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Abstract—Previously we described a video signal analysis (VSA) method for measuring backscatter and
attenuation from B-Mode image data. VSA computes depth-dependent ratios of the mean echo intensity from a
sample to the mean echo intensity from a reference phantom imaged using identical scanner settings. The slope
of a line-fit of this ratio (expressed in dB) versus depth is related to the attenuation of the sample. This paper
investigates conditions for which the echo intensity ratio versus depth is independent of transducer pulsing
characteristics and instrument settings, and depends only on the properties of the sample and the reference. A
theoretical model is described for the echo signal power versus depth from a uniform medium containing
scatterers. The model incorporates bandwidth, frequency and media attenuation. Results show that the sample-
to-reference echo intensity ratio versus depth is a curve, the departure of which from a straight line is a function
of the relative attenuation of the two media, the imaging system bandwidth and the initial frequency. The model
also leads to a depth-dependent “effective frequency” determination in the VSA method. Model predictions are
verified using RF signals computed by an acoustic pulse-echo simulation program. (E-mail: jazagzeb@wisc.edu)
© 2006 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Objectively determined ultrasound attenuation values
in soft tissues could provide valuable information
about disease in various sites, including the liver (Kuc
1980; Lu et al. 1999), breast (Stavros et al. 1995;
Lamb et al. 2000), myocardium (Miller et al. 1983)
and human aorta (Bridal et al. 1997). Many methods
based on pulse echo techniques have been proposed
for estimating the attenuation coefficient. In general,
these can be classified as either time domain methods
(Flax et al. 1983; He and Greenleaf 1986; Walach et
al. 1989) or frequency domain methods (Kuc and
Schwartz 1979; Cloostermans and Thijssen 1983; Fink
et al. 1983; Yao et al. 1990). If done using radio-
frequency (RF) echo data, attenuation estimations re-
quire special equipment and algorithms to acquire and
analyze the data. Therefore, there is interest in meth-
odology that is based on readily available B-mode
image data for real time usage in a clinical environ-
ment. Several efforts have been made toward this goal.
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Walach et al. (1989) obtained local tissue attenuation
images from B scans. Valckx et al. (2000) developed
a calibrated, online technique to extract diagnostically
relevant information from conventional video format
data. Bevan et al. (2001) applied a “log envelope slope
attenuation mapping” method to monitor thermal co-
agulations in bovine liver. A method called video
signal analysis (VSA) (Knipp et al. 1997) has been
proposed in our laboratory, which utilizes B-mode
image data directly in attenuation and backscatter es-
timates. In initial tests, VSA results have compared
favorably with attenuation coefficients and backscatter
coefficients obtained using RF analysis when the fre-
quency bandwidth of the imaging system is not very
large (approximately 30%).

The VSA method is similar to the reference phan-
tom method proposed by Yao et al. (1990), where the
echo signal intensity from a sample is compared to the
signal intensity at the same depth from a reference phan-
tom, acquired using the same transducer and system
settings used for acquiring echo data from the sample.
After band-pass filtering, ri(f, z), the ratio of the echo
signal intensity from the sample to that from the refer-

ence at frequency f and depth z can be expressed as:
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ri(f, z) �
is(f, z)

ir(f, z)
�

BSCs(f)

BSCr(f)
e�4(�s(f)��r(f))z (1)

where i is the echo signal intensity; subscripts s and r
refer to the sample and reference, respectively; the BSCs
are backscatter coefficients; and �s are sample and ref-
erence phantom attenuation coefficients at f.

After a least squares line-fit of the curve 10 log10

[ri(f,z)] versus depth, z, the slope is proportional to the
difference between the sample and reference attenuation
coefficients. Since the latter is known, this provides the
attenuation coefficient of the sample. Assuming a linear
relationship exists between the attenuation coefficient
and the frequency, the attenuation coefficient �(f) di-
vided by f gives the attenuation versus frequency slope �.
For a uniform sample, the zero depth intercept yields the
ratio of the sample and reference backscatter coefficients.

With VSA, �ri�f,z� is approximated with echo
signals derived directly from B-mode images (Knipp et
al. 1997). Pairs of B-mode images are acquired, one from
the sample and the other from a reference. Mean pixel
values versus depth, z, are calculated for both the sample
and the reference images. Then, an experimentally de-
rived look up table (LUT) is used to convert differences
in pixel values between the sample and the reference into
echogenicity differences in dB. The attenuation coeffi-
cient of the sample is derived in the same manner as
above.

Since envelope signals are utilized in VSA, derived
parameters obtained should bear characteristics of the
frequency spectrum encompassed in the pulse-echo data.
However, the attenuation coefficient is frequency depen-
dent, requiring specification of the frequency of the ma-
chine when reporting results. Thus, Knipp et al. (1997)
proposed use of an “effective frequency”, feff, in their
VSA application. This was defined as the ultrasound
frequency that yields the same value of attenuation and
backscatter in the sample as the video signal. However,
in their initial tests of the method they used the nominal
frequency of the machine as the effective frequency.

An uncertainty with VSA, particularly if the band-
width of the scanner is large, is defining a method for
specifying an effective frequency. This would require
knowledge of the transmitted ultrasound pulse and the
frequency filtering operations that occur during recep-
tion, which generally are not available to users. Another
question is whether an “effective frequency” at a partic-
ular depth in the medium would be the same for both the
sample and reference, because frequency dependent at-
tenuation could render the pulse spectra different in the
sample and reference. Thus, it is not clear to what extent
these depth-dependent echogenicity differences between
a sample and a reference phantom are independent of

pulse characteristics and instrument settings, and depend
only on the properties of the sample and reference.
Sosnovik et al. (2001) have empirically discussed this
question, and propose qualitative formulas to modify the
existing VSA method. With a “compensated VSA
method”, they were able to reveal transmural variation of
myocardial attenuation. However, more quantitative ap-
proaches need to be taken to improve the understanding
of the physical process of measuring attenuation using
the VSA method.

This paper attempts to address the VSA method
quantitatively. A theoretical model for the echo signal
versus depth in a uniform sample and in a reference
media is described. The model incorporates bandwidth,
frequency, and the attenuation coefficients of the media.
It leads to estimates of the sample-to-reference relative
echogenicity versus depth, as well as to an “effective
frequency” determination in the VSA method. Model
results are compared to the relative echo amplitudes of
sample and reference signals that are generated using a
computer simulation model for RF echo data.

MATERIALS AND METHODS

Theoretical plane wave model
In general, one must consider the pulse-echo pro-

cess, including beam characteristics, when describing the
signal applied to B-mode images. Here we describe a
simple model, which does not include detailed beam
characteristics, to gain insight into the physical meaning
of the VSA process. We assume that the transmitted
ultrasound waves are planar or are weakly focused. If we
further suppose that the medium is uniform everywhere
i.e., the attenuation coefficient and backscatter coeffi-
cients are not dependent on the location, the power of the
echo signal originating from the region near depth z can
be expressed as (Flax et al. 1981; Parker and Wagg
1983):

E(z) � A�
��

� [G(f) ⁄ z2]BSC(f)exp(�4�(f)z)df (2)

where G(f) is the power spectral density of the transmit-
ted ultrasound pulse, A is a constant reflecting instrumen-
tation factors, BSC is the backscatter coefficient, and � is
the attenuation coefficient at frequency f.

The ratio of the echo power from the sample to that
from a reference at depth z is:

Es(z)

Er(z)
�

�
��

� G(f)BSCs(f)exp(�4�s(f)z)df

�
��

� G(f)BSCr(f)exp(�4�r(f)z)df
(3)
Let:
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exp(�4�s(fsef f)z) �

�
��

� G(f)BSCs(f)exp(�4�s(f)z)df

�
��

� G(f)BSCs(f)df

(4)

and

exp(�4�r(fref f)z) �

�
��

� G(f)BSCr(f)exp(�4�r(f)z)df

�
��

� G(f)BSCr(f)df

(5)

where fseff and freff are “effective” frequencies which
yield the same value of attenuation in the sample and in
the reference respectively as the video signal. Then eqn
3 can be written as:

Es(z)

Er(z)
�

exp(�4�s(fsef f)z)

exp(�4�r(fref f)z)
·
�

��

� G(f)BSCs(f)df

�
��

� G(f)BSCr(f)df
(6)

The decibel format of eqn 6 is:

10log10�Es(z)

Er(z)�� �2(�s(fsef f) � �r(fref f))z

� 10log10

�
��

� G(f)BSCs(f)df

�
��

� G(f)BSCr(f)df
(7)

This represents the difference between the mean pixel
value from the sample and from the reference after
converting to decibels (assuming diffraction and focus-
ing are of no concern).

If the attenuation coefficient is proportional to the
frequency, which is approximately true for many soft
tissues for frequencies in the range of 1 to 10 MHz (Lele
et al. 1976), then

�s(f) � �s0f, �r(f) � �r0f (8)

where �s0, �r0, in nepers/cm/MHz, are attenuation versus
frequency slopes for the sample and the reference, re-
spectively. If we insert eqn 8 into eqn 4 and eqn 5, we
have

exp(�4�s0fsef fz) �

�
��

� G(f)BSCs(f)exp(�4�s0fz)df

�
��

� G(f)BSCs(f)df

(9)
and
exp(�4�r0fref fz) �

�
��

� G(f)BSCr(f)exp(�4�r0fz)df

�
��

� G(f)BSCr(f)df

(10)

Taking the derivative,
d

d�s0
, on both sides of eqn 9 gives

fsef fexp(�4�s0fsef fz) �

�
��

� G(f)BSCs(f)exp(�4�s0fz)fdf

�
��

� G(f)BSCs(f)df

(11)

Then, dividing by eqn 9, we have

fsef f �

�
��

� G(f)BSCs(f)exp(�4�s0fz)fdf

�
��

� G(f)BSCs(f)exp(�4�sofz)df
(12)

Similarly,

fref f �

�
��

� G(f)BSCr(f)exp(�4�r0fz)fdf

�
��

� G(f)BSCr(f)exp(�4�rofz)df
(13)

Following eqn 7, the slope of a line-fit of 10log10�Es�z�
Er�z��

versus depth z yields the difference between the attenu-
ation coefficient of the sample and the reference at their
respective effective frequencies fseff and freff, i.e.,

�� � �s(fsef f) � �r(fref f) � �s0fsef f � �rofref f (14)

The difference between eqn 14 and the original VSA
solutions applied by Knipp et al. (1997) is that we allow
for the possibility of a different “effective frequency” at
depth z in the sample and in the reference.

Assume the transmitted ultrasonic pulse is Gaussian
shaped. Then the power density of the pulse echo signal
will be:

G(f) � exp(�(f � fc)
2 ⁄ �2) (15)

where fc is the center frequency of the transmitting pulse
and the echo bandwidth is defined as the full width at half
maximum (FWHM) of the pulse echo amplitude density

�G�f�. According to this definition:

�2 � (f	 � fc)
2 ⁄ 2ln2 � fc

2bw2 ⁄ 8ln2 (16)

where bw is the fractional bandwidth, defined as f� � f�
� fcbw, in which, exp� � �f	 � fc�2 ⁄ 2�2� � 1 ⁄ 2. We
will call fcbw the pulse echo bandwidth throughout this

paper.
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Using a Gaussian form factor to describe backscat-
ter, the backscatter coefficient BSC(f) is of the form
(Insana and Wagner 1990):

BSC(f) � C � k4exp(�2k2d2) (17)

in which d � 2a/3.1 gives the relationship between an
effective scatter radius, a and the “characteristic dimen-

sion” of the correlation coefficient d; k �
2


�
�

2
f

c
is

the wave number; and c is the speed of the sound; C� is
a function of tissue properties and is constant with fre-
quency.

Thus, the denominator in eqn 12 can be expanded
as:

�
��

� G(f)BSCs(f)exp(�4�s0fz)df � C � exp[�1 ⁄ �2(f c
2

� (fc � 2�s0�
2z)2 ⁄ (1 � 8
2ds

2�2 ⁄ c2))] · �
��

� exp[�(1

� 8
2ds
2�2 ⁄ c2)(f �

fc � 2�s0�
2z

1 � 8
2ds
2�2 ⁄ c2)2 ⁄ �2] f 4df (18)

Let �1 � 2�s0�
2z and �2 � 1 � 8
2ds

2�2⁄c2. Eqn 18
simplifies to:

�
��

� G(f)BSCs(f)exp(�4�s0fz)df � C � exp[�1 ⁄ �2(f c
2

� (fc � �1)
2 ⁄ �2)] · �

��

� exp[��2(f �
fc � �1

�2
)2 ⁄ �2]f 4df

(19)

And, the numerator in eqn 12 is:

�
��

� G(f)BSCs(f)exp(�4�s0fz)fdf � C � exp[�1 ⁄ �2(f c
2

� (fc � �1)
2 ⁄ �2)] · �

��

� exp[��2(f �
fc � �1

�2
)2 ⁄ �2]f 5df

(20)

Combing eqn 19 and eqn 20, eqn 12 changes to

fsef f �

�
��

� exp[��2(f �
fc � �1

�2
)2⁄�2]f 5df

�
��

� exp[��2(f �
fc � �1

�2
)2 ⁄ �2]f 4df

(21)

Define:

fc � �
fc � �1

�2
(22)

and let B � �2 ⁄ �2. Then, eqn 12 can be expanded

analytically as
fsef f �

�
��

� exp[�B(f � f c
′)2] f 5df

�
��

� exp[�B(f � f c
′)2] f 4df

�
3.75B�5 ⁄ 2 � 5B�3 ⁄ 2f c

′3 � B�1 ⁄ 2f c
′5

0.75B�5 ⁄ 2 � 3B�3 ⁄ 2f c
′2 � B�1 ⁄ 2f c

′4 (23)

in which,

fc � � (fc � 2�s0�
2z) ⁄ �2 � (fc � �s0

f c
2bw2

4ln2
z) ⁄ �2 (24)

Similarly, for the reference, eqn 13 can be written as:

fref f �
3.75B�5 ⁄ 2 � 5B�3 ⁄ 2f c

′′3 � B�1 ⁄ 2f c
′′5

0.75B�5 ⁄ 2 � 3B�3 ⁄ 2f c
′′2 � B�1 ⁄ 2f c

′′4 (25)

in which,

f c
′′ � (fc � 2�r0�

2z) ⁄ �2 � (fc � �r0

f c
2bw2

4ln2
z) ⁄ �2 (26)

Relative echogenicity versus depth predictions
The final formats of effective frequencies in the

sample and reference media, fseff and freff appear as eqn
23 and eqn 25. When fc� and fc� is high, fseff and freff can
be simplified as fc� and fc�, which is similar to the popular
conclusion on changes of centroid of a Gaussian pulse in
an attenuating medium. From eqn 23 and eqn 25, we see
that effective frequencies depend on the following fac-
tors: the center frequency of the pulse-echo response at
the transducer surface, fc; its fractional bandwidth, bw;
the attenuation versus frequency slopes for the sample
and the reference, �s0, and �r0; the scatterer size, and the
depth, z (eqn 24) and eqn 26). These dependencies make

the signal intensity ratio, 10log10�Es�z�
Er�z��, versus depth z

more a curve than a straight line. This can be seen from
relative echogenicity versus depth z plots in Fig. 1,
computed using eqn 3. Fig. 1a shows a situation where
the original center frequency of the ultrasonic pulse was
5 MHz, the values of � for the reference and for the
sample were assumed to be 0.3 and 0.5 dB/cm/MHz,
respectively, and the fractional bandwidth took on values
of 5%, 20%, 50% and 80%. A Gaussian form factor was
assumed for the backscatter frequency dependence of the
media. It can be seen that for very narrow bandwidths
(5%), the relative echogenicity versus depth indeed is
nearly a straight line. However, as the fractional band-
width of the incident pulse approaches 80%, the slope of
the relative echogenicity versus depth curve changes
significantly with depth.

Figure 1b presents relative echogenicity versus

depth results for different values of the attenuation of the



Attenuation estimations using envelope echo data ● H. TU et al. 381
sample compared to that of the reference. Again the
original center frequency of the pulse was taken as 5
MHz, but the fractional bandwidth was set at 50%. � of
the reference was fixed at 0.3 dB/cm/MHz, and the
sample � took on values of 0.35, 0.5, 0.65 and 0.8

Fig. 1. Echogenicity of a sample relative to that of a reference
phantom vs. depth, predicted by the plane wave model. (a)
shows a case where the center frequency of the ultrasonic pulse
is 5 MHz, � of the reference and the sample are 0.3 and 0.5
dB/cm/MHz, respectively, and the fractional bandwidth takes
on values of 5%, 20%, 50% and 80%. In (b) the center fre-
quency is 5 MHz, the fractional bandwidth is 50%, � of the
reference is fixed at 0.3 dB/cm/MHz while the sample � has
values of 0.35, 0.5, 0.65 and 0.8 dB/cm/MHz. In both cases, the
radius of scatterers in the Gaussian form factor is set at 35 �m.
dB/cm/MHz. As the curves show, for a fixed bandwidth,
as the difference between the sample and reference at-
tenuation gets greater, the relative echogenicity versus
depth relation becomes more curved.

Simulation model
An ultrasound image simulation program (Li and

Zagzebski 1999) was utilized to generate RF echo sig-
nals for sets of numerical sample and reference phan-
toms. These signals were processed to derive sample-to-
reference signal intensity ratios for comparison with sim-
ilar ratios derived with the plane wave model. Signals
were computed for a linear array transducer interrogating
a medium containing randomly distributed scatterers.
The speed of sound in the media is set to 1540 m/s. The
simulation includes effects of diffraction and beam fo-
cusing. It provides ideal RF data for a large range of
instrument and media properties.

RF echo data were simulated for a linear array
having elements of size 0.15 mm by 10 mm, with a
center-to-center distance of 0.2 mm. Each element in the
array was assumed to emit a Gaussian-shaped (frequency
domain) acoustical pulse, the center frequency and band-
width of which were under user control. The 1-D array
model facilitated electronic control of a single transmit
focus, assumed here to be 7 cm, followed by dynamic
focusing and dynamic aperture during echo reception.
Each beam line was formed using a group of up to 128
consecutive elements, representing the full aperture; the
number of receiving elements varied with depth, main-
taining an F-number of 4 until the maximum aperture
was reached. A single frame of RF data used in forming
simulated images consisted of 400 beam lines, spaced
0.02 cm apart. Each beam line extended from 4 cm above
to 4 cm below the phantom center (which is 5 cm),
yielding a usable imaged region of dimensions 8 cm � 8
cm.

Randomly distributed scatterers in both the sample
and reference media were assumed to consist of discrete
glass beads with a radius of 25 micrometers, which were
distributed randomly with a mean number density of
4.7/mm3. For each of the 400 beam lines, the simulation
calculated and coherently summed the echo signals from
all scatterers that could contribute to the signal for that
line.

To facilitate comparisons between simulated results
and results of the plane wave model, it is necessary to
consider how closely the discrete scatterers in the simu-
lations can be represented by a Gaussian form factor as
assumed in the plane wave model (see eqn 17). From eqn
17, a plot of ln�BSC�f� ⁄ f4� versus f 2 should be a straight
line for the Gaussian form factor. Backscatter properties
for scatterers in the simulation data were calculated using
the theory of Faran (1951), where a Poisson’s ratio of

0.21 and a longitudinal sound speed of 5570 m/s were
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assumed. Figure 2 presents results of Faran calculations
of ln�BSC�f� ⁄ f 4� versus f 2 for two scatterer sizes, one
25 �m in radius, the other with a radius of 50 �m. It can
be seen that for frequencies at least up to 14 MHz, the
Gaussian form factor can be used to describe backscatter
properties of the 25 �m radius scatterers, whereas a more
complex form would be needed for the 50 �m size. Thus,
we assumed the 25 �m radius scatterer for all media in
our simulations. Gerig (2004) pointed out that for back-
scatter contributed by glass beads, the backscatter versus
frequency predicted using Faran’s theory is very close to
that for a scattering volume obeying a Gaussian form
factor for a limited frequency range, provided that a
“corrected” scatter size was used. Using Gerig’s calcu-
lation a 25 �m radius glass bead has backscatter prop-
erties that correspond to a 35 �m radius scatterer in the
Gaussian form factor. The latter is the one we used for
relative echogenicity versus depth curves (Fig. 1) ob-
tained by the plane wave model.

Two different sample attenuation cases were simu-
lated. In the first case, the sample has an attenuation
versus frequency slope, � of 0.5 dB/cm/MHz. In a sec-
ond case, the sample has a value of 0.7 dB/cm/MHz. An
image of a reference phantom with a � value of 0.3
dB/cm/MHz was also simulated. A center frequency of 5
MHz was assumed in all cases, but various pulse-echo
bandwidths were applied, as described below. The same
definition for the bandwidth of the pulse echo signal
applies for the simulation model and the plane wave
model. Images were formed from simulated RF data by
computing the Hilbert Transform, then summing the real
and imaginary parts of the waveform to form the signal

Fig. 2. ln�BSC� f � ⁄f 4� vs. f 2 curves calculated from Faran’s
theory for two sizes of glass beads. The solid line is for 25 �m

radius beads while the dashed line represents 50 �m.
envelope. The B-mode display utilized logarithmic com-
pression of the envelope signals, where a 40 dB dynamic
range was presented on the gray scale.

RESULTS

In Fig. 3 are shown B-mode images for a sample
and reference phantom pair. The sample (Fig. 3a) has a
� of 0.5 dB/cm/MHz, while the reference (Fig. 3b) has a
� of 0.3 dB/cm/MHz. The fractional bandwidth is 50%,
and the transmit focus is 7 cm. The more rapid decrease

Fig. 3. B-mode images from simulated data for a sample and
reference phantom. The sample (a) has a � of 0.5 dB/cm/MHz
while the reference (b) has a � of 0.3 dB/cm/MHz.
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of brightness with depth for the more highly attenuating
sample is clearly seen in the images of Fig. 3.

We compared sample-to-reference echogenicity ra-
tios versus depth curves obtained from the simulation
model with those from the plane wave model for differ-
ent fractional bandwidth cases. Results for the cases
shown in Fig. 1 are presented in Fig. 4. The results from
simulated image data are from the average of 10 inde-
pendent samples, obtained by repeatedly running the
simulation program using different randomly chosen
scatterer positions. We can see that absolute results for
the two models and the variations with frequency band-
width that each predicts agree rather well.

From eqn 14, the apparent difference between the
attenuation coefficient of the sample and that of the
reference, obtained from VSA and expressed in the
dB/cm format, should be:

�� � 8.686(�s0fsef f � �rofref f)(dB ⁄ cm) (27)

In previous applications of VSA, researchers (Knipp et
al. 1997) have used the nominal center frequency fc as
the “effective frequency”. Therefore, ��, the apparent
difference between the attenuation coefficient versus fre-
quency slope of the sample and that of reference esti-
mated by VSA is:

�� � �� ⁄ fc �
8.686

fc
(�s0fsef f � �r0fref f)(dB ⁄ cm ⁄ MHz)

(28)

We compared ��, the VSA-measured difference be-

Fig. 4. Comparison of relative echogenicity versus depth curves
obtained from the simulation model (colored curves) with those
from the plane wave model for different fractional bandwidth
cases specified in Fig. 1.
tween the sample and the reference attenuation coeffi-
cients derived by the plane wave model with �� values
obtained by the simulation model for data segment
lengths of 1 cm centered at two depths, 4 cm and 7 cm.
The “VSA effective frequency” was taken to be the
nominal center frequency, 5 MHz in this case. For each
of two different sample/reference attenuation cases (0.5/
0.3, 0.7/0.3 dB/cm/MHz), we averaged the envelope
values at each depth across all acoustical lines of the
sample images; the same was done for the reference
image. The ratio (in dB) of the averaged sample envelope
value to the averaged reference envelope value is the
averaged relative echogenicity. Average relative echoge-
nicity versus depth curves were thus formed. ��s were
then obtained from slopes of a line-fit to these curves.
This calculation was repeated for ten independent sample
data sets, where the only difference between sets was in
the random locations of individual scatterers.

�� results averaged from the ten independent sim-
ulated data sets (dots) together with predictions from the
plane wave model (solid lines, given by eqn 28) are
plotted as a function of fractional bandwidth in Fig. 5 and
Fig. 6. Error bars represent �1 standard error of mean
��. Figure 5 illustrates data for a 0.5 dB/cm-MHz sim-
ulated sample, while Fig. 6 is for a 0.7 dB/cm-MHz
sample. The reference in each case is assumed to have an
attenuation coefficient of 0.3 dB/cm-MHz. Results with
the 1 cm segment centered at a 4 cm depth (Fig. 5a, Fig.
6a) and 7 cm depth (Fig. 5b, Fig. 6b) are presented.
Notice for the simulated RF data the computed �� value
decreases as the fractional bandwidth increases. From
these results, �� obtained by VSA, where the “effective
frequency” is taken to be the nominal center frequency,
is close to 0.2 dB/cm-MHz or 0.4 dB/cm-MHz, the
designated � difference in each experiment, when the
fractional bandwidth is small. For each attenuation case
studied, as the bandwidth increases, the “VSA com-
puted” attenuation at each depth decreases. The results of
the plane wave model (solid line) follow the simulated
�� results very well. Although the general trend of
decreasing �� with bandwidth is seen in both the plane
wave model and simulated data results, the latter depart
somewhat from those predicted with the plane wave
model for large bandwidths when the segment is cen-
tered near 7 cm, the transmit focal distance assumed in
the simulation. One possible explanation for this is the
failure of the plane wave model to effectively account for
diffraction effects, particularly for broad bandwidth
cases. This is expanded on below in the discussion sec-
tion.

DISCUSSION

Advantages of VSA for measuring attenuation in-

clude easy access to clinical cases and no need for special
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hardware other than the ultrasound machine and image
data. This paper looks at conditions for which VSA
computed attenuation properties would yield accurate
results for homogeneous samples.

Assuming depth-dependent ratios for the mean echo
intensity from a sample to the mean echo intensity from
a reference phantom are independent of beam character-

Fig. 5. Computed attenuation difference (dB/cm/MHz) between
a sample and reference over a 1 cm path obtained by VSA as
a function of fractional bandwidth. The center frequency of the
ultrasonic pulse is 5 MHz. The depth of the segment analyzed
is 4 cm in (a) and 7 cm in (b). In each figure, dots illustrate ��
from simulated data for a 0.5/0.3 dB/cm/MHz sample/reference
case; the solid lines are corresponding plane wave model

predictions.
istics and instrument control settings, a simple plane
wave model is presented to explain the physical meaning
of attenuation results derived by VSA. Figures 1 and 3
show that the log of this intensity ratio versus depth is
nearly a straight line for narrow bandwidth conditions or
when the attenuation of the sample is close to that of the
reference. The degree of departure from a straight line
depends on the pulse-echo bandwidth of the system and
on the difference between the attenuation coefficient of
the reference and the sample. The most accurate VSA

Fig. 6. Computed attenuation difference (dB/cm/MHz) between
a sample and reference over a 1 cm path obtained by VSA as
a function of fractional bandwidth. The center frequency of the
ultrasonic pulse is 5 MHz. The depth of the segment analyzed
is 4 cm in (a) and 7 cm in (b). In each figure, dots are �� from
simulated data for a 0.7/0.3 dB/cm/MHz sample/reference case;

the solid lines are corresponding plane wave model predictions.
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results are obtained for narrow bandwidth systems. For
broad bandwidth cases, accurate results still are obtained
if the attenuation properties of the reference phantom and
the sample are in approximate agreement.

From Figs. 5 and 6, for narrow bandwidth cases and
small differences between the attenuation coefficient of
the sample and reference, the apparent attenuation com-
puted by VSA is close to the expected value. However,
as the bandwidth increases and for path lengths and
relative attenuation relationship (sample has a higher
attenuation than reference in this case) considered here,
VSA attenuation results actually underestimate the actual
attenuation when the “effective frequency” used in VSA
estimates is taken to be the nominal center frequency, fc.
For a given frequency bandwidth, the larger the attenu-
ation difference, the greater departure from the actual
attenuation will be the VSA computed attenuation value.
This process is mathematically described by eqs 23, 25
and 28. These results are consistent with results obtained
by Sosnovik et al. (2001). Therefore, for accurate esti-
mations from VSA, it would be necessary to apply the
actual “effective frequency” instead of using the nominal
frequency.

When the bandwidth/depth/attenuation difference is
large, VSA determinations using a reference phantom
may also be contaminated by focusing effects. The vari-
ation in the frequency content of the pulse in the sample
and reference leads to slightly different focal depths in
the sample and reference (Zagzebski et al. 1982). This
may have affected the large bandwidth results in Fig. 5b
and Fig. 6b, where VSA attenuation over a 1 cm path for
simulated data were significantly different from those of
the plane wave model near the transmit focal depth of 7
cm. Frequency filtering of broad bandwidth pulses was
demonstrated in a previous study to affect the focal
properties of single element transducers (Zagzebski et al.
1982). We speculate that with the 70% and 80% frac-
tional bandwidths, frequency spectra within the reference
and the sample in our study are sufficiently different that
beam characteristics in the sample are not adequately
accounted for in the reference data, a condition required
for effective use of VSA.

Thus, caution must be applied when envelope data
are used in attenuation estimations. The closer the refer-
ence phantom attenuation coefficient is to that of the
sample, the better the results of VSA measured attenua-
tion will be. Similarly, the narrower the system band-
width, the more accurate the VSA results will be.

In the plane wave model, the Gaussian form factor
was assumed for small size glass bead scatterers to
describe their backscatter properties so that analytical
results of effective frequencies can be obtained. How-
ever, for large size glass beads scatterers, the Gaussian

form factor will not be applicable for simulation data, the
backscatter property of which was calculated from Fa-
ran’s theory. In this case, numerical integrations may be
needed to calculate values of effective frequencies. Be-
sides the attenuation, we will be able to understand more
about the backscatter coefficient derived by VSA if we
use the same model to study the second term on the right
side of eqn 7, which is backscatter related. In addition, it
is interesting to notice that although we have assumed a
linear relationship between the attenuation coefficient
and the frequency in eqn 8, it is not a prerequisite for the
derivation of theoretical results of effective frequencies
from the model; i.e., it is possible to include general
attenuation coefficient versus frequency relations in the
plane wave model. It is also necessary to mention that a
gray scale look up table was not needed in this paper as
we obtained the envelope from simulated data. However,
this is not the case in a real experiment using video
signals, where a look up table would be needed to re-
move the dependence of results on gray scale maps.

During the past 20 years, quantitative ultrasound
has improved dramatically, and scanners with research
data interfaces have emerged, enabling easy access to RF
data. It is now possible to pull out RF segments corre-
sponding to user-defined ROIs in B-mode images and
perform attenuation calculations on the “raw radio-fre-
quency” data. An overlaid parametric image on top of the
original B-mode image may provide more diagnostically
useful information for physicians.

CONCLUSIONS

Using a plane wave model, this paper illustrates the
attenuation estimation process using envelope data, pre-
viously proposed as the Video Signal Analysis (VSA)
method. The model shows that the log of the ratio of the
signal intensity versus depth is a curve, the departure of
which from a straight line depends on the bandwidth of
the pulse echo system and the difference between the
attenuation coefficients of the sample and the reference
object. An expression for an “effective frequency” was
derived for both the sample and the reference. VSA can
be used in attenuation estimations when the bandwidth/
depth/attenuation difference is not very large.
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