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Intervening Attenuation Affects First-order 
Statistical Properties of Ultrasound 

Echo Signals 
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Abstract-Previous studies show that first-order statisti- 
cal properties of ultrasound echo signals are related to  the 
effective number of scatterers in the “resolution cell” of a 
pulse-echo ultrasound system. When the effective number 
of scatterers is large ( w  10 or more) this results in echo sig- 
nals whose amplitude follows a Rayleigh distribution, with 
the RF echo signal obeying Gaussian statistics; deviation 
from Rayleigh or Gaussian statistics yields information on 
scatterer number densities. In this paper, the influence of 
the medium’s attenuation on non-Gaussian properties of 
the echo signal is considered. Preferential attenuation of 
higher frequency components of a pulsed ultrasound beam 
effectively broadens the beam and increases the resolution 
cell size. Thus, the resultant non-Gaussian parameter for 
broad bandwidth excitation of the transducer depends not 
only on the scatterer number density but also on the at- 
tenuation in the medium. These effects can be reduced or 
eliminated by using narrow-band experiments. 

I.  INTRODUCTION 

N AN earlier paper [I] parameters expressing the non- I Gaussian and the non-Rayleigh properties of ultrasound 
echo signals were derived. The parameters are obtained 
from ratios of the fourth moment to the square of the sec- 
ond moment of either the instantaneous echo signal or the 
echo signal amplitude. Their values are related to the de- 
gree to which M,R, the number of scatterers contributing 
to the instantaneous echo signal, falls below the number 
needed for Rayleigh or Gaussian statistics to apply. M,R 
is determined by the beam width and pulse duration of 
the transducer and the scatterer number density in the 
medium. Rayleigh or Gaussian statistics apply when  me^ 
is approximately 10 or higher [a], [ 3 ] .  

Various groups have explored non-Gaussian or non- 
Rayleigh statistics for ultrasound tissue characterization. 
Sleefe and Lele [4] used the fourth and second moments 
of the echo signal voltage to estimate scatterer number 
densities in tissue. Shankar e t  al. [5] applied parameters 
derived from non-Rayleigh echo signal statistics to distin- 
guish normal breast tissue from breast tumors. That work 
was extended to compute both the number of scatterers 
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and the distribution of scattering cross-sections in insoni- 
fied volumes [6]. We have applied and tested similar meth- 
ods to compute a frequency-dependent effective scatterer 
number density in tissue-like samples [7], [SI. 

Although the scatterer number density and information 
regarding scatterer size distributions are embedded in the 
non-Rayleigh and non-Gaussian parameters [SI, it is im- 
portant to keep in mind that system and transmission path 
dependencies also influence these determinations. Specif- 
ically, the effects of intervening attenuation between the 
transducer and region of interest often are ignored. Ex- 
periments described in this paper were intended to eval- 
uate whether this omission is justified. Because the reso- 
lution cell-size for a pulsed ultrasound beam varies with 
the amount of attenuation in the medium [lo], differences 
in intervening tissue attenuation could have a significant 
effect on any statistical parameter estimated from a region 
in the beam. 

We will review briefly the basis for the non-Rayleigh and 
the non-Gaussian parameters. Then results of experiments 
will be presented to examine attenuation dependencies on 
these parameters. 

11. OVERVIEW OF THE NON-GAUSSIAN AND 
NON-RAYLEIGH PARAMETERS 

When a pulsed transducer insonifies a medium contain- 
ing sparse, randomly distributed scatterers, the complex 
echo signal U ( t )  can be represented as a superposition of 
signals due to all scatterers in the beam. That is [l], 

where the sum is over all scatterers that contribute to the 
echo signal at time t ,  and uj (?J ,  t )  represents the complex 
echo signal from the j t h  scatterer. Using the notation pre- 
sented in [l], this can be represented by: 

00 

where To(w)  is a complex transfer function relating the 
net instantaneous force on the transducer at the angular 
frequency w to the detected voltage, A,(w) is a complex 
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Fig. 1. Schematic of the resolution cell for a pulse-echo ultrasound 
experiment. The volume is established by the beam cross-sectional 
area and the transducer pulse duration. 

superposition coefficient corresponding to the frequency 
composition of the emitted pulse, 11, ( w )  is the value of the 
angular distribution factor at a 180" scattering angle for 
the j t h  scatterer at position F'' [Ill and z = G. 

The scatterers, Mt which significantly contribute to the 
echo signal in (1) are located in a volume, ARt, defined by 
the ultrasound field produced by the transducer, A(F3, w ) ,  
and the ultrasound pulse, as shown schematically in Fig. 1. 
A(FJ, w )  is given by [l]: 

where r" points to area element ds' on the transducer sur- 
face S ,  e is the speed of sound and a l ( ~ )  is the frequency- 
dependent attenuation coefficient in the medium. 

When their positions are independent, the number of 
scatterers within Ant  follows the Poisson distribution. 
Then, the kurtosis of the echo signal envelope, that is, 
the ratio of the fourth moment to the square of the second 
moment of the envelope, is given by 

( 3 )  

where (. . . ) designates the ensemble average of the echo 
signals for different transducer positions. a is called the 
non-Rayleigh parameter, given by [1]: 

Here ( N )  is the scatterer number density in the medium 
and (l*u(F, t )  designates an ensemble average over all 

scatterers of the nth moment of u(FJ, t ) .  A complete deriva- 
tion may be found in [l]. 

Similarly, the kurtosis computed for the time domain, 
radio frequency (RF) signal is given by [ 11 : 

where 

and U(?,,) Reu(r',t). 
When the scatterer number density and/or the resolu- 

tion cell volume is large, 1/p + 0. The statistical proper- 
ties of the RF echo signal approach those of the Gaussian 
distribution, and the ratio of the fourth moment to the 
square of the second moment of the echo signal goes to 3.0. 
Similarly, the ratio of the fourth moment to the square of 
the second moment of the echo signal envelope ( 3 )  goes 
to 2. 

Let us restrict the remaining discussion to the statis- 
tical properties of the R F  echo signal. The non-Gaussian 
parameter, l/p, will be greater than zero for sparse scat- 
tering conditions. When this is the case, data reduction 
schemes may be used to estimate the scatterer number 
density and related parameters [4]-[9]. 

The effect of intervening attenuation between the trans- 
ducer and the region from which echo data are recorded 
is embodied in terms in the volume integrals on the 
right-hand side of (61, which include the transducer field, 
A(<, w ) .  For broad bandwidth, clinical-type ultrasound 
pulses, attenuation preferentially removes higher frequency 
components in the beam. The remaining, lower frequencies 
will result in a broader beam compared to an unattenuated 
beam [lo]. Thus, a high level of attenuation between the 
transducer and the sample volume is expected to increase 
the number of scatterers contributing to the echo signal, 
decreasing 1//3 in (6). 

111. EXPERIMENTAL METHODS 

Attenuation effects on 1/p were investigated using two 
experimental approaches. Experiment 1 measured this pa- 
rameter when samples with the same scatterer number 
density but different levels of attenuation were placed in 
water near the focal region of a transducer [see Fig. a(&)]. 
Most of the path between the transducer and region of in- 
terest in the sample was water, but the final 2 cm consisted 
of an attenuating path, the degree of attenuation varying 
between samples. 

A second experiment applied differing amounts of at- 
tenuation to the entire path between the ultrasound trans- 
ducer and the region of interest. Signals were recorded from 
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Fig. 2. (top): Experimental arrangement for recording echo signals 
from samples in experiment 1. The test samples were placed in the 
focal region of the transducer in water. (bottom): Experimental ar- 
rangement for recording echo signals from a sample in experiment 
2. The transducer was placed either in contact with the surface of 
the phantom, or in contact with 6-cm long off-set pads having lower 
attenuation coefficient than the phantom block itself. 

near the focal region of a transducer [Fig. 2(b)], but differ- 
ent attenuation blocks were placed between the transducer 
and sample. rh i s  approach more closely mimics situations 
that might be encountered if these methods were applied 
clinically than the set up in Fig. 2(a). 

Three test samples were used for experiment 1. Samples 
consist of tissue-mimicking gel with randomly positioned 
80 pm glass beads to provide scattering. Each sample has 
the same glass bead concentration, 400 cmP3. The samples 
differed in attenuation, which was controlled by adding 
specific amounts of graphite powder before the gel con- 
gealed [12]. No powder yielded a very low attenuation co- 
efficient (E 0.04 dB/cmMHz); 30 grams graphite per liter 
of molten gel yielded a nominal value of 0.3 dB/cmMHz, 
and 60 grams of graphite per liter yielded approximately 
0.6 dB/cmMHz. 

Test samples were placed in the focal region of a 
single element, 5.0 MHz focused transducer. It has an 
18.6 mm diameter aperture and a radius of curvature of 
8.5 cm. The transducer was excited with either a single- 
cycle 5 MHz waveform for broad-band excitation or an 
eight-cycle 5 MHz burst, yielding a narrow bandwidth 
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pulse. Resultant echo signal waveforms were digitized in 
a LeCroy 9400 digital oscilloscope with a 100 MHz sam- 
pling frequency. Five-microsecond data segments were ac- 
quired from 80 statistically independent transducer posi- 
tions, with 4 mm lateral translations of the phantoms be- 
tween recordings. Echo data were stored on a PC computer 
disk for off-line analysis. 

Experiment 2 involved recording echo signals from near 
the focal region of the transducer, but with different 
amounts of attenuation in the entire path between the 
transducer and the region of interest. A large tissue mim- 
icking phantom (12 cm x 12 cm x 16 cm), containing the 
same concentration of glass bead scatterers as the previ- 
ous three test samples (400 cmP3) was used. Its atten- 
uation coefficient is 2.75 dB/cm at 5 MHz. Echo signals 
were recorded with the 5 MHz transducer described ear- 
lier, using only broad-band excitation. Again, 5-ps signal 
segments were digitized, this time with the region of in- 
terest centered at depths of 8 cm, 8.5 em, 9 em, and 
9.5 cm from the transducer surface. Initially, the trans- 
ducer was placed in direct contact with the phantom sur- 
face; this provided the most severe attenuation between 
the transducer and region of interest. Then, echo data were 
recorded when 6-cm offset blocks were placed between the 
transducer and the phantom surface [Fig. 2(b)]. Block 1 
is of clear agar, which has an attenuation coefficient of 
0.23 dB/cm at 5 MHz. Block 2 has an attenuation coeffi- 
cient of 1.32 dB/cm at 5 MHz. 

For each experiment, the kth moment (IV(t)\'), of the 
RF echo signal was computed from the region of interest 
using: 

W P  

(IV(t)l') = e=lm=l 
W X P  

where is the value of the digitized echo signal for 
transducer position Q and sample point m, W is the 
number of transducer positions from which echoes were 
recorded and P is the number of digitized sample points 
for each transducer location. Then the quantity l /P  was 
computed using (5). 

IV. RESULTS 

Fig. 3 shows the echo signal power spectra obtained 
from the test samples in experiment 1. Samples with higher 
attenuation values undergo not only an overall attenuation 
of the spectra, but also a preferential attenuation of higher 
frequency components because of the approximately linear 
relationship between the attenuation coefficient and ultra- 
sonic frequency in these materials. 

Values of 1/p for these samples are listed in Table I. 
Here the * values indicate standard deviations of results 
among data for all 80 transducer positions. The sample 
with the least attenuation (0.45 dB/cm) has the highest 
l /P,  reflecting the greatest departure from Gaussian statis- 
tics among the three test samples; evidently, the ultra- 
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Fig. 3. Echo signal power spectra recorded from test samples in ex- 
periment 1. Samples having higher attenuation resulted in lower am- 
plitude signals and a shifting of the center frequency of the power 
spectrum to lower frequencies. 

TABLE I 
1 / p  VALUES FOR SAMPLES IN EXPERIMENT 1. SAMPLE ARE LABELED 

BY THEIR ATTENUATION COEFFICIENT AT 5 MHz. RESULTS ARE 

SHOWN BOTH FOR BROAD BANDWIDTH AND NARROW BANDWIDTH 
EXCITATION OF THE TRANSDUCER. 

1 / P  
Sample: 0.45 dB/cm 1.8 dB/cm 3.24 dB/cm 

Broad bandwidth 1.9 & 0.1 1.4 i 0.1 1.0 z t  0.1 
Narrow bandwidth 0.57 & 0.1 0.63 ?C 0.1 0.53 f 0.1 

sound beam is narrowest, consequently the fewest number 
of scatterers contribute to the echo signal for this sam- 
ple. The remaining two samples have the same scatterer 
number density, but they have progressively higher atten- 
uation coefficients. Their 1/p values are lower than the less 
attenuating sample. 

The longer attenuating path in the large phantom has a 
similar effect on 1//3 values. Table I1 presents results from 
experiment 2; again standard deviations are shown with 
values for 1/p. At the transducer focal distance (8.5 cm), 
we recorded a value of 1 /p  of 1.55 for the path with the 
lowest amount of attenuation. Notice, 1/,8 changes with 
depth, evidently reflecting changes due both to the focus- 
ing effect of the transducer and to the effects of different 
amounts of attenuation. By exchanging the first 6 cm of 
the beam path with material having a progressively higher 
attenuation coefficient, the value of 1/p at 8.5 cm gradu- 
ally decreases. This evidently reflects the fact that there 
is more spreading of the ultrasound beam when higher 
amounts of tissue-like attenuation are present in the beam 
path. 

If the major source of these changes is frequency fil- 
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Fig. 4. Same as Fig. 3, only for narrow bandwidth excitation of the 
transducer. 

tering caused by attenuation, one way to offset the effects 
would be to use narrower bandwidth measurements. Fig. 4 
presents analogous spectra as in Fig. 3 for experiment 
1 samples, only these spectra resulted from the narrow 
bandwidth excitation of the transducer. The shapes of the 
power spectra are nearly identical for the different samples 
when narrow-band pulses are used. 

The lower portion of Table I lists 1//3 values from the 
three test samples for the narrow bandwidth excitation. 
For each sample, 1/p is lower than the value for broad 
bandwidth excitation, evidently because of the greater 
volume of tissue contributing to the instantaneous signal 
value with the longer duration pulses. For narrow band- 
width excitation, 1//3 does not change with the amount of 
attenuation in the sample. 

V. DISCUSSION 

The non-Gaussian parameter 1//3 as described in this 
paper, and parameters related to it such as the scatterer 
number density and even the clustering parameter sug- 
gested by Weng et al. [9], may have value in ultrasound di- 
agnosis. Various researchers have seen differences in these 
computed parameters for different types of tissue and for 
normal tissue vs malignant tumors. 

The parameter 1//3 is closely related to the effective 
number of scatterers contributing to the echo signal over 
the frequency band of the interrogating ultrasound pulse. 
When the effective number is large (say, greater than 101, 
1/p approaches zero and the RF echo signal follows Gaus- 
sian statistics, with a kurtosis of 3.  The effective number 
of scatterers depends on the volume occupied by the ul- 
trasound pulse giving rise to the instantaneous value of 
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TABLE I1 
I/@ VALUES FROM A 400 SCATTERER CMW3 PHANTOM HAVING A 6-CM ATTENUATING BLOCK BETWEEN THE TRANSDUCER AND PHANTOM 

SURFACE. DATA W E R E  RECORDED AT AXIAL DISTANCES OF 8 CM, 8.5 CM, 9 CM, AND 9.5 CM FROM A 5 MHZ, 18 6 MM DIAMETER, 8.5 CM 

RADIUS OF CURVATURE TRANSDUCER FOLLOWING BROAD BANDWIDTH EXCITATION. RESULTS ARE SHOWN FOR THREE DIFFERENT 
ATTENUATION COEFFICIENTS OF THE MATERIAL IN THE ATTENUATING BLOCK 

1lP 
Attenuation of 
first 6-cm of 
path (dB/cm 
at 5 MHz) 8 cm 8.5 cm 9 cm 9.5 cm 

0.25 1.52+0.13 1 . 5 5 f 0 . 2  1 . 3 9 f 0 . 2  1.34*0.2 
1.65 1 . 3 5 f 0 . 1  1.26310.1 1 .36~k0.2  1 . 2 7 f 0 . 2  
2.25 1 . 1 9 f 0 . 1  1 . 1 6 f 0 . 1  1 . 2 4 f 0 . 1  1 .22f0 .1  

the echo signal. For the short duration, broad-band exci- 
tation in experiments described in this paper, the -6 dB 
beam width in the focal region of the transducer is ap- 
proximately 2 mm. This yields a beam cross-sectional area 
and a pulse volume of N 3.1 and - 2 mm’, respectively. 
For the 400 scatterers per cm3 phantom, this means that 
approximately 1 to 2 scatterers contributed to the instan- 
taneous value of the echo signal for the narrowest portion 
of the unattenuated beams. Thus, it should be expected 
that 1/,# > 0 for these experimental conditions, and data 
in Tables I and I1 show this is the case. 

The 8-cycle excitation pulse applied during the narrow 
bandwidth measurements in experiment 1 resulted in a 
larger axial extent for the pulse volume than the broad 
bandwidth measurements. This is accompanied by lower 
1/p values for each sample, as expected. Likewise, the axial 
location of the region of interest when focused transducers 
are used, as well as the settings of the focusing pattern of 
array transducers, would influence l/p. 

The present study demonstrates that differences in in- 
tervening attenuation between the transducer and region 
of interest will have an effect on l/p. Higher attenua- 
tion values widen the beam of broad bandwidth pulsed 
transducers [lo], resulting in a greater pulse volume and 
more scatterers contributing to the instantaneous ultra- 
sound signal. This is reflected in the broad bandwidth 
measurements reported in Tables I and 11; 1/p decreases 
for samples having increased attenuation, even though the 
scatterer number density is the same in the samples. 

It might be possible to correct for these effects, if the 
attenuation in the intervening material can be measured. 
Possible methods for accounting for attenuation effects 
might be to estimate or measure the ultrasound attenu- 
ation using methods described in the literature [13], [14] 
and then apply modeling; the latter could be done by in- 
serting the measured attenuation coefficient into the ex- 
pression for A(F’,w) in (2) and propagating the effect of 
an increased attenuation using (6). Alternatively, an ef- 
fective scatterer number density might be obtained using 
a reference phantom method, where the reference has a 
known scatterer number density. References having differ- 
ent degrees of attenuation but the same scatterer number 
density could be used, and kurtosis values of the sample 

compared with kurtosis values from the same depth in the 
reference that has approximately the same attenuation as 
the sample. Equivalent attenuation between sample and 
reference could be judged by comparing variations of echo 
signal amplitude with depth. 

Another approach to overcome effects of attenuation 
would be to use narrow band measurements. Fig. 4 demon- 
strates that the spectral shape is unchanged in the pres- 
ence of attenuation if narrow band excitation is used, and 
Table I, (line 3) shows that the effect of attenuation on 
corresponding 1//3 values is negligible. Although l /p is 
smaller than it is for broad bandwidth excitation, reflect- 
ing a larger effective sample volume, the results are ap- 
proximately the same for the different attenuating sam- 
ples. Narrow band measurements can be done using long 
duration pulses, as in the present paper, or by filtering the 
echo signals following broad band excitation, as in [13]. 
A disadvantage of this approach is that the pulse volume 
would increase, increasing  me^. This in turn increases the 
statistical uncertainty of the scatterer number density es- 
timator [15], [16]. 

VI. CONCLUSION 

The influence of acoustic attenuation on the statisti- 
cal properties of ultrasonic echo signals was studied us- 
ing tissue-mimicking phantoms. Samples having the same 
scatterer number density but different amounts of attenu- 
ation were interrogated with pulses from a 5 MHz focused 
transducer. The non-Gaussian parameter, 1/p recorded in 
the focal region decreased when the attenuation in the 
path between the transducer and region of interest in- 
creased. This finding is consistent with previous reports 
that beam widths of broad bandwidth transducers increase 
near the focal region when higher amounts of tissue-like at- 
tenuation are placed in the beam path. These attenuation 
effects were substantially reduced when narrow bandwidth 
pulses were applied during data acquisition. Possible ef- 
fects of intervening attenuation must be considered when 
applying these statistical methods. 
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