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Abstract

Ultrasound attenuation coefficient estimation has diagnostic potential for clinical applications such
as differentiating tumors and quantifying fat content in the liver. The two commonly used
attenuation coefficient estimation methods in ultrasound array imaging system are the spectral
shift method and the reference-phantom-based methods. The spectra shift method estimates the
central frequency downshift along depth, whereas the reference-phantom-based methods use a
well-calibrated phantom to cancel system dependent effects in attenuation estimation. In this
study, we propose a novel system- independent attenuation coefficient estimation technique based
on spectra normalization of different frequencies. This technique does not require a reference
phantom for normalization. The power of each frequency component is normalized by the power
of an adjacent frequency component in the spectrum to cancel system-dependent effects such as
focusing and time gain compensation. This method is referred to as the reference frequency
method, and its performance has been evaluated in phantoms and /n-vivo liver studies. The
reference frequency method technique can be applied to various transducer geometries (e.g. linear
or curved arrays) with different beam patterns (e.g. focused or unfocused).

Index Terms

Ultrasound attenuation coefficient estimation (ACE); frequency power spectra decay; system-
independent; least squares method (LSM)

[. Introduction

Ultrasound attenuation coefficient estimation (ACE) has diagnostic potential for many
clinical applications such as differentiating tumors and quantifying fat content in the liver
[1-5]. One example is for breast tissue classification. It was reported that fibrosis has higher
acoustic attenuation than normal tissue, which provides clinical potential for breast cancer
diagnosis [6]. Another example for ACE applications is fatty liver quantification. The
accumulation of fatty droplets in the liver can lead to steatosis, which may progress to
fibrosis, cirrhosis, liver failure or hepatocellular carcinoma [7]. There- fore, the
measurement of fat content in liver has high clinical significance to avoid progression of
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steatosis to fibrosis or worse conditions. Previous studies have reported that elevated fat
content in the liver is associated with increased ultra- sound attenuation [2-5]. Therefore, by
measuring ultrasound attention coefficient estimation (ACE), one can potentially quantify
liver fat [2-5, 8]. Compared with the clinical gold standard, liver biopsy, ACE is a non-
invasive measurement, which is more suitable for frequent follow-up exams [9]. Hence,
accurate ACE in the liver has clinical promises in fatty liver detection and assessment. In
addition, accurate ACE is the prerequisite for measuring other acoustic parameters, such as
the backscatter coefficient [10, 11], effective scatterer diameter, and effective acoustic
concentration [12]. Therefore, robust ACE is important for many other ultrasound clinical
applications.

At present, the two commonly used ACE methods in ultrasound array imaging systems are
the spectral shift method [13-15] and the reference phantom-based methods [10, 16-21],
with many efforts on improving the methods’ stability [22—25]. The spectral shift method
estimates the attenuation coefficient through the downshift of the ultrasound center
frequency with increasing depth [21]. For the reference phantom-based methods, such as the
spectra difference method [10, 17, 18], spectra log difference method [19, 20], and the
hybrid method [21, 25], a well-calibrated phantom is used to normalize system-dependent
effects such as focusing, diffraction, and time gain compensation (TGC). However, in
practice, a well-calibrated phantom is not always available and its ultrasound properties may
change over time [12].

Herein, we propose a new ACE method: the reference frequency method (RFM). RFM does
not require a well-calibrated reference phantom. System-dependent effects can be cancelled
out by spectral normalization using adjacent ultrasound frequency components, which
allows RFM to be implemented with various transducer geometries (e.g., linear or curved
arrays) and beam patterns (e.g., focused or unfocused).

The paper is organized as follows: Section Il introduces backscattered ultrasound signal
modeling and derives the theoretical basis for RFM. Experimental configurations are also
described, including those used in the phantom and /n-vivo liver studies. Section 111
describes the results acquired in the phantom and /n-vivo liver studies and demonstrates the
RFM performance. Section IV discusses the advantages and future directions of RFM.
Section V presents the conclusion.

Methods

A. Backscattered Ultrasound Signal Modeling

In ultrasound imaging, the power spectrum of the backscattered radiofrequency (RF) signals
S(f;, zy) is a function of backscatter location and the frequency of ultrasound, which can be
modelled as [10, 26]

S(fi’ Zk) = G(fi) ) TGC(Zk) ) D(fi’ Zk) ) BSC(fi) ) A(fi’ Zk)’ 1)
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where G(f;) accounts for the transmit and receive transducer responses at frequency £ (/is
the frequency component index); 7GC(z,) is the time gain compensation (TGC), which
varies as a function of depth z (kis the depth index); D(f;, zy) is the combined effects of
focusing, beamforming, and diffraction; BSC(f)) is the backscatter coefficient which is
assumed to be uniform in the local region of interest (ROI); and A(f;, zy) is the frequency-
dependent attenuation defined as [10, 26]:

A(fpz) = exp(=4afz).  (2)

where ais the frequency-dependent ultrasound attenuation coefficient. A(7; z) is also
assumed to be uniform in the ROI and has linear frequency dependency. This model
generally fits ultrasound systems with different beam patterns (e.g. focused or unfocused)
[10, 26].

B. Linear Decay of Frequency Power Ratio

To estimate attenuation coefficient &, certain multiplicative terms shown in Eq. (1) need to be
cancelled first. This can be accomplished by regarding the adjacent frequency in the power
spectrum £ as the reference frequency and calculating the power ratio (Rs(f; zx)) between
adjacent frequency components S(f;, z) and S(f-1, Zx) as

Rs (f i Zk) ®)

_ S(f )

- S(fi-1-%)

_ G(f;) - TGClz) - D(f 1 5) - BSC(f) - A(f - 2)

- G(f;_ 1) TGClz) - D(f;_ 1.2) - BSC(f; ) - A(f; 1-3)

We assume that the differences of beamforming and diffraction effects between f;and 7
(i.e., two adjacent frequency components) are negligible in the imaging regions where beam
patterns change slowly, such as in plane wave imaging or in the post-focal zone of focused
beam imaging. We then obtain the following relationship:

D(fpz) =D(f;_1.z). (@)

In addition, 7G((z) is assumed to be independent of £. Hence, these two terms (i.e., Dand
7GCO) can be cancelled after determining the ratio as in Eq. (3), and we obtain the following
relationship:

G(f;) - BSC(f;) - Alf %)
G(f; — 1) ) BSC(fi— 1) Al - l’zk) .

Rs(f i Zk) = ©)
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After taking the natural logarithm on both sides of Eq. (5), we obtain the following linear
relationship between frequency power ratio (In[R(f;, z4)]) and imaging depth (zy):

In[ Rs (f;,2)] =[G(f;)] = In[G(f; _ )] +In[BSC(f;)] - n[BSC(f;_,)] ~ (6)
_4a(fi_fi—l)zk'

Equation (6) shows that the frequency power ratio (In[Rs(7;, zx)]) decays with increasing
depth (zy) at a linear rate of [-4a(f;— fi~1)]. Therefore, the attenuation coefficient can be
estimated from the slope of the decay curve with respect to each frequency component. The
term {In[G(7)] — In[G(F=1)] + InN[BSA(1)] — IN[BSC(f-1)]} is the intercept of the decay
curve (independent of z) which does not affect the slope of the curve (i.e., attenuation
coefficient). Figure 1 (a)shows the frequency power after natural logarithm calculation (i.e.,
In[S(7;, z4)]) as a function of depth with three example frequency components (f;=5, 6, and
7 MHz) in a calibrated tissue-mimicking phantom (Fibroscan- calibrated value: 0.68 dB/cm/
MHz). Figure 1 (b)shows the frequency power ratio after natural logarithm conversion (i.e.,
In[Rs(7;, zx)]) as a function of depth calculated at the same frequency components with their
adjacent frequencies (f;=5, 6, and 7 MHz, and Af= f;— f-1 = 0.06 MH2). In Figure 1 (b),
the frequency curves decay with similar linear slopes for different frequencies at zx < 4cm.
However, the 6 MHz frequency curve starts to deviate from the linear decay trend at a depth
of approximately 6 cm, and the 7 MHz frequency curve starts at approximately 4 cm. The
deviation is caused by the higher ultrasound attenuation experienced by the higher frequency
signals, which results in significantly lowered signal-to-noise-ratio (SNR) and consequently
falsely elevated frequency power ratio. The higher the ultrasound frequency, the shallower
the depth that the deviation would start to occur. The falsely elevated decay curve may lead
to underestimation of the attenuation coefficient and limit the penetration of the method. In
practice, the assumption of uniform tissue acoustic attenuation may be violated by non-
uniform tissue structures, which leads to significant oscillations of the frequency power ratio
decay curves. In such cases, directly fitting a linear slope to the frequency power ratio decay
curve at each frequency and averaging the results may be suboptimal for obtaining robust
attenuation measurement. Therefore, here we adopted the least squares method (LSM) to
mitigate these issues (i.e., noise and oscillations on the decay curve) and improve the
estimation accuracy. In LSM, the power spectra ratio after natural logarithm calculation (i.e.,
In[Rs(7;, z4)]) at all frequencies can be fitted to a one-parameter model [27]. The model can
automatically search for the best solution to minimize estimation errors over all frequencies.

C. Attenuation Coefficient Estimation with the Least Squares Method

After calculating the spectra ratio ((Eg. 5)), two unknown terms remain in the expression:
the transducer frequency response [ G(£;)] and backscatter coefficient [BSC(f})]. To complete
ACE with the LSM model, these two terms need to be cancelled. Cancellation can be
accomplished by normalizing the frequency power ratio [R(f;, z)] using the value obtained
at a reference depth, z.[i.e., R«f;, z,), ris the reference depth index]. Afterward, both G(f)
and BSC(f) in (Eq. 5) can be cancelled because of depth independency. Estimations
obtained using different z, values can be averaged to reduce errors due to electric noise (as
shown in Fig. 1)[28], oscillations due to small non-uniform structures in the tissue, and
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spatial variation noise due to constructive and destructive interferences from the
backscattered signals [29]. Uncorrelated z, values with at least one-pulse-length interval are
preferred for effective averaging. The normalization step can be described as

_ Rs(f ) _ A(fpz) A~ 102,)
Bolletet) =, " ara) AU O

Taking the natural logarithm on both sides of Eq. (7), we obtain the following linear
relationship of the LSM model:

ln[RSnor(fi’ L Zr)] (8)
= —dafzk+4afz. —4af, _z.t4af;_ 1z
= — 4a(f,- -fi_ 1)(Zk - Zr)’

when 2, # 2.
There is only one unknown variable, &, that needs be solved in the LSM model:

R K 1
[[/,l\] = argmina Z Z Z ln[RSnor(fi’ Lo Zr)] (9)

r=1lk=1i=1

+4a(fi -fi 1)(Zk - Zr)}2

when zx % z,.

R s the total number of reference depths used in the LSM fitting.

D. Defining Constraints for LSM

To further stabilize the estimates determined using LSM, constraints can be added to the
model:

min <axs Amax - (10)

Then the solution of the LSM in Eq. (9) subject to the above bound constraints can be solved
via proximal gradient iteration [30]. The maximum and minimum constraints can be
determined in an adaptive way according to the acquired data. Because one measurement of
the frequency power ratio, In[Rs,,Af; Zx 2], can generate one estimation of &, we can first
calculate all possible a values using all measurements as follows:
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_ ln[Rsnor(fi’ 2 Zr)]
fikr = —4fi=fio)m—z)

(11)

One attenuation value a; 4 -can be generated from each frequency component 7;at each
depth z4 using each reference depth z. The distribution of all estimated attenuation values
can then be obtained by estimating the histogram of a; .. Figure 2 shows a histogram
example obtained from a Fibroscan-calibrated tissue-mimicking phantom (calibrated value:
0.68 dB/cm/MHz). The histogram presented a relatively wide range of attenuation
distribution. This is caused by the oscillations of the frequency power ratio decay curves
(Figure 1 (b)) due to noise and the constructive and destructive interferences from the
backscattered signals [29]. In addition, when z gets close to z, it is equivalent to using a
small-sized ROI for attenuation estimation. The estimation accuracy with small-sized ROI
would be lowered and errors could occur (e.g., negative estimations in Figure 2) [23]. An
extreme condition is when zx = z, which makes the denominator of Eq. (11) zero.
Consequently, constraints would be necessary for LSM to stabilize the attenuation
estimation. In the example of Figure 2, the bin width of the histogram was set to be0.1
dB/cm/MHz. The cut-off limits were selected at 75% of the most frequent value (the cut-off
limits were empirically determined and indicated by the red dashed line) on both sides. Then
we calculate the constraints in this example as

Apin = 0.5 < a(dB/cm/MHz) < a

= “max —

09. (12)

E. Experimental Configurations

1) Through-Transmission Calibration: The proposed RFM was first validated using
the through-transmission (T-T) calibration method [31]. A tissue-mimicking phantom was
fabricated following the procedure as described in [31] (cylinder phantom, diameter: 5 cm,
height: 4cm). A 50%-50% evaporated milk-to-water ratio was tested in the study using a
pair of identical unfocused single-element transducers (Olympus, Center Valley, PA),
transmitted at a 5 MHz center frequency.

RFM was then applied to estimate the attenuation coefficient of the fabricated tissue-
mimicking phantom. The estimated value was then compared with the T-T calibrated value.
RFM data were acquired using unfocused plane wave compounding with a Verasonics
Vantage system (\Verasonics Inc., Kirkland, WA), equipped with a linear array transducer
L11-4v (4.5 -10.5 MHz, Verasonics Inc., Kirkland, WA). For compounding plane wave
imaging, 16 compounding angles were selected, which ranged from —-15° to +15° at
2°interval. The pulse repetition frequency (PRF) was 4 kHz, leading to a 250 Hz post-
compounding PRF. The center frequency of the transmit pulse was 5 MHz.

We then selected a region of interest (ROI) on the beam-formed 1Q image. The ROI was set
from 1 cm to 3.5 cm, both laterally and axially (i.e., size of 2.5 cm x 2.5 cm). Then, the
selected ROI was divided into 10-wavelength-long data blocks along the axial direction (i.e.
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size of 0.3 cm x2.5 cm). The axial overlap between data blocks were around 98%. Each A-
line segment (i.e., 0.3-cm-long) in a given data block was first zero-padded to calculate
sufficiently close f;and f—1 values in the spectrum (Af= f;- 1 = 0.06 MHz in Figure 1).
Then the Welch technique [32] was applied to the zero-padded A-line segment (0.3-cm-
long) to obtain a single power spectrum. The power spectra of all A-line segments in the
given data block were averaged laterally to obtain the mean power spectrum at a certain
depth (zg), which is denoted as S(# z,). A total number of 450 mean power spectra were
obtained in a 2.5-cm-long ROI with 98% axial overlap between data blocks (Azx = zx— 241
= 0.0055cm). The frequency power ratio between adjacent frequencies was calculated using
Eq. (3). Then, the normalization step, as shown in Eq. (7), was applied by dividing the power
ratio [RS(7;, z,)] by the ratio acquired at the reference depth z,[Rs(f;, z)]. Multiple z,values
were selected from the top to the bottom of the ROI along the axial direction at 1-mm
intervals, resulting in 25 different z.in a 25-mm-long ROI. The frequency range (7;) used for
ACE was 4 — 6 MHz. The normalized power spectra ratio [Rs, A7 Zx z)] at all f;, z4, and z,
values were then passed to the LSM model for the final ACE shown in Eq. (9).

2) System Independency Phantom Study: The proposed RFM was also tested on
two tissue-mimicking phantoms calibrated using Fibroscan 502 Touch system (Echosens,
Paris, France), whose accuracy was validated in simulation, tissue-mimicking phantoms and
in-vivo livers as in [5]. Fibroscan acquisitions were performed using the M-probe(3.5 MHz)
following regular acquisition procedures [33]. The median controlled attenuation parameters
(CAP) measured from the two phantoms were: Phantom1 (cuboid shape, surface area:
6.5cmx18cm, depth: 18cm): 0.68 dB/cm/MHz (CAP = 238 dB/m), and Phantom2 (cuboid
shape, surface area:6.5cmx18cm, depth: 18cm): 0.95 dB/cm/MHz (CAP = 332 dB/m),
respectively, from ten repeated valid measurements (interquartile range/median <20%). To
demonstrate that RFM is system-independent, in addition to the Vantage system tests, both
phantoms were also imaged with a General Electric LOGIQ E9 (LE9) system (General
Electric Healthcare, Wauwatosa, WI) with conventional line-by-line focused beam scanning
and a linear array transducer 9L-D (2 — 8 MHz, General Electric Healthcare, Wauwatosa,
WI1). For the LE9 focused-beam imaging, 176 A-lines were beamformed with focal depth of
2.5 cm (F-number = 5). The imaging frame rate was 25 Hz. The center frequency of the
transmit pulse was 5 MHz. Five repeated acquisitions were conducted on each phantom
using each imaging system (Vantage-unfocused or LE9-focused).

For post-1Q processing, the lateral size of the ROl was 2.5-cm-wide and was positioned
around the center of the image. Axially, the ROI was selected from 3 — 6 cm depth range to
coincide with the post-focal zone of the focused beams using the LE9 system. This is
because the focus beam pattern varies slowly in the post-focal zone, which reduces the
diffraction differences between adjacent frequency components as assumed in Eq. (4). The
frequency range used for ACE was 4 — 6 MHz. The rest of the 1Q data post processing steps
are the same as those in T-T calibration. In addition, detailed focusing effect on ACE was
analyzed as functions of different depth ranges selected for ACE and different F-numbers
during focused beam transmissions. The F-number testing was accomplished with the
Vantage system and L11-4v probe since the 7-number can be flexibly adjusted in Vantage
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rather than LE9. The focus was set at 2.5 cm with ROI ranged from 3 — 6 cm axially. All
other parameters were the same as for Vantage-plane wave imaging configurations.

3) In-vivo Liver Attenuation Coefficient Estimation: The proposed method was
also tested on five patients going through clinically-indicated magnetic resonance imaging
(MRI) of liver (all males; age: 53+17 years; body mass indices: 29+3.9 kg/m?). The study
was approved by Institutional Review Board (IRB) of Mayo Clinic. A written informed
consent was obtained at the time of enrollment of each participant. All patients underwent
overnight fasting. Pro- ton density fat fraction (PDFF) acquired with MRI was used as
reference standard. PDFF is a standardized and objective measure of mobile proton density
proportion attributable to fat in the liver which has been shown to have high measurement
accuracy in phantoms, human liver samples, and animal and human studies [34]. Thus,
PDFF is considered as a reliable quantification metric of liver fat content and was often used
as reference standard in literatures [35, 36]. The elevated fat content in the liver is also
associated with increased ultrasound attenuation [2-5]. Therefore, the correlation between
PDFF and ACE values was calculated to evaluate the performance of proposed ACE
method. The PDFF was measured with MRI scanner GE Optima 450 (General Electric
Healthcare, Wauwatosa, WI) using IDEAL 1Q sequence. The /n-vivo liver ACE was
performed using unfocused plane wave compounding mode on the Verasonics Vantage
system. The unfocused mode could avoid the focusing effects on ACE and ensure a more
flexible ROI selection range. The focusing effects on the ACE accuracy will be shown in the
result section (Section I11-B). The Vantage system was equipped with a curved array
transducer C1-6D (1 — 6 MHz, General Electric Healthcare, Wauwatosa, WI). The transmit
center frequency was 3.5 MHz. Other parameter settings were identical to the ones used in
the phantom studies (Section 11-E2).

For the /n-vivo liver study, an ROI with sizes of 3.5 cm x4.5 cm laterally and axially,
respectively, was selected around the most uniform area in the liver B-mode images. Large
vascular structures were avoided in the ROI selection [2]. The frequency band used for ACE
was 3.0 — 4.0 MHz.

[1l. Results

A. Through-transmission Phantom Measurements

The estimated attenuation coefficient values determined using the fabricated tissue-
mimicking phantom with T-T calibration and the proposed RFM were 0.443+0.032 and
0.457+0.025 dB/cm/MHz, respectively. No significant difference (p=0.602) between these
two groups of measurements was detected using two-tailed ftest, with a significance level of
5%. The T-T calibration validates the accuracy of RFM.

B. System Independency Phantom Study

Figure 3 shows the frequency power spectra ratio decay curves after natural logarithm
calculation using Phantom 1(0.68dB/cm/MHz calibrated attenuation coefficient) with both
Vantage and LE9 systems. Three sample frequencies are shown: 4, 5, and 6 MHz. The decay
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curves obtained using different ultrasound systems and transmission modes are in good
agreement at these three example frequencies.

Tables I and 11 show the ACE values for the two Fibroscan-calibrated phantoms determined
using Vantage and LE9 systems, respectively. The ACE values with and without constraints
are both shown, which were consistent from both imaging systems. The values also agreed
well with Fibroscan calibrations. The ACE values estimated without constraints showed
slightly higher standard deviation than those estimated with constraints, demonstrating the
effectiveness of the constraints. Figure 4 shows the bar plots of ACE with constraints on the
two phantoms using the two imaging systems. No significant difference between these two
groups of measurements was detected using two-tailed #test, with a significance level of 5%.
This phantom study demonstrated the system independency of RFM—accurate ACE values
can be obtained with different imaging configurations.

The RFM was based on the assumption that the differences of diffraction effects between
two adjacent frequency components are negligible in the imaging regions where beam
patterns change slowly as shown in Eq. (4). This assumption holds true in plane wave
imaging and in the post-focal zone of focused beam imaging (with #-number = 5) as shown
in phantom tests. For a more thorough investigation, the focusing effect of the proposed
method was then studied for various depth ranges and 7-numbers. Figure 5 (a)shows the
axial beam profiles simulated in Field 11 [37, 38] following the same transducer geometries
and the imaging conditions as in phantom studies. Figure 5(b) shows attenuation values
measured from Phantom 1 with different depth ranges selected for ACE using both imaging
systems. For Vantage-unfocused system, the beam pattern changes slowly after 1 cm depth.
The assumption in Eq. (4) is valid and accurate attenuation estimations were obtained for a
large imaging region (i.e., 1-7 cm). However, for LE9-focused system, the beam pattern
changes more rapidly in the focal zone as compared to post-focal zone. When the ROI
coincides with the beam focal zone (i.e., 1-4 cm, focusing at2.5 cm), the focusing effect
could not be completely cancelled by calculating the power ratio between adjacent
frequencies, leading to underestimation of the attenuation value. In deeper depth region (i.e.,
4-7 cm), the drop of attenuation value was due to the low SNR and the resulting falsely
elevated frequency power ratio at higher frequency components (e.g. 6 MHz acquired with
LE9 as shown in Fig. 3). Despite these, accurate attenuations could be obtained in the post-
focal zones with adequate SNR (i.e., 2-5 cm and 3-6 cm).

Figure 6 shows the ACE values measured from focused beam imaging with different 7-
numbers using Vantage system. When the beams are tightly focused (e.g., f-number = 3),
the ACE value was overestimated in the post-focal zone. This is because the beam energy
diverged fast in this region. The rapid decrease of the backscattered signal intensity led to an
illusion of higher attenuation. When F-number was 4 or higher, valid measurements could be
achieved in focused-beam imaging (less than 10% error as compared to calibrated value).

C. In-vivo Liver Attenuation Coefficient Estimation

Figure 7 shows the mean ACE values estimated on each patient from three repeated
measurements. The ACE estimations show good correlation with PDFF values (coefficient
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of determination, R2=0.93), further demonstrating the feasibility and potential of the
method.

V. Discussion

This paper describes a new system-independent attenuation coefficient estimation technique,
reference frequency method (RFM), which uses the power of the adjacent frequency as the
reference to cancel system-dependent effects such as focusing, TGC, and diffraction. RFM
does not require a reference phantom and can be applied to different transducer geometries
(e.9., linear or curved arrays) and different beam patterns (e.g., plane wave or focused
beams).

RFM presented accurate estimations in the through- transmission calibration and the
Fibroscan-calibrated phantom studies. The combination of the least squares method with
constraints could effectively suppress spatial variations of the spectra, leading to more robust
and accurate attenuation coefficient estimations. However, the data-generated constraints
require histograms of all estimated attenuation values which may increase the computation
load of the method. In the /n-vivo liver study, ACE values obtained with RFM showed good
correlation with clinically-indicated PDFF values, further demonstrating the method’s
feasibility. The signal-to-noise- ratio (SNR) is an important factor for robust attenuation
coefficient estimation (ACE), especially for deeper imaging regions with higher imaging
frequencies (as shown in Fig. 1). Extensive studies have been performed to improve the SNR
of B-mode images, such as using multiple transmit beams [39], coded excitations [40] or
multiplane wave imaging [41-43]. The robustness of the proposed RFM-ACE technique is
expected to be further improved after combination with these SNR-improving techniques.
The noise cancellation strategies as described in [9] can also be applied to suppress the noise
influence on RFM-ACE analysis.

The RFM was based on the assumption that the differences of diffraction effects between
two adjacent frequency components are negligible. This assumption was valid when the
beam patterns changed slowly such as in plane wave imaging and the post-focal zone of
loosely-focused beam imaging (7F-number > 4). However, for the regions where beam
patterns changed rapidly, this assumption was violated and the method could not yield
accurate estimations. In addition, performing ACE in the post-focal zone may limit the
penetration of RFM in focused-beam imaging due to insufficient SNR as compared to focal-
zone. Beam profile simulations or measurements may be needed, especially in imaging with
tightly-focused beams, to cancel the beam diffraction effects more effectively for ACE.

The in-vivo ACE measurements in patients had larger variations (maximum STD/mean =
8.4%) than those in phantom studies. One possible reason may be because different liver
sections were imaged in each trial and liver properties may vary in different acoustic
windows. In addition, the /n-vivo liver ACE was only performed with Vantage-unfocused
system in this study to allow more flexible ROI locations. Future patient studies using
focused beams will be conducted to investigate the performance of the proposed method for
in- vivo application.
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In this study, the entire ROI was assumed to have uniform attenuation coefficient. This
method offers a robust solution to estimate mean attenuation coefficient of relatively uniform
tissues such as liver. For heterogeneous tissues, however, the estimation accuracy may be
compromised because the uniform assumption is violated. In addition, the least squares
method with constraints averages out small oscillations of the frequency power ratio decay
curves to stabilize attenuation coefficient estimations. Correspondingly, the method may not
be sensitive enough to detect local attenuation variations in heterogeneous tissues.

The ROI size is usually a trade-off between reduced ACE variance and improved ACE
spatial resolutions [29]. The ROI used in the study is relatively large because the
normalization step of RFM relies on the power spectra ratio determined at reference depth
Z. Multiple uncorrelated z,values (i.e., with at least one pulse-length interval) are needed to
effectively average out spatial variations of ACE measurements. Future studies may focus on
reducing the ROI size while retaining the estimation precision needed to apply RFM on
heterogeneous tissues. Another limitation of this study is that we did not systematically
compare the performance of the proposed method with those of other ACE methods (e.g.,
spectra shift method and reference phantom-based methods) under the same conditions.
Future study may be needed in this area. It would be also interesting to test the accuracy of
different methods as functions of focusing effect, ROI size, SNR level, speed of sound, and
phantom selection (homogeneous or inhomogeneous) [23, 44].

In this study, the attenuation frequency dependency was assumed to be linear [as shown in
Eq. )]

A(fpz) = exp(—4af?”zk), where n, = 1. (13)

For a more general model, tissue attenuation can be written in the nonlinear form as n, # 1.
Modifying RFM to adapt to nonlinear models will be the subject of future studies.

V. Conclusion

In this paper, we proposed a reference frequency method (RFM) to enable system-
independent and reference-phantom-free attenuation coefficient estimation for biological
tissues. RFM uses the adjacent frequency components of the ultrasound signal to cancel
system effects such as focusing and TGC. When combined with least squares method, RFM
demonstrated accurate ACE estimations in phantoms and in /n-vivo livers. The proposed
RFM can be potentially applied to various ultrasound imaging systems with different
transducers and imaging configurations.
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Fig. 1.

(a)g. Frequency power after natural logarithm conversion (i.e., In[S(7; z4)]) as a function of
depth at three example frequencies (i.e., f;=5, 6, and 7 MHz). (b). Frequency power ratio
after natural logarithm conversion(i.e., InN[R«(f; zy)], Af= f;— fi-1 = 0.06 MH?Z) as a function
of depth calculated with the same frequency components and their adjacent frequencies. The
frequency power ratio decay curves for 6 and 7 MHz were shifted upwards by 2 and 4 dB/
MHz, respectively, for better visualization. The linear fittings for each frequency are shown
by the red dashed lines with the attenuation coefficient values shown in the left upper corner
of (b). The data were acquired from a Fibroscan-calibrated tissue-mimicking phantom (0.68
dB/cm/MHz). The phantom was imaged with unfocused plane wave imaging at 5 MHz
center frequency using a Verasonics Vantage system.
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Fig. 2.
Histogram of all estimated attenuation without any constraints (&; « ). The data were

acquired from a Fibroscan-calibrated tissue-mimicking phantom with calibrated value of
0.68 dB/cm/MHz. The phantom was imaged with unfocused plane wave imaging at 5 MHz
center frequency using a Vantage system. f;range: 4-6 MHz, Af= £- £-;=0.06MHz, a total
number of 34 f;was used; zxrange: 3 cm, Z = Z-Zk-1=0.0055cm, a total number of 550 z;
was used; z,range: 3 cm, Az = z-z-1=0.1cm, a total number of 30 z was used; A total
number of 34 x 550 x 30 = 5.6 x 10° attenuation values were estimated.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Gong et al.

dB/MHz

Page 18

LE9
Vantage

T

Depth (cm)

Fig. 3.

Frgquency power ratio decay curves after natural logarithm (i.e., InN[Rs(7;, z4)]) as a function
of depth acquired from a Fibroscan-calibrated phantom (0.68 dB/cm/MHz). The curves were
acquired at 4, 5, and 6 MHz using Vantage-unfocused (central frequency: 5 MHz) and LE9-
focused (central frequency: 5 MHz) systems, respectively. The frequency power ratio decay
curves for 5 and 6 MHz were shifted upwards by 2 and 4 dB/MHz, respectively, for better
visualization.
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Bar plots of mean ACE values acquired from two Fibroscan-calibrated phantoms using
Vantage and LE9 imaging systems. The error bars show the standard deviation from 5

repeated measurements.
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(a) Field I1-Simulated axial beam profiles following the LE9 and Vantage imaging
configurations. (b) Focusing effect on different ranges of depths used for attenuation
estimation. The data were acquired from a Fibroscan-calibrated tissue-mimicking phantom
with calibrated value of 0.68 dB/cm/MHz. The error bars show the standard deviation from 5

repeated measurements.
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Fig. 6.

Fogcusing effect with different 7-numbers. The data were acquired from a Fibroscan-
calibrated tissue-mimicking phantom with calibrated value of 0.68 dB/cm/MHz. The
phantom was imaged with focused beam imaging at 5 MHz center frequency using a
Verasonics Vantage system. Focus: 2.5 cm depth; Depth range for ACE: 3-6 cm; The error
bars show the standard deviation from 5 repeated measurements.
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Fig. 7.
In-vivo human liver ACE from five patients and their correlation with proton density fat

fraction. The mean attenuation values from three repeated estimations are shown for each
patient with the histogram generated constraint values shown in the brackets. The error bars
show the standard deviation.
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Table |
ACE OF PHANTOM 1" (oB/cM/MH?z)
Trial Vantage-Unfocused L E9-Focused
With Without With Without
constraints  constraints constraints ~ constraints

1 0.68 0.68 0.68 0.69

2 0.71 0.72 0.67 0.70

3 0.69 0.69 0.69 0.72

4 0.68 0.68 0.71 0.68

5 0.69 0.73 0.67 0.64
Mean 0.69 0.70 0.68 0.69
STD 0.01 0.02 0.02 0.03

Page 23

*
Fibroscan-calibrated value: &=0.68dB/cm/MHz. Two-tailed #test between Vantage and LE9 measurements with constrains: p=0.59. Histogram

generated constrains: Vantage system, [amin dmax] =[0.46 0.98] dB/cm/MHz; GE system, [amin @nax] =[0.50 0.90] dB/cm/MHz.
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Table Il
ACE OF PHANTOM 2" (oB/cM/MH?z)
Trial Vantage-Unfocused L E9-Focused
With Without With Without
constraints  constraints constraints ~ constraints

1 095 0.95 0.95 0.94

2 0.92 0.91 0.96 0.95

3 0.94 0.95 0.97 0.97

4 0.96 0.96 0.94 0.93

5 0.96 0.96 0.96 0.95
Mean 0.95 0.95 0.96 0.95
STD 0.02 0.02 0.01 0.01

Page 24

*
Fibroscan-calibrated value: &=0.95dB/cm/MHz. Two-tailed #test between Vantage and LE9 measurements with constrains: p=0.23. Histogram

generated constrains: Vantage system, [amin dmax] =[0.60 1.20] dB/cm/MHz; GE system, [amin @max] =[0.58 1.20] dB/cm/MHz.
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