilted insonifications of a complex medium (e.g., a
medium that generates different echoes depending of the
incident angle) will yield different spectra from each angle.
During the compounding process, these different signals are
combined, potentially resulting in a biased BSC. However, we
hypothesized that in isotropic media the signal averaging done
during the compounding process can be cancelled out by the
instrumentation compensation method (i.e., the reference
phantom technique [10, 11]).
is

The BSC presents stochastic behavior caused by the
random position of scatterers and by electrical noise affecting
the acquisition. To reduce the variability and to obtain a
significant signal, it is common practice to average spectra
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In this study, validation of the BSC estimation, using PWI,
done using a macroscopically isotropic phantom.

Figure 1. Compounding process during plane wave imaging. The beam is
first tilted at different angles and beamformed afterwards. Resulting
images are compounded to increase the lateral resolution and contrast.
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Specifically, we aimed to verify the instrument compensation
of a single angle image and also of a compounded image using
the k-space migration method.
II. MATERIALS AND METHODS
A. Overview
A tissue mimicking phantom with randomly distributed
spherical scatterers was employed as the medium to be
characterized. BSC estimates of the phantom were obtained
from signals of a single element transducer (4-10 MHz) and an
array transducer (4-14 MHz) using PWI. A second tissue
mimicking phantom was employed as a reference medium for
BSC estimation with the array transducer. The BSC estimate
from the single element transducer was considered the gold
standard. Comparisons between the BSC from the array
transducer and the gold standard were made using the
normalized root mean squared error (NRMSE).
B. Tissue mimmicking phantoms
Both phantoms (i.e., the tested sample and the reference)
were molded to a cylindrical shape of 15 cm in radius and 4
cm in height. The tissue mimicking material was agar at 2%
concentration by weight. Each phantom contained 9 g/L of
soda lime glass with a narrow diameter distribution of 42.3 ±
1.1 μm (Duke Fisher Catalog No. 09-980-090, Thermo Fisher
Scientific, Waltham, MA, USA) and 49.0 ± 1.4 μm (Duke
Fisher Catalog No. 09-980-091) for the reference and
phantom, respectively. The speed of sound for both phantoms
was estimated at 1532 m/s. The attenuation coefficient of
these phantoms was estimated by the frequency dependent
relation α = βfμ , where β = 0.034 and μ = 1.67.
C. Data acquisition
The data acquired by both ultrasound instruments are
summarized in Fig. 2. The first letter in the subscripts of
spectra corresponds to the medium (S for the sample phantom,
P for the planar reflector, and R for the reference phantom); the
second letter corresponds to the instrument used (S for single
element transducer, A for array transducer).

For acquisitions with the single element transducer, the
sample and the planar reflector were placed in a degassed
water container. The probe had a center frequency of 7.5 MHz
and an f-number of 4. It was positioned by a tridimensional
scanning device controlled by a computer. The probe was
initially positioned perpendicular to the sample and planar
reflector surfaces. For the sample phantom, the probe was
moved laterally (in the two dimensions parallel to the surface).
For the planar reflector acquisition, the probe was moved
axially, in order to position the plate surface in every point of
the focal area (-6 dB). In both cases, a scan line was acquired at
each step. Nine frames were constructed from 61 scan lines
separated by a beam width.
For plane wave acquisitions, a SonixRP system
(Ultrasonix, Analogic Corporation, Boston, MA, USA) was
employed. The transducer was an L14-5/38 (38 mm width, 128
elements, 9.5 MHz center frequency, 5-14 MHz -6 dB
bandwidth). The transducer was translated over the phantom
surface in the elevation direction to spatially decorrelate
acquired signals. Radio-frequency (RF) signals were stored in
raw format by the SonixDAQ (Ultrasonix, Analogic
Corporation, Boston, MA, USA) archive system.
The PWI protocol consisted of five angular insonifications
at -10°, -5°, 0°, 5° and 10°. Signals from the reference and
tested samples were acquired with the same transducer
configuration (e.g., voltage, focused, aperture, etc.). RF signals
were migrated in the K-space using the method proposed in
[9], because of its advantage in term of processing time.
D. BSC estimation for single element acquisitions
The planar reflector consisted of a Plexiglas block
immersed in water, whose reflectivity coefficient was 0.37.
The power spectrum of echoes coming from the reflector
surface, SPS, was estimated by the classic Fourier approach.
Then, the spectrum was compensated for water attenuation.
The spectrum of the tested sample was calculated by the
Welch technique. In brief, echoes were divided in square
windows of 15λ. The power spectrum of each window was
calculated by Fourier analysis. Then, spectra of all windows, in
nine frames, were averaged to obtain a single spectrum of the
sample.
The BSC was estimated using Chen et al. diffraction
correction [12] defined as

BSC SS ( f , d ) =

S SS ⋅ A(α ,2d ) 2
⋅r ⋅D ,
S PS ( f , d )

(1)

where f is the frequency; d the depth of each window; SSS and
SPS are spectra of the sample and of the planar reflector,
respectively; A is the attenuation compensation function; α is
the attenuation coefficient described earlier; r is the radius of
the single element transducer; and D is the diffraction
correction function proposed by Chen et al. [12].
E. BSC estimation for array transducer acquisitions
For the array transducer, the reference phantom technique
is recommended for BSC estimation. To apply this technique, a
well characterized phantom was scanned with the same

Figure 2. Acquired data for BSC estimations.
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instrument configuration. The a-priori characteristics of the
reference (i.e. BSC and attenuation) were estimated using a
single element transducer, in this case. The spectra of the tested
sample and of the reference were also calculated using the
Welch method, as described before.

BSC estimated from different beamforming strategies

10

BSC SA ( f , d ) =

-1

-1

BSC (cm sr )

The BSC was estimated using the reference phantom
method [10]:

(2)

S SA ( f , d ) ⋅ A(α S , 2d )
⋅ BSC RS ( f , d )
S RS ( f , d ) ⋅ A(α R ,2 d ) d

10

where, f is the frequency; SSA and SRS are the spectra of the
tested sample and of the reference phantom, respectively; A is
the attenuation compensation function; αS and αR are
attenuation coefficients of the sample and the reference,
respectively; BSCRS is the BSC of the reference phantom
estimated with the single element transducer; and the operator
⋅ indicates the average of all windows found at depth d.

NRMSE SA =

2

(3)

where B represents the bandwidth analyzed, BSCSA(f) and
BSCSS(f) are the BSC evaluated at frequency f for the sample
estimated with the array transducer and with the single element
transducer, respectively. Operator
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Figure 3. Mean BSC estimated after averaging nine frames and 5000 RF
windows. Solid lines represent the gold standard BSC measured with the
single-element transducer. Filled markers represent BSC estimated for
plane wave imaging. All imaging techniques consistently reproduced BSC
values found with the gold standard method.

F. Error estimation
The normalized root mean squared error (NRMSE) was
used to compare the BSC estimated with the different
beamforming techniques. This measurement is defined as

BSC SA ( f ) − BSC SS ( f ) ,
(
)
∑
BSC SS ( f )
f ∈B
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Compounded image
Angle 10°
Angle -10°
Angle 5°
Angle -5°
Angle 0°
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IV. DISCUSSION
In this study, we studied the possibility of estimating the
BSC of a macroscopically isotropic tissue mimicking phantom
using two techniques of PWI (i.e., single angle insonification
and compound imaging). Our results suggest that both PWI
techniques can be used to estimate the BSC, with either a slight
overestimation or underestimation.

⋅ refers to the cardinality of

the parameter. (e.g., number of discrete frequencies in the
bandwidth)
III. RESULTS
A. Estimated BSC
Fig. 3 shows the mean BSC found with all evaluated
beamforming techniques (i.e. single angle plane waves and
compounded plane waves). The solid line represents the BSC
obtained with the single element transducer (gold standard).
Single angle insonifications had a tendency to underestimate
the BSC. However, the compounded image resulted in a
slightly overestimated curve. The overlapping of results
suggests consistency in the BSC estimation for all
beamforming techniques. Parameters describing the intensity
of the BSC with frequency (e.g. mid-band fit and slope) were
consistent for all tested techniques.
B. Estimation errors
The NRMSE for each beamforming technique is shown in
Fig. 4. All imaging methods produced NRMSE below 10% on
average. For single angle images, higher errors were observed
with positive angles.
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The single angle insonification resulted in a lower signal to
noise ratio and lower lateral resolution in comparison with
compound imaging; therefore, it would be expected that lower
error levels of the BSC would be obtained with the latter
approach. However, we observed statistically significant lower
error values on BSC at -5° and -10° that counteract this
believe. This behavior may be explained by the low acquisition
depth allowing obtaining a sufficient SNR, even for single
angle insonifications. On the other hand, tested phantoms were
macroscopically homogeneous; consequently, the effect of the
reduced lateral resolution without compounding was lessened.
Benefits of using ultrafast imaging techniques to calculate
the BSC are threefold. First, the quality of images, evaluated
by the lateral resolution and the contrast to noise ratio, have
been shown to be comparable to multifocus imaging in the
whole field of view [7]. This fact allows an increase in the
usable depth of the image for BSC estimation (i.e., the -6 dB
focus area). Second, the statistical variability, due to the
stochastic nature of the measure, is reduced thanks to higher
frame rates offered by PWI. This property also allows BSC
estimation of fast moving tissues such as arterial blood and
cardiac muscle. Third, the characterization of anisotropic
tissues (i.e., those producing large echo differences depending
on the insonification angle) could be accomplished using the
angular data available before compounding. This information
could be of medical relevance for studies on the anisotropic
myocardium, tendons and aggregates of red blood cells.

2014 IEEE International Ultrasonics Symposium Proceedings

However, PWI derived techniques have some limitations
that may impact BSC estimation. First, the beam penetration
may be reduced when compared to that of conventional
focused imaging. This is due to the lack of converging waves
that causes a lower acoustic pressure in plane wave
insonification. Second, lateral artifacts can exist with PWI.
Beam steering causes lateral regions of the transducer to
receive lower acoustic pressure than those at the transducer
center. Regions outside the compounded intersection region, in
general, present diminished resolution.

Figure 4. Normalized root-mean-square error (NRMSE) in percent for
the mean BSC after averaging nine consecutive frames and 5000 RF
windows. With all beamforming techniques, deviations from the gold
standard BSC were below 8.5%.

V. CONCLUSION
BSC estimations with below 10% deviations from the gold
standard BSC were obtained by plane wave imaging migrated
with the k-space technique for both compounded and single
angle images. The instrument compensation technique (i.e.,
that of the reference phantom) was able to correctly
compensate for compounding effects when using this ultrafast
technique to estimate BSCs from isotropic tissue-mimicking
phantoms. These results suggest that plane wave imaging can
be used in spectral characterization of isotropic tissues.
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