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using least squares method with constraints
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Abstract. Backscatter and attenuation parameters are not easily measured in clinical applications due to tissue inhomogeneity
in the region of interest (ROI). A least squares method(LSM) that fits the echo signal power spectra from a ROI to a 3-
parameter tissue model was used to get attenuation coefficient imaging in fatty liver. Since fat’s attenuation value is higher
than normal liver parenchyma, a reasonable threshold was chosen to evaluate the fatty proportion in fatty liver. Experimental
results using clinical data of fatty liver illustrate that the least squares method can get accurate attenuation estimates. It is
proved that the attenuation values have a positive correlation with the fatty proportion, which can be used to evaluate the
syndrome of fatty liver.
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1. Introduction

Fatty liver is a common phenomenon concerned in today’s healthcare. It is well known that fat af-
fects ultrasound propagation. Indeed, fat impedance is greater than that of soft tissues and hence in
presence of fat, ultrasound signal will be attenuated. Currently, measurements of the mean value of
ultrasound attenuation coefficient and texture features were used to distinguish fatty liver from normal
liver [1-6]. Among them, the most effective available method- gray level co-occurrence matrix [7]
was compared with LSM. From the result, this method can be used to diagnose fatty live by feature
classification and can be used to extract the information about the location of fat, but it can’t be used
to evaluate fatty proportion quantitatively. To evaluate fatty proportion in fatty live and display the fat
location, this paper proposes a least squares method with constraints to analyse the local attenuation
value in the radio frequency (RF) signal of fatty liver. This method is applied to diagnose fatty liver by
using in-vivo fatty proportion valuation. The challenge for quantitative ultrasound in this application is
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related to the inhomogeneity of the liver and need of a reasonable homogeneous region to get accurate
attenuation estimation.

To account for attenuation effects and backscatter effects on an inhomogeneous pathway, Kibo et al.
proposed a least squares method with constraints [8] to estimate the effective attenuation between the
ultrasound transducer and a ROI. This approach uses the power spectrum of RF echo signals from the
same depth in a well characterized reference phantom. The ratio of the spectra fits a 3-parameter tissue
model that quantifies the attenuation and backscatter properties of the media. The least squares method
is introduced in detail in the next section.

In this paper, to get a correct spectral data for attenuation, the full-width-half-maximum (FWHM) [9]
is used as a criterion to determine the block size. Meanwhile, one of the normal liver cases is chosen
as the reference phantom. The reference phantom can be considered to have similar backscatter prop-
erty as the sample phantom. Using the similarity of the backscatter coefficient as prior knowledge, the
LSM can avoid solutions that are physically meaningless. Meanwhile, the uniformity of the backscat-
ter coefficient can be considered as a criterion, the estimation is correct only when the backscatter
coefficient is uniform.

2. Least squares method with more constraints

Based on the previous work [9], the ratio of the echo signal power spectrum from the sample to that
from the reference phantom at the same depth can be expressed as:

B.(f) A(f.2) _b. /"
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where the subscripts s and r represent the sample and the reference phantom, respectively. The para-
meter S is the slope of the attenuation coefficient versus frequency, b is a constant coefficient and »
expresses the frequency dependence. Taking the natural logarithm of both sides of Eq. (1), the follow-
ing can be obtained:

In{RS(f.2)} = 1n%+ (n,—n)Inf 4B~ B) f2 .

r

To simplify Eq. (2), the following terms are substituted:

X(f.z)=InRS(f,z)

anzb,ns -n,=np - =p
b, (3)

Eq. (3) can be written as:
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X(f,z)=b+nlnf-4p1 4

To solve for the three unknowns, b, n, and £ in Eq. (4), a least squares fitting process is applied over
the band of frequencies contained in the echo signal. That is:

(5.7, B1=argmin > (X(f,2)~b—nln f, +4 /2 5)

where K is the number of frequency components to be used for the least squares fitting and is the esti-
mated parameters for the tissue model. Without loss of generality, Eq. (5) can be subjected to con-
straints to keep the result reasonable. That is:

b<b<b,, n<n<n,, B PP, (6)

With the search range of each parameter set according to expected ranges for the tissue or sample
media within the ROI.

Since LSM is sensitive to the constraints, the method will converge to local minimum and lead to
error. To avoid this situation, a reference phantom which has a similar backscatter property to the un-
known phantom was chosen. Using the backscatter coefficients of the reference phantom as a prior
knowledge, additional constraints were created as follow:

b<b<b, n<n<n,, B<P<p,

b - b2| < threshold|1,

n, —n,| < threshold2 (7)

With the improved constraints, the LSM converges to the right solution more effectively.

Realistic bounds can be easily made for the range of backscatter coefficients, attenuation coefti-
cients, and frequency dependencies of backscatter allowed for the sample, as discussed below. Once b,
n, and [ are estimated, the backscatter function and effective attenuation of the sample are computed

using the known values for the reference phantom and Eq. (3).

3. Experimental result
3.1. Phantoms with attenuation contrast

The least squares method was evaluated first by recording echo signal data for two tissue mimicking
phantoms. One with uniform attenuation and backscatter was used as a reference (see Figure 1(a)) and
the other with inhomogeneous attenuation and uniform backscatter was used as the unknown sample
(see Figure 1(b)). Both phantoms were simulated by the Field II [10]. The excitation frequency of the
echo data is 6MHz and the linear array transducer has 192 elements and 500 micron element pitch.
The sampling frequency is 40MHz. The unknown phantom has three layers with equivalent backscat-
ter coefficient and different attenuation coefficient. The first layer ranges from 20mm to 33mm and its
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attenuation value is 0.3dB/cm/MHz. The second layer ranges from 33mm to 47mm and its attenuation
value is 0.6dB/cm/MHz. The third layer ranges from 47mm to 60mm and its attenuation value is
1dB/cm/MHz.

After acquiring RF data, the RF data frame was divided into smaller overlapping 2-D blocks of suf-
ficient size to obtain a stable power spectrum. A criteria based on the evaluation of the full-width-half-
maximum (FWHM) of the power spectrum was used to determine the block size that would provide a
consistent power spectrum. The block power spectrum was calculated using Welch method [11] and
the gated window size was set to be half the axial length of the block with an 80% window overlap
used to calculate the power spectrum. Each windowed RF segment was gated by a Hanning window to
minimize spectral leakage artifacts. Each block contained 10 beam lines in the lateral direction. An 80%
overlap of the 2-D blocks was applied to obtain a map of the slope of attenuation coefficients. Fre-
quency smoothing where adjacent frequency estimates were averaged using a moving average window
[12], was also utilized to further reduce spectral noise artifacts in the power spectra.

The numerical phantoms were 40mm wide, 100 mm deep and 10mm thick and the axial transmit fo-
cus as well as the elevational focus were set as 40mm and 70mm, respectively. After computing the
FWHMs of the power spectra for various block sizes, the 2-D block size [13] for the computation of
the power spectra was selected as 4 x4 mm along the axial and lateral dimensions respectively. The
constraints used for numerical phantom are set as follows:
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Fig. 1. Attenuation estimation in numerical phantom. (a) reference phantom (b) unknown phantom (c) attenuation imag-
ing (d) backscatter imaging (e) attenuation value change with depth.
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-1<bh<1,0n<5-05<4<05 ®)

The frequency range applied in Eq. (5) varied with depth so as to only include the frequency com-
ponents that were at least 20dB above the noise floor.

The attenuation image (see Figure 1(c)) was obtained by the improved LSM. Due to the reason that
the backscatter coefficient in reference phantom is the same as the backscatter coefficient in unknown
phantom, according to Eq. (3), b is equal to 0, as the backscatter image (see Figure 1(d)) shows that
the estimation value coincides with the theoretical value. To observe the performance of this method,
one line in attenuation image is compared with the real value (see Figure 1(e)).It can be seen that the
proposed method can provide accurate estimations of the attenuation and backscatter coefficients.
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Fig. 2. Attenuation estimation in numerical phantom. (a) reference phantom (b) unknown phantom (c) attenuation image
(d) backscatter image () attenuation value changes with depth.

Table 1

Estimation results on synthetic phantoms

Phantom Number Mean value Std value Real value
Phantoms with attenuation contrast ~ 0.293, 0.591, 0.992 0.021, 0.023, 0.022 0.3,0.6, 1

Phantoms with backscatter contrast ~ 0.5829 0.0528 0.6
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3.2. Phantoms with backscatter contrast

The LSM to a numerical phantom with spatial variations in backscatter was also applied to test
whether the method is sensitive to variations in backscatter.

The reference phantom has uniform backscatter and attenuation and its attenuation value is
0.3dB/cm/MHz (see Figure 2(a)). The unknown phantom (see Figure 2(b)) has uniform attenuation
and inhomogeneous backscatter. The backscatter levels of the inclusion were different compared with
the background by a factor of 3dB. The unknown phantom’s attenuation value is 0.6dB/cm/MHz. As
shown in Figures 2(c)-2(e) and Table 1, the improved LSM also gets more accurate estimation values
of the attenuation and backscatter coefficients [9].

3.3. Tissue mimicking phantom

Two tissue mimicking phantoms were used to test the performance of the improved LSM, and the
reference phantom (see Figure 3(a)) has the similar backscatter property to the unknown phantom (see
Figure 3(b)), with the attenuation value of the former being 0.5 dB/cm/MHz, and that of the latter be-
ing 0.7 dB/cm/MHz.

The tissue mimicking(TM) phantoms were scanned using an iU22 Philips ultrasound system
equipped with a L9-3 (192 elements, 3 rows, 200 micron element pitch) linear array transducer.

Local attenuation values were estimated by the LSM and the proposed method (see Figures 3(c) and
3(d)), respectively. From the results (see Table 2), a significant improvement was observed by using
the modified LSM.

3.4. Clinical data acquisition and analysis

To evaluate the fatty proportion of the fatty liver, normal liver and fatty liver were scanned using an
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Fig. 3. Attenuation estimation in TM phantom. (a) reference phantom (b) unknown phantom (c) attenuation image with
the LSM (d) attenuation image with the proposed method.

Table 2

Estimation results on TM phantoms

method Mean value Std value Real value
LSM 0.7526 0.0897 0.7
Proposed method 0.7207 0.0446 0.7
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iU22 Philips ultrasound system. The ultrasound research interface on the iU22 system was used to ac-
quire frames of RF data at a 32MHz sampling frequency. Data were collected at ultrasound depart-
ment in Western China hospital with patients’ consent and there were 16 cases of normal liver data
and 11 cases of fatty liver data. A ROI from each data which has a relative uniform backscatter prop-
erty was chosen. One of the normal liver data (see Figure 4(a)) was chosen as reference phantom and
the attenuation values are considered to be constant at 0.59dB/cm/MHz, measured by narrow band
substitution techniques [14]. With similar backscatter property, the estimation result will be more ac-
curate. Meanwhile, the backscatter coefficient can also be used as a criterion to evaluate the reliability
of the estimation, when the backscatter coefficients are uniform, the result is considered to be tenable.

One case of normal liver’s local attenuation values (see Figure 4(b)) was estimated by the modified
LSM. The attenuation image (see Figure 4(c)) and the backscatter image (see Figure 4(d)) were ob-
tained by this method. The result shows that the normal liver has a relative uniform attenuation value
and its mean value is 0.51 dB/cm/MHz.

Meanwhile, local attenuation values of two fatty liver cases were estimated by the improved LSM.
The fatty liver with 40% fatty proportion (see Figure 5(a)) has different attenuation values from 15%
fatty proportion (see Figure 5(b)).

The attenuation images (see Figures 5(c) and 5(d)) show that the attenuation changes with different
fatty proportions.

The data of 16 cases of normal liver and 11 cases of fatty liver were used as the unknown phantom.
The mean and the standard derivation of the attenuation values are listed (see Tables 3 and 4).
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Fig. 5. Attenuation estimation in fatty liver. (a) 40% fatty liver (b) 15% fatty liver (c) attenuation image of 40% fatty
liver (d) attenuation image of 15% fatty liver.
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Table 3

Estimation result of normal liver

Liver case Mean value std Liver case = Mean value std

1 0.573 0.24 9 0.63 0.15
2 0.56 0.14 10 0.62 0.10
3 0.52 0.13 11 0.57 0.136
4 0.536 0.09 12 0.67 0.11
5 0.57 0.14 13 0.545 0.132
6 0.499 0.12 14 0.66 0.108
7 0.52 0.10 15 0.67 0.09
8 0.59 0.09 16 0.486 0.127

Table 4

Estimation result of fatty liver

Liver case Mean value std Liver case =~ Mean value std

1 0.7715 0.0995 7 0.7176 0.1005
2 0.7483 0.0463 8 0.8847 0.0737
3 0.7785 0.0672 9 0.7349 0.0794
4 0.5640 0.1046 10 0.5730 0.0712
5 0.7748 0.1209 11 0.6526 0.0557
6 0.6840 0.1294

To search the relationship between the fatty proportion and the attenuation value, six fatty liver cas-
es with different fatty proportions are analyzed. Box plots of attenuation values of these six cases are
shown in Figure 6. From the result, an obvious increasing trend in attenuation value was observed with
the increasing fatty proportion. Due to the fact that the fatty liver’s attenuation is higher than that of
the normal liver [10], a reasonable threshold is chosen to search the relationship between fatty propor-
tion and attenuation value. Here a 0.7-0.9 dB/cm/MHz attenuation value range was performed, using
an increment of 0.001 dB/cm/MHz. The result (see Figure 7) shows that there exist an approximately
positive correlation between fatty proportion and attenuation value proportion. The mean value be-
tween the fatty liver and the normal liver was also compared as shown in Figure 8. It is shown that the
attenuation coefficient values of normal liver were 0.55+0.1 dB/MHz/cm, and 0.74+0.1 dB/MHz/cm
in fatty liver. With a certain threshold, the mean value can also be used to detect fatty liver from nor-
mal liver.

4. Discussion and conclusion

In this paper, an effective attenuation coefficient of fatty liver and normal liver is measured by ap-
plying the LSM to echo data derived from a clinical scanner equipped with a research interface. To
get an accurate estimation, one of the normal liver data is chosen as the reference phantom. The refer-
ence phantom is considered to have similar backscatter property to the sample phantom. Using the
equality of the backscatter coefficient as prior knowledge, the LSM can avoid solutions that are physi-
cally meaningless. Meanwhile, the uniformity of the backscatter coefficient can be considered as crite-
ria, the estimation is correct only when the backscatter coefficient is uniform.
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Fig. 8. Mean value between fatty liver and normal liver.

The result shows that when a tenable threshold is chosen, there exists an approximately positive cor-
relation between fatty proportion and attenuation value proportion. With this method, attenuation coef-
ficient values are 0.55+ 0.1 dB/MHz/cm in normal liver, 0.77 £ 0.1 dB/MHz/cm in fatty liver. LSM
can also be used to detect fatty liver from normal liver.

However, due to the simple functional forms for attenuation and backscatter, error will occur when
these assumptions are not well met, which lead to an approximately positive correlation between fatty
proportion and attenuation value proportion. One solution might be applying a piecewise continuous
frequency range.

The least squares method provides accurate measures in fatty liver and normal liver as well as the
backscatter coefficient vs. frequency. Meanwhile, using the least squares method, a positive correla-
tion between fatty proportion and attenuation value can be observed.
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