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ABSTRACT

The future of biomedical imaging involves obtaining
quantitative diagnostic information about tissue structure
and function rather than just relying on qualitative structural
assessments. Ultrasound attenuation or loss of signal within
tissue can be used to quantify micro-structural changes in
the tissue consistent with cervical remodeling. In order to
obtain the best estimates, the algorithms used to estimate
ultrasound attenuation (spectral log difference method,
spectral difference method, and hybrid method) need to be
optimized and compared. In this study, the effects of the
inhomogeneities within the ROI on the accuracy of the 3
algorithms were studied, and the optimal ROI size (number
of independent echoes laterally and number of pulse lengths
axially) was quantified for each method. The conclusions
were then validated by analyzing an ultrasound image of a
pregnant rat cervix from a custom-made high-frequency
ultrasound imaging system.
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1. INTRODUCTION

The ultrasonic attenuation coefficient is an important
parameter to characterize tissue pathologies and has shown
potential for assessing the risk of premature delivery by
predicting cervical remodeling [1-3]. Cervical remodeling
precedes the contractions of preterm labor and birth. Our
research seeks to determine whether ultrasonic attenuation
can be used as a noninvasive early biomarker of impending
preterm labor and birth. The spectral difference method, the
spectral log difference method, and the hybrid method have
all been used for estimating the attenuation in human tissue
previously [1, 4-10]. The spectral difference method uses
the decrease of the different frequency components of the
power spectrum with respect to depth to estimate the
attenuation coefficient [9]. The spectral log difference
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method finds the attenuation by calculating the slope of the
straight line that fits the log ratio (difference between log
spectra) of the two power spectra from the proximal and the
distal segments of the region of interest (ROI) [4, 5, 8]. The
hybrid method estimates the attenuation coefficient slope by
measuring the downshift in the center frequency of the
spectra with depth after multiplying by a Gaussian filter
[10]. The accuracy and the precision of these methods are
strongly dependent on the ROI size (the number of
independent echoes laterally and the number of pulse
lengths axially) and on the level of homogeneity within the
ROI. However, there has been no quantitative comparison
of the minimum ROI size that is required for each method to
obtain certain accuracy and precision in the attenuation
coefficient estimates. In this study, we use simulations,
tissue mimicking phantom experiments, and ultrasound
scans of a rat cervix in vivo to determine the optimal ROI
sizes for each algorithm and the dependence of the
algorithm on tissue inhomogeneities.

2. PROCEDURES

2.1. Computer simulation procedures

Computer simulations were used to obtain 3 different
data sets of RF backscattered signals using a Gaussian
focused beam (5 cm focal length, 10 MHz center frequency,
0.5 us pulse duration corresponding to ~0.4 mm spatial
pulse length, and a 50% -3 dB bandwidth). The first data
set was used as a reference to correct for the diffraction
properties of the source and consisted of 10 um radius
spherical shell scatterers similar to a glass bead phantom
that would be used in the experiments. The remaining two
data sets simulated biological tissue and had randomly
distributed 20 pum effective radius scatterers with a Gaussian
correlation function. The attenuation coefficients of the
samples and the reference were 0.7 and 0.5 dB cm'MHz ",
respectively. The number density of scattering structures
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for the simulated cases are given in Table 1. After
generating the backscattered waveforms, the three different
algorithms were applied to determine the attenuation of the
different regions for ROI’s of varying pulse durations (axial
dimension) and number of independent echoes (lateral
dimension).

Table 1: Summary of scattering properties.

Reference Sample 1 Sample 2
# Density
Above Focal | 100 mm™ 100 mm™ 200 mm™
Plane
# Density
Below Focal 100 mm™ 100 mm™ 100 mm’
Plane

2.2. Tissue-mimicking phantom experiment procedures

A clinical array transducer (~5.5 MHz, L8-3 Linear
Array Transducer) driven by a clinical ultrasound system
(z.one Ultrasound System, ZONARE Medical Systems,
Inc.) was used to obtain 10 RF data sets from a
homogeneous region in a 0.7 dB cm'MHz' tissue
mimicking phantom (Gammex 406 LE 0.7, Gammex, Inc.,
Middleton, WI) and 1 RF data set from a homogeneous
region in a 0.5 dB cm'MHz"' tissue mimicking phantom
(Gammex 406 LE 0.5, Gammex, Inc., Middleton, WI).
Each set had 250 echo lines. To determine the number of
uncorrelated echo lines in each ROI, the correlation
coefficient was determined and every fourth echo line was
determined to be uncorrelated. Thus, when determining the
optimal ROI size for the phantom experiments, only every
fourth echo was included. Also, using a hydrophone, we
measured the pulse duration of the transducer to be
approximately 0.8 ps which corresponds to ~0.6 mm. After
obtaining the ultrasound images, the 3 different algorithms
were once again applied to determine the optimal
dimensions of the ROI.

2.3. Endovaginal scan of rat cervix procedures

A custom scanning system was constructed consisting of
a 40 MHz spherically focused transducer with a focal length
of 4.6 mm and a diameter of 3 mm. The pulse duration as
measured from reflecting off of a Plexiglas plane placed at
the focal plane was 0.09 pus (~0.07 mm). The transducer
could be used to form a B-mode ultrasound image by
operating in pulse/echo mode while being mechanically
scanned with a computer controlled positioning system.
The scanning system was utilized to obtain an endovaginal
ultrasound image and RF echoes of a pregnant rat cervix on
gestational day 21 (late gestation) as shown in Figure 1.

In addition, echoes were also obtained from a tissue
mimicking phantom with known attenuation and scattering
properties. The scan of the rat cervix consisted of 1001
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echo lines. However, only every 10" line was statistically
independent as determined by calculating the correlation
coefficient of the echoes from the reference phantom.
Therefore when determining the optimal ROI size for the
phantom experiments, the echoes were grouped into ten
sets. For each set, only every 10" echo was included but the
starting echo was different. The attenuation estimates from
each set were then averaged even though the sets were not
statistically independent.

Axial Distance (m

Lalera2I Distancg (mm)
Figure 1: B-mode image of rat cervix at gestational age of
21 days.

3. RESULTS
3.1. Computer simulations results

Figure 2 shows the standard deviation of the percent
error in the attenuation estimates that was obtained using the
spectral difference method (Fig. 2a), the spectral log
difference method (Fig. 2b), and the hybrid method (Fig.
2c¢), versus the number of pulse lengths and the number of
independent echoes per ROI when the simulated tissue was
homogeneous.
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Figure 2: The standard deviation of the percent error in the
attenuation estimates as a function of ROI size for the (a)
spectral difference algorithm, (b) the spectral log difference
method, and (c) the hybrid method when the ROI is
homogeneous found using computer simulations.



Based on these plots, we observed that the standard
deviation of the percent error decrease with increasing ROI
length axially and increasing number of echoes laterally for
all the attenuation measurement techniques. The precision
of the estimates is better at smaller ROI’s when using the
spectral difference method and comparable when using the
spectral log difference method or the hybrid method.

The results for changes in scatterer number density with
depth are summarized in Figure 3. In this figure, the
standard deviation of the percent error versus ROI size is
shown the spectral log difference method (Fig. 3a) and the
hybrid method (Fig. 3b). The precision found using the
spectral difference method is not shown because there was
greater than a 100% bias in these estimates due to the
change in backscatter as a function of depth. A bias was not
observed for the spectral log difference method or the
hybrid method. Once again, the precision was comparable
when using the spectral log difference method or the hybrid
method.
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Figure 3: The standard deviation of the percent error in the
attenuation estimates as a function of ROI size for the (a)
the spectral log difference method and (b) the hybrid
method when the number density of scatterers varies in the
ROI found using computer simulations.

3.2. Tissue-mimicking phantom experiment results

Figure 4 shows the precision of the three different
algorithms when using a homogeneous tissue mimicking
phantom. Once again, the precision of the estimates was
better for smaller ROI’s when using the spectral difference
method and is comparable for the log difference and the
hybrid method. The precision of all of the algorithms
improved as the size of the ROI increased.

3.2. Endovaginal scan of rat cervix results

When analyzing the scans from the rat cervix, we only
applied the spectral difference algorithm and the spectral log
difference algorithm. The hybrid method was not tested
because our earlier results indicated that its performance
was not significantly different from the log difference
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method, but the hybrid method is more computationally
intensive. The spectral difference algorithm yielded a
negative attenuation for all of the ROI sizes tested. A
negative attenuation is not a physically reasonable quantity.
These inaccurate estimates when using the spectral
difference method likely result from inhomogeneities within
the ROI. Namely, there was an increase in backscatter with
increasing depth into the tissue that is also visible on the B-
mode image.
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Figure 4: The standard deviation of the percent error in the
attenuation estimates as a function of ROI size for the (a)
spectral difference algorithm, (b) the spectral log difference
method, and (c) the hybrid method when the ROI is
homogeneous found using tissue mimicking phantom

experiments.

200
__200 150
£
g
£ 100 100
£
a

50

20

<o

40

10

12 60
# Pulse Lengths 14 0 #Echoes ™o

8
16 100

Figure 5: The percent difference in the attenuation estimate
when using the spectral log difference algorithm between
the largest ROI size allowed by the tissue sample and the

current ROI size as a function of the ROI size.

When analyzing the results for the log difference
algorithm, it was not possible to calculate the standard
deviation for each ROI size. This is because the true
attenuation of the cervix was not known a priori and may



vary from animal to animal. Therefore, instead we
calculated the percent difference between the estimate at the
current ROI size and the estimate at the largest ROI size.
This percent difference is shown in Figure 5.

4. DISCUSSION/CONCLUSION

In this study, we compared the precision of the 3
algorithms for estimating the attenuation; the spectral
difference algorithm, the spectral log difference algorithms,
and the hybrid algorithm. When the tissue was
homogenous, the spectral difference algorithm resulted in
the best precision especially at smaller ROI sizes. However,
when the tissue was not homogeneous, the spectral
difference algorithm gave biased estimates. The other two
algorithms had comparable precision, were less sensitive to
tissue inhomogeneities, but required larger ROI sizes.
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Figure 6: The number of echoes required to have a
standard deviation of less than 25% (simulations and
homogeneous phantom) or a percent difference in the
attenuation estimate of less than 25% (cervix) as a function
of the number of pulse lengths in the ROI.

In order to better facilitate a comparison between the
simulations, phantom experiments, and rat cervix scan, the
number of echoes required to obtain a standard deviation or
percent difference of 25% was found for each ROI axial
size in pulse lengths. If the variance or percent difference
was never less than 25% for a ROI size, then that axial size
was skipped in the analysis. The results of this comparison
are shown in Figure 6. From this analysis, it is clear that
when implementing the spectral log difference algorithm, it
is critical to have a sufficient number of pulse lengths per
ROI. For a variance on the order of 25%, the ROI should
be at least 12 to 20 pulse lengths in the axial direction. The
number of independent echoes is not nearly as critical with
10 to 20 independent echoes being sufficient provided the
ROI is 15 to 20 pulse lengths deep. Using ROI’s of this size
should allow us to quantify the attenuation of the rat cervix
in future animal studies.
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