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Backscattered ultrasonic waveforms from
selected regions of the liver were collect-
ed from B-scans of 11 male patients rang-
ing from 13 to 41 years of age and ana-
lyzed to determine local values of both
the magnitude and frequency dependence
of attenuation. Processing was based on
frequency domain analysis and also in-
corporated precise corrections for time-
varying gain, nonlinear amplifier com-
pression, and beam diffraction, which
would otherwise degrade accuracy. The
results demonstrate that (a) consistent
and reproducible measurements of atten-
uation from one scan to the next are pos-
sible within a given patient, and (b)
frequency dependence can deviate
significantly from the linear relationship
between frequency and attenuation com-
monly assumed for soft tissue. Based on
the accuracy of the overall analysis and
the reproducibility of the results, the
authors suggest that a multivariate ap-
proach to clinical tissue characterization
using both the magnitude and frequency
dependence of ultrasonic attenuation

may be possible.
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Attenuation of Ultrasound:
Magnitude and Frequency
Dependence for Tissue
Characterization

ABORATORY studies have demonstrated that ultrasonic attenuation
in tissue is affected by some disease processes: for example, in-
farcted myocardium shows a dramatic increase in attenuation at di-
agnostic frequencies (1, 2). However, because of the complexities of
measuring attenuation of deep-lying organs in vivo, the diagnostic
potential of such measurements remains largely unexploited. We have
developed a technique for measuring the magnitude of tissue atten-
uation at discrete frequencies with a B-scan imager and using these
data to assess frequency dependence (3). This is different from other
methods that assume attenuation increases linearly with frequency
and then seek to determine the attenuation “‘slope” (4-6), which has
the disadvantage of constraining frequency dependence to a linear
form which may not characterize abnormal tissues. Also, it has been
shown that when frequency dependence is assumed to be linear, even
small deviations can produce significant errors in attenuation cal-
culations (7). In contrast, our more general technique has provided
accurate measurements of complex materials where attenuation does
not increase linearly with frequency (3).

MATERIALS AND METHODS

Two parasagittal abdominal scans 10-20 mm apart were obtained from each
of 11 male volunteers 13 to 41 years of age who had given informed consent.
Ten subjects were non-obese, in good general health, and had no history of
any conditions affecting the iiver. A 13-year-old boy with a 6-cm hepatic le-
sion, proven pathologically to be focal nodular hyperplasia, was also included
in the study.

Waveforms from the liver were collected using an Octoson? B-scan imager
with a usable bandwidth of 1 MHz centered around 2.5 MHz. Radiofrequency
(RF) signals were digitized at a 10-MHz sampling rate and stored along with
positional information and time-varying gain settings employed during data
acquisition. Regions of interest were selected from the scan, focusing on ho-
mogeneous areas of uniform illumination and speckle density which were
free from large specular reflectors and artifacts such as rib shadowing or re-
verberations, and the corresponding waveforms were isolated for further
analysis. Between 80 and 128 waveforms each containing 750 digitized RF
samples were used, representing an area measuring approximately 4 X 5 cm
in the sagittal plane (Fig. 1).

Processing was performed as described elsewhere (3). Briefly, a com-
puter-generated table listing the input and output characteristics of the Oc-
toson was used to eliminate the effects of amplifier compression and time-
varying gain from the signal, after which the corrected waveforms were
segmented according to depth using Blackman windows (8) 100 sample points
in length. A 50-paint segmental overlap was employed; however, because
of the shape of the window, correlation between adjacent segments was less
than 10%. Fourier transforms were performed on the segments, and the en-
semble averaged signal, which was proportional to the average acoustic
pressure, was determined at each resolvable frequency as a function of depth.
Curves of pressure vs. depth were then obtained and corrected for beam fo-
cusing or diffraction. Diffraction corrections were determined experimentally



Figure 1

Abdominal sonogram with a superimposed
rectangle indicating the region of interest
within the liver.
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Craphs of normalized attenuation vs. fre-

guency, showing hypothetical curves repre-

senting results from separate tissues with high
and low values of attenuation.

a. When attenuation increases linearly with
frequency, the slope of the curve is hori-
zontal,

b. When the relationship between attenua-
tion and frequency follows a more general
power law, the curve slopes upward or
downward depending on the value of n.
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Measured values of attenuation + frequency
for two normal subjects. Each subject is rep-
resented by two curves derived from a pair of
scans taken 10-20 mm apart.

TABLEI: Attenuation Power Law Parameters for the Liver in 11 male Subjects”
LESSa)
Age of f(dB[cm-MHz)
CasE {yr.) eg{dB/em-MHz") n at 3.0 MHz
et
I 23 0.44 1.21 056
II. 29 0.51 0.97 0.49
I 41 0.38 1.14 0.44
v. 25 0.58 0.81 0.47
Y. 29 0.47 091 043
V1. 26 0.45 0.97 0.44
VIL 22 0.57 0.83 0.48
VIIL 24 0.58 0.84 0.49
Mean of above data 273 0.497 0.96 0.48
1X. 33 0.88 0.56 0.54
X. 28 1.05 0.60 0.68
X1 13 0.33 1.46 0.55
T —

* Power law equation: o = agf”

for the Octoson by analyzing echoes of
random scatter from a sample volume po-
sitioned at different distances from the
transducers and were typically small
{<20%), since the range of analyzed tissue
was small (4-5 cm) compared to the long
focal length of the transducers (35 cm). The
corrected curves were fit to exponential
functions using least-squares error analysis
to determine the magnitude of attenuation
at 15 discrete frequencies between 2 and 3
MHz. Agreement between the two scans
was $10% at each frequency, demonstrating
the reproducibility of the technique. The
two estimates of attenuation were averaged
together at each frequency, and a power law
fit was performed to ascertain frequency
dependence in each case,

RESULTS

A power law fit was found to pro-
vide a useful description of the mag-
nitude and frequency dependence of
attenuation values between 2 and 3
MHez. This is expressed mathematically
as

a = agf" )
where a is attenuation in dB/cm, { is
frequency in MHz, and ap and n are
constants which characterize magni-
tude and frequency dependence, re-
spectively. The correlation coefficient
r, a measure of the match between
measured attenuation values and the
power law fit, was found to be greater
than 0.9 in all cases (TABLE I).

Of the 10 normal subjects studied, 8
were found to exhibit a nearly linear
curve of attenuation vs. frequency (n =
1); values of ag clustered around 0.5
dB/cm-MHz, close to the attenuation
of fresh beef liver (9). The other 2 nor-
mal subjects had significantly higher
attenuation, with a frequency depen-
dence of less than 1, while the boy with
focal nodular hyperplasia had the
highest value (n = 1.46). Overall,
magnitude (&) ranged between 0.33
and 1.05 dBfcm-(MHz)", while fre-
quency dependence (n) varied from
(.56 to 1.46.

DISCUSSION

A useful format for interpretation of
the results is a graph of attenuation +
frequency vs. frequency. Dividing at-
tenuation by frequency normalizes the
data, reducing the scale over which the
values extend and facilitating visual
estimation of frequency dependence,
Thus if attenuation a(dB/cm) increases
linearly with frequency, as is com-
monly assumed to be the case for nor-
mal liver {4, 5), then attenuation can be
expressed mathematically as

a=@8-f )

where 8 (dB/cm-MHz) is the slope or
coefficient of attenuation for that tis-
sue. Under these conditions, the graph
would show a horizontal line (Fig. 2, a).
However, if attenuation measured over
a range of frequencies can be described
more accurately by a power law curve,
then the mathematical description is
given by Equation 1. In this more gen-
eral case, two parameters are now re-
quired for tissue characterization: &
which is the magnitude of attenuation
at 1 MHz, and power law dependence
which is represented by n. For the
special case where n = 1, Equation 1
reduces to Equation 2; ay is equal to
and a horizontal line would result as
noted above, If attenuation follows
power law dependence over the fre-
quency range of interest and n is
greater than 1, then the slope will be
positive; while if n is less than 1, the
curve will slope downward (Fig. 2
b).

Figure 3 gives measured attenud-
tion/frequency values for 2 norm
subjects (Cases II and III) who aré
representative of 8 persons in our &
ries. The slope of the normalized at"
tenuation curve is nearly horizontal
indicating that n is equal to 1 and the
relationship between frequency an
attenuation is almost linear. In contrast
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Measured values of attenuation + frequency
for two subjects with values of n significantly
less than (CAsE X) or greater than 1 {CAsE XI).
Solid lines = measured attenuation values;
dotted lines = power law curve fit using the
parameters given in TABLEL

the patients shown in Figure 4 have
values of n which are significantly
different from 1.0. The boy with focal
nodular hyperplasia of the liver (Casg
XI) had the highest value, n = 1.46. It
has been demonstrated that increased
collagen content can heighten ultra-
sonic attenuation in tissue (10, 11),
which could contribute to the higher
frequency dependence measured in
this case. Two presumably normal
subjects (CasEs IX and X) were found
to have n values of 0.56 and 0.60, re-
spectively: however, visual inspection
of the scan showed no evidence of ab-
normality, and thus the reason for the
low value of  is not known. Theoreti-
cally, such a change in frequency de-
pendence could be linked to a shift in
the distribution of relaxational time
constants (12); however, evaluation of
the underlying mechanism will re-
quire further studies.

Values of ag and n are plotted against
each other for all 11 subjects in Figure
5. The patient with confirmed liver
abnormality (CASE XI} is clearly sepa-
rable from the other subjects, having
alower value of ag but a higher value
of # than the normal individuals. Most
of the normal subjects are clustered
éround ap = 0.5 dB/ecm-MHz and n =
10, while the 2 atypical cases are
tharacterized by a high agand n < 1
and also occupy a clearly distinct re-
Bion of the graph. Of course, power
law values for n are sensitive to fluc-
tuations in magnitude. For this analy-
8is, 2 measured standard deviation of
£10% in attenuation magnitude at each
frequency produced an uncertainty of
about +20% in estimates of atg and 1 for
fach case, which could be reduced still
further by more extensive data aver-
3ing, e.g., selecting larger regions for
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Plot of ap against n for all 11 subjects. The
standard deviation of the value represented by
each data point is approximately 20% in both
dimensions.

analysis or obtaining independent scan
lines through the same region by
varying the angle of incidence,

Present system accuracy is sufficient
to separate our 11 cases into distinct
groups when presented as a function of
both &g and #, as shown in Figure 5. In
contrast, if one were restricted to
measuring only the magnitude of at-
tenuation, the distinction between
cases would be less clear. Figure 6
shows a bar graph representing the
present study population, plotted as a
function of attenuation at 3 MHz +
frequency; the range of attenuation
values is similar to that covered in
Figure 5, but without allowance for
frequency dependence. It can be seen
from Figure 6 that the separation of
values is not as distinct when magni-
tude alone is presented. Thus it is ap-
parent that calculation of frequency
dependence is of value not only in
terms of improved theoretical under-
standing of attenuation mechanisms in
tissue, but also as a means of discrimi-
nating between different types of ab-
normalities,

CONCLUSIONS

Our measurement technique has
been shown to be accurate since it
correctly determined the attenua-
tion coefficients of tissue-simulating
phantoms used as reference standards
(3). In this study, measurements of at-
tenuation were both consistent and
reproducible from one scan to the next
within the same individual. The results
we obtained with our liver samples are
important for three reasons. The fact
that the frequency dependence of at-
tenuation differed significantly from
the expected linear relationship indi-
cates that an analysis which assumes

Figure 6
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Bar graph representing the same 11 subjects
but with ne allowance for frequency depen-
dence. Distinction between groups is reduced
compared to Figure 5, which takes into con-
sideration frequency dependence as well as
magnitude.

such linear behavior a priori cannot be
applied to all situations. It is also ap-
parent that a multivariate approach to
tissue characterization which makes
use of both attenuation magnitude and
frequency dependence information
permits a more distinct separation of
cases than either magnitude alone or
visual inspection of the scans. Finally,
since representative values of magni-
tude and frequency dependence are
essential for development of theoreti-
cal tissue models representing both
normal and pathological conditions,
we feel that our measurements should
increase one’s understanding of diag-
nostic ultrasound. Further studies ex-
tending such measurements to include
additional pathological conditions in
the liver and other organs seem war-
ranted, with emphasis on the depen-
dence of accuracy on beam width,
pulse iength, time windows, and tissue
backscatter statistics.
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