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Abstract—Quantitative ultrasound (QUS) techniques have 
been widely used to estimate the size, shape and mechanical 
properties of tissue microstructure for specified regions of in-
terest (ROIs). For conventional methods, an ROI size of 4 to 5 
beamwidths laterally and 15 to 20 spatial pulse lengths axially 
has been suggested to estimate accuracy and precision better 
than 10% and 5%, respectively. A new method is developed to 
decrease the standard deviation of the quantitative ultrasound 
parameter estimate in terms of effective scatterer diameter 
(ESD) for small ROIs. The new method yielded estimates of 
the ESD within 10% of actual values at an ROI size of five 
spatial pulse lengths axially by two beamwidths laterally, and 
the estimates from all the ROIs had a standard deviation of 
15% of the mean value. Such accuracy and precision cannot 
be achieved using conventional techniques with similar ROI 
sizes.

I. Introduction

The frequency dependence of ultrasonic backscattered 
signals can be related to microstructural properties 

of the biological media such as the shape and size of sub-
resolution scatterers [1]–[3]. specifically, quantitative ul-
trasound (qUs) techniques have been used to describe 
microstructure through parameters such as the effective 
scatterer diameter (Esd) [4]. qUs images can provide a 
new source of image contrast different from conventional 
b-mode imaging.

Typically, regions of interest (roIs) are selected and 
the rF time signals corresponding to the selected roIs 
are extracted using a gating function. smaller roIs are 
preferred because they result in improved spatial resolu-
tion of parametric images and because smaller roIs are 
more likely to encompass tissue with uniform scattering 
properties. However, smaller roIs can produce high-fre-
quency fluctuations in the power spectra because of trun-
cation that can result in biased estimates and larger stan-
dard deviation. larger roIs can produce smoother power 
spectra by compounding spectra from independent lines. 
However, larger roIs reduce spatial resolution of qUs 
images and are more likely to include tissues with different 
scattering properties. Therefore, a trade-off exists between 

the size of the roI, the spatial resolution of qUs imaging, 
and the bias and standard deviation of scatterer property 
estimates [5], [6].

In the current study, a Welch’s method [7] is used with 
small window sizes to provide additional improvement in 
estimation standard deviation. The subsequent bias of 
scatterer property estimates for small windows is compen-
sated using a previously developed gate-edge correction 
method for ultrasonic backscatter [8].

II. Theory

a scattered signal from a media with nearly identical 
scatterers located spatially at random can be written as

 r t h t s t t s t t s t tN( ) ( ) [ ( ) ( ) ( )]= ... ,1 2 - + - + + -  (1)

where h(t) is the impulse response that incorporates the 
electromechanical characteristics of the transducer and 
diffraction, N is the total number of scatterers in the vol-
ume, and s(t − ti) represents the echo signal from the ith 
scatterer located temporally at time t − ti. For simplicity, 
the impulse response h(t) is assumed to be shift-invariant 
here, but can be implemented using h(x,t) if required. The 
sign  represents the convolution operator. The backscat-
tered power spectrum is the squared magnitude of the 
frequency domain scattered signal from a single scan line 
given by [5]
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where the first and the second terms represent the incoher-
ent and the coherent spectra, respectively. For a medium 
with randomly positioned scatterers, the form of N|S(f)|2 
can be modeled assuming that the incoherent spectrum 
is the backscattered spectrum and the coherent spectrum 
is small and acts as noise to the estimation process. The 
presence of the coherent signal usually increases the bias 
and standard deviation of the qUs estimates.

In the present work, the Welch method is used to ob-
tain smoother power spectra by compounding power spec-
tra from overlapping windows. However, unlike the con-
ventional Welch method, rectangular windows were used 
instead of tapered windows and smaller windows were 
used compared with conventional Welch techniques. cor-
rections for truncation error using the smaller windows 
were applied to reduce the bias of spectral estimates [8].

The smoothing of the backscattered power spectrum us-
ing Welch’s approach can be explained by considering scat-
tering from a finite number of randomly located scatterers. 
The coherent part of the backscattered power spectrum re-
sults from a finite number of scatterers located within the 
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range gate. The coherent part of the backscattered power 
spectrum is characterized by the cosine terms in (2). The 
frequency of the oscillations of the coherent spectrum are 
dictated by the separation of the scatterers in the range 
gate, tn − tm. because of the smaller gate lengths in the 
Welch’s method the cosine terms with larger values of [tn − 
tm] are eliminated, which is similar to applying a low-pass 
filter on the coherent noise in the power spectrum. as a 
result of this filtering, the spectrum is smoothed.

When a time-domain signal is truncated using a rect-
angular window, the signal will be truncated at the edge 
of the signal with a sharp discontinuity, resulting in add-
ed low- and high-frequency components in the backscat-
tered power spectrum. oelze and o’brien [8] developed 
a method to correct for truncation errors introduced by 
small gate lengths in ultrasonic backscatter. In the current 
work, the nonconventional Welch method is used in con-
junction with the gate edge correction factor to decrease 
the bias and the standard deviation of the estimated Esd 
by using small Welch windows, i.e., windows only a few 
spatial pulse lengths (sPls) long.

The new method is computationally costlier than the 
other two methods because it involves an iteration process 
for the algorithm to converge within the given tolerance 
limits. For all of the results shown here, the algorithm 
converged to the solution within two iterations using a 
10% tolerance limit. Generally the computation time for 
the new method is linearly proportional to the number of 
iterations used (i.e., two iterations will take twice as long 
as the conventional method) because the Esd estimation 
algorithm is executed at each iteration.

III. simulation and Experimental methods

simulations were conducted to predict the improve-
ments afforded by combining the Welch’s method with 
small windows and the gate-edge correction technique. 
The software phantoms were constructed in maTlab 
(The mathworks Inc., natick, ma) as discussed in a pre-
vious study [5]. a three-dimensional volume matrix was 
constructed that was 10 mm in depth, 20 mm in the direc-
tion parallel to the transducer face, and 2 mm in height. 
The simulated source was placed 50 mm from the front 
surface of the numerical phantom. The source consisted of 
a sinusoidal pulse with center frequency of 10 mHz and a 
pulse length of approximately 1.5 cycles. The beamwidth 
(−6 db) was 600 μm for the source, assuming a Gaussian 
beamwidth for an f/4 aperture having a focal length of 
50.8 mm and aperture diameter of 12.7 mm. scatterers 
were placed at random spatial locations in the phantom 
volume using a uniform probability density function; over-
lapping of scatterer locations was avoided.

The first simulation consisted of a software phantom 
containing spherical Gaussian scatterers with 15 scat-
terers per resolution cell volume on average. The spheri-
cal scatterers had an effective diameter of 50 μm, which 
corresponds to a ka value of 1 at the center frequency 

of the excitation pulse. The attenuation coefficient was 
set to 0.5 db∙mHz−1cm−1 in the phantom and the speed 
of sound was 1540 m/sec. The gate-edge correction fac-
tor was calculated. roIs with different axial and lateral 
lengths were examined and the bias and standard devia-
tion versus roI size were estimated for Esd using the 
new method. For comparison, the estimates were also 
obtained using a conventional rectangular window cover-
ing the whole roI axial length and a conventional Welch 
method. For the conventional Welch method, a Hanning 
window of half the size of the total roI axial length was 
used for the Welch sub-gate length with a window overlap 
of 50%. Typically, the standard deviation is minimized 
with 50% overlap [9]. multiple estimates of the Esd were 
obtained from different roIs. The standard deviation and 
bias of the estimates were calculated to quantify the preci-
sion and accuracy of the estimation methods.

The second software phantom was constructed with a 
cylindrical lesion having a diameter of 6 mm located at the 
center. The height of the cylinder was equal to the height of 
the numerical phantom. The scatterers in the background 
and in the lesion had Esds of 40 μm and 80 μm, respec-
tively. The attenuation coefficient in the background and 
in the lesion was set to 0.5 db∙mHz−1cm−1. The scattered 
pulses were created based on the exact solution for scat-
tering from glass spheres over the simulated source band-
width [10]. qUs images were constructed of the simulated 
phantom and the contrast of the lesion in an image was 
assessed using the contrast-to-noise ratio (cnr) metric 
[11]. The cnr is defined as
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where μb and μl are the mean brightness of the background 
and the target lesion and sB

2  and sL
2  are the variance of the 

background and target lesion, respectively. cnr computa-
tions were conducted on the b-mode and Esd images. In 
this simulation, the exact location of the lesion was known. 
Therefore, the pixels within the lesion and outside the le-
sion are referred to as the target and the background, re-
spectively. an increased variance of scatterer property esti-
mates will result in more variations in pixel color both in 
the lesion and background of the Esd images. as a result, 
with larger variance in the scatterer property estimates, the 
cnr will degrade. It is predicted that improving the vari-
ance of scatterer property estimates using the new Welch’s 
method should result in improved contrast of the lesion as 
quantified by an increasing cnr.

Finally, to validate the simulations, experimental mea-
surements were conducted on a tissue-mimicking phantom 
containing glass-bead scatterers of diameter 41 ± 2 μm 
placed spatially at random in an agar background. The 
phantom measurements were made with a single-element 
weakly-focused transducer (f/4) that had a 7.5-mHz cen-
ter frequency as measured (resulting in a ka of ~0.61 at 
the center frequency). The transducer had a focal length 
and aperture diameter of 76.2 mm and 19.05 mm, respec-
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tively. The −6-db pulse/echo bandwidth of the transducer 
was 6 mHz and the −6-db pulse/echo beamwidth at the 
focus was measured to be 0.8 mm using a wire technique 
[12]. The pulse reflected from the Plexiglas was used as 
the reference pulse in the spectral normalization.

The experiment was performed in the normal incident 
configuration, in which the normal to the transducer was 
perpendicular to the front surface of the phantom. The 
attenuation coefficient of 0.19 db∙mHz−1cm−1 was esti-
mated from the physical phantom using an insertion loss 
method over a range of 1 to 18 mHz. The phantom had a 
glass bead density of 47 mm−3. Estimates of the scatterer 
diameter were obtained from roIs in the phantom. The 
bias and standard deviation of estimates were calculated 
from the estimates from several roIs using the different 
methods and compared.

IV. simulation and Experimental results

The estimated backscatter coefficients (bscs) from 
single roIs of different sizes using the three different 
methods and the theoretical bscs are shown in Fig. 1. 
although the conventional Welch method reduced the 
high-frequency fluctuations, the new method minimized 
the high-frequency fluctuations even more because smaller 
gate sizes could be used. The smaller high-frequency fluc-
tuations in the bsc curves should result in a decreased 
bias and standard deviation of estimates. mean squared 
error (msE) was calculated for each method using dif-
ferent roI sizes to quantify the goodness of fit between 
the theoretical backscattered coefficient and the estimated 
values using the different methods as shown in Table I. 
The bsc obtained using the new method had smaller 
msE values than the other methods.

The bsc obtained from the new and the conventional 
methods were then analyzed to estimate Esd. The Esd 
was estimated by using born’s approximation and single 
scattering assumption [13]. The percentage errors in the 
estimated Esds were calculated by comparing the esti-
mated values to the actual values of the Esd. The per-
centage errors for Esd estimates and the absolute stan-
dard deviations of the estimates using various sizes of the 
roIs are shown in Fig. 2. The lateral sizes of the roIs 
are shown in terms of number of beamwidths used. The 
separation between consecutive scan lines was 0.2 mm, 
which corresponds to 1/3 of the source beamwidth. The 

new method resulted in improvement both in terms of the 
bias and the standard deviation of the Esd estimates as 
compared with the other methods for small roI sizes. For 
larger roIs with a lateral size of 4 beamwidths, the three 
methods yielded approximately equal trends in the bias 
and the standard deviation of the estimates. For an axial 
roI length of 10 sPls, the new method resulted in low 
bias (less than 5%), even when few scan lines were used.

The second simulated phantom had a lesion at the 
center of the scattering volume. a conventional b-mode 
image of the phantom is shown in Fig. 3(a). In the b-
mode image, the contrast between the lesion and the back-
ground is low (Table II), such that the lesion cannot be 
distinguished from the background. qUs images of the 
phantom were constructed and enhanced by the estimated 
Esd as shown in Figs. 3(b)–3(d) using the three different 
methods. The sizes of the roIs were 5 sPls axially and 
3 beamwidths laterally. roIs were overlapped by 80% to 
achieve smaller pixel sizes in the qUs images. The qUs 
image constructed using the new method was observed to 
provide better contrast than the image constructed using 
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Fig. 1. simulated backscattered coefficients using various roI sizes of 
(a) 5 spatial pulse lengths (sPl) axially by 1 beamwidth (bW) laterally, 
(b) 5 sPl axially by 2 bW laterally, (c) 10 sPl axially by 1 bW later-
ally, and (d) 10 sPl axially by 2 bW laterally. circle, asterisk, square, 
and triangle denote results from the non-Welch method with rectangular 
window, conventional Welch method, the new method, and the theoreti-
cal backscatter coefficient (bsc), respectively.

TablE I. mean squared Error for Three different methods* Using Various roI sizes. 

roI size 
(axial × lateral)† method I method II method III

5 sPl × 1 bW 11.07 4.98 2.58
5 sPl × 2 bW 5.64 2.16 0.78
10 sPl × 1 bW 14.24 6.26 0.59
10 sPl × 2 bW 6.81 1.92 0.38

*methods I, II, and III refer to non-Welch method with rectangular window, conventional Welch method, and 
the new method, respectively.
†sPl = spatial pulse length; bW = beamwidth.



the conventional method. Using (3), the calculated cnr 
values were 1.37, 1.31, and 1.85 for the non-Welch, con-
ventional Welch and the new method, respectively. The 
various statistical quantities for the three different meth-
ods are shown in Table II. The non-Welch and conven-
tional Welch methods estimated higher Esd outside the 
lesions for both smaller and larger roI sizes, which can 
be observed from the bright red pixels in the images out-
side the lesion shown in Figs. 3 (color in the online image 
only). The new method resulted in better cnr for smaller 
roI sizes compared with the other methods. Thus, the 
spatial resolution of the qUs image can be improved with 
the new method by using smaller roIs and achieving 
similar cnr compared with using the larger roIs. Us-
ing the new method resulted in higher cnr because the 
variance of the estimates decreased but the mean of the 
estimated quantities did not change significantly, thus also 
improving the spatial resolution. It should be noted that 
the cnr of the qUs images improved significantly when 
compared with the conventional b-mode image.

Finally, backscatter experiments were conducted in 
the physical phantoms. The distance between consecutive 
scan lines was 0.4 mm, which corresponds to 0.5 beam-
widths. The gate-edge correction factor was calculated 
using established theory [10]. The results using different 
roI sizes are shown in Fig. 4. For smaller roI sizes, the 
new method had lower bias and standard deviation in the 
estimated Esd than the other two methods. When lateral 
roI sizes larger than 5.5 beamwidths were used, all the 
three methods resulted in low and approximately similar 
bias and standard deviation in the estimated Esd. The 
characteristics of the experimental and simulation results 
agreed well with respect to the estimated Esd for particu-
lar roI sizes.

V. conclusion

The new method estimated Esd with lower standard 
deviation when small roI sizes were used compared with 
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Fig. 2. Estimated Esd from simulated phantom for randomly spaced 
Gaussian scatterers in terms of (a) percent error of estimation using 5 
spatial pulse lengths (sPl) axial roI size, (b) absolute standard devia-
tion using 5 sPl axial roI size, (c) percent error of estimation using 10 
sPl axial roI size, and (d) absolute standard deviation using 10 sPl 
axial roI size. circle, asterisk, and square denote results from non-
Welch method with rectangular window, conventional Welch method, 
and the new method, respectively. The horizontal axis is shown in terms 
of beamwidths (bW).

Fig. 3. (a) b-mode image of the simulated phantom with an inclusion at 
the center. Parametric images enhanced by effective scatterer diameter 
using (b) non-Welch method, (c) conventional Welch’s method, and (d) 
new method. The size of each region of interest is 5 spatial pulse lengths 
and 3 beamwidths in the axial and the lateral direction, respectively. The 
thick broken lines denote the boundary of the lesion. 

TablE II. statistical Properties of the quantitative Ultrasound Image Enhanced by Effective 
scatterer diameter Using different methods* for the Images shown in Fig. 3. 

μb μl σb σl cnr

b-mode 157.65 160.52 1764.74 1779.18 0.0482
method I 128.44 88.93 244.30 591.97 1.37
method II 131.37 94.87 275.30 529.39 1.31
method III 115.19 67.90 330.48 322.68 1.85

*methods I, II, and III refer to non-Welch method with rectangular window, conventional Welch method, and 
the new method, respectively.



conventional windowing and a Welch method. The new 
method estimated Esd with less than 10% error even for 
the smallest roI size considered in the study. all three 
methods estimated Esd with similar performance when 
the size of the roI was larger than 10 sPls axially and 
5 beamwidths laterally. The results of the study indicate 
that the new method can be used to estimate qUs pa-
rameters from smaller roIs with lower bias and standard 
deviation.

The new method resulted in higher precision of the 
Esd estimates, resulting in higher spatial resolution qUs 
images. The new method has the potential to decrease the 
roI size by half while maintaining comparable accuracy 
and precision in the Esd estimates. Therefore, the new 
technique has extended the trade-off between spatial reso-
lution in qUs imaging and the bias and standard devia-
tion of qUs estimates.

appendix

It should be noted that [8, Eq. (17)], which is the av-
eraged backscattered power spectra caused by scattered 

wavelets truncated over the length of the scattered pulse, 
is corrected as
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where α(f) is the frequency-dependent attenuation coef-
ficient, x0 is the distance from the beginning of the inter-
rogated medium to the front edge of the gated region, and 
tp is the time duration of the echo signal. The function s(t) 
is approximated from the excitation pulse and scatterer 
properties, and g(t, t′) is a rectangular gate function.
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Fig. 4. Estimated effective scatterer diameter from experimental data for 
glass beads in tissue-mimicking phantom in terms of (a) percent error 
using 5 spatial pulse lengths (sPl) axial roI size, (b) absolute standard 
deviation using 5 sPl axial roI size, (c) percent error using 10 sPl 
axial roI size, and (d) absolute standard deviation using 10 sPl axial 
roI size. circle, asterisk, and square denote results from non-Welch 
method with rectangular window, conventional Welch method, and the 
new method, respectively. The horizontal axis is shown in terms of beam-
widths (bW).




