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Abstract— This paper describes how the recently developed
constrained least squares (CLS) filtering algorithm can be
made iterative to improve the resolution gain (RG) of medical
ultrasound images. We propose the use of the iterative CLS
(ICLS) filter, by incorporating the recently proposed ultrasound
tissue model, to account for the random fluctuations of the tissue
signal within the received ultrasound radio frequency (RF) echo
signal. The resulting improvement in RG is demonstrated by
eight different abdomen ultrasound images where progressive
improvements in both the axial and lateral directions can be
observed.

[. INTRODUCTION

The ultrasound imaging is one of the most widely used
medical modalities for diagnostic. Unfortunately, there are
several limiting factors that can result in lower spatial resolu-
tion. These factors include the finite bandwidth of the scanner
probe and the spreading ol the ultrasonic pulse-ccho wavelet
through the tissue due to frequency-dependent attenuation,
dispersive, and phase aberration [1], [2].

In the RF domain, the ultrasound image formation process
can be modeled as a spatio-temporal convolution between
the ultrasound pulse-echo wavelet, or point-spread function
(PSF), and the tissue response [1]-[5]. Based on this, more
recent works formulate the restoration of the tissue image
as a deconvolution problem. An advantage of this approach
is that, if the spatially variant two-dimensional (2-D) PSF
is estimated accurately, high resolution of the deconvolved
image can be achicved.

Recently, a CLS filter is proposed which incorporates
a ncw ultrasound tissuc modcl for the deconvolution [6].
The inclusion of this model into the received pulse-echo
pressure field reveals that there are two different natures of
noise sources existing in the received ultrasonic RF echo.
One is inherent in the tissue response and the other is
the measurement noise. And a desirable ultrasound image
requires that effects of both kinds of noise be suppressed. The
CLS filtering algorithm based on this new model combines
the optimal Wiener filter to reduce the measurement noise
and the constrained LS filter to suppress the fluctuations in
the tissue signal.

In this paper, we propose an ICLS filtering algorithm that
iteratively computes the CLS filtering algorithm on the error
signal thereby improving the resultant deconvolution image
resolution progressively in term ol resolution gain (RG).
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Fig. 1. Block diagram of the ultrasound convolution model.

The paper is organized as follows. Section II introduces
the ultrasound tissue model, the convolution model of the
RIF ¢cho, and a briel description of the CLS filtering algo-
rithm. Scction I presents the ICLS filtering algorithm. In
Scction 1V, experiments and results of the proposcd algorithm
on rcal ultrasound RF data arc presented. Finally, Section V
concludes the paper.

[I. PROBLEM FORMULATION

Under the assumptions of linear propagation and weak
scattering, an expression for the received pulse-echo pressure
field in the RF domain was derived using the first-order
Born approximation presented in a convolution model in the
following form [1], [2], [4]-[6]:

y(m,n) :’U(m7n)*s(man)+w(m7n)v (D

where m and n are discrete indices representing the sampled
2-D horizontal and vertical coordinates respectively, y(m,n)
is the ultrasound RF echo, v(m,n) is the 2-D PSF, s(m,n)
is the tissue response, w(m,n) is additive noisc, and “x’
denotes the discrete 2-D linear convolution.

Generally, the tissue signal is represented by scattered field
as sum of the average field and the fluctuating field [7], or it
is decomposed into a coherent field and a diffused component
[8]. This means that s(m,n) can be modeled as [6]:

s(m,n) = f(m,n) +d(m,n), 2)

where f(m,n) is the noiseless tissue which is the signal to be
displayed, and d(m, n) is the diffused component is a random
process [8]-[10]. Since the desired tissue image is f(rn,n)
and it is a convolution component of y(rm,n), the process of
recovering f(m,n) from y(m,n) is known as deconvolution.
The block diagram of the ultrasound convolution model is
shown in Fig. 1.
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The proposed ICLS filtering algorithm of this paper for
dealing with the blind deconvolution problem is an extension
of the CLS filter described as Tollows. If the cffects of noise
are omitted, i.e..yrp(m,n) = y(m,n), a good restoration
should give a blurred estimate approximately given by:

U(ma TL) * f(ma ’I’L) = yfn(ma TL), 3

where f(m,n) denotes an estimate solution of f(m,n).
In the presence of the randomness in yf”(m.n), 1e.,
v(m,n) % d(m,n), the application of an inverse filter can
cause problems due to the exact fitting to the noisy data.
A reasonable expectation for the restoration which accounts
for the noise term is that it satisfies the following norm
constrained condition:

[[ygn(m,n) —v(m,n) = f(m, n)‘|2 = [Jv(m,n) *d(m7n)|‘23
C)
where |[ - [] is the L* norm. This implics that we seleet

f(m,n) such that. if it is blurred by v(m,n), the result will
differ from y,,(m, n) as little as possible in the mean-square
sense.

We proceed on to set up a constraint minimization prob-
lem by selecting a weighting function 2(m,n) as a de-
sired linear operation on f(m,n). The constrained least
squares minimization problem minimizes the criteria func-
tion ||Q(m, n)||? subject to the norm constraint (4) [117, [12].

Using the method of Lagrange multipliers gives the esti-
mated noiseless tissue image:

Fon.m) = axgrmind 2m, ) =2 (7 (om0

o) flonen) | = o(m )« donon) 2) .9

where A is the Lagrange multiplier.

Let F; denotes the 2-D Fourier transform, Ii.e.,
Y{wm, wn) = iny(m,'n)},vV(w,,L,w,,) = Fs[v(m,n)],
Fo[Qm,n)] = Qw,, w,) Flw,,,w,), where *’ denotes
complex conjugate, and H (wy,,wy) is the Wicner filter.

It has been shown in [6] that the Lagrangian minimization
of (5) can lead to:

- V{(wyy ) Y (W, wy)

F(W‘mvw‘n) — 0 ) 5 (6)
2 (W i W,
|V (w’”" w”')| + Viwm wa ) H(wh wh)
where v = 1/A is the reciprocal Lagrange multiplier and

must be adjusted iteratively to satisfy the constraint.

The derivation of the proposed ICLS filter is based on
the CLS filter elaborated as follows. Let the estimated tissuc
image during the ith iteration be F(wm, wn) = F(wm, wy)—
AF; (W, wy). Applying the deconvolution algorithm derived
in (6) iteratively, the error at the ith iteration being the
difference between the observation and the re-blurred ith
estimate and is given by:

V(wm» wn) ]:—‘i(wm7wn) (7)
= ""Y(wmrwn) [AE (wma wn) + D(wm» wn)] + I/][”/v(wm s wn) .

ei(wmvw‘n) — Y(wnmwn) -

It is shown that (7) is of the same form as the model in
Fig. 1. with F(wyy,,wy,) replaced by AF;(wyy,, wy,). Therefore,
we may deduce an estimation of AF;(wy,,wy) following the
form of (6) as below:

o |4 ) € 3
AFi (wm7wn) = (wm wn) el(an(l (Un) ) 5 -
Wm ,Wn
IV wms wn)l* + | v T oo o
(8)

Then, we can update our estimation of F(w,,w,) as
follows:
Fi+1 (wmawn) — Pi(wm7wn) + AFi(wm-, wn)- (9)
. Because €i+1 (Wmv W‘n) — ) (W:n,» wn) - V(wm 9 wn) X
Fi 11 (Wi, wy), by simple substitution of (9) into it, we obtain
the following relation between the errors at ith and (4 4 1)th
iterations:
2

/ QUwmawn)
T Vigm,wa) Hwmwn)

(~i(wm7 wn)

iyl (Wma wn) —

9 ' QWi wa ) 2
[Viwmswn) * +7 o Moo
' (10)
Since ‘V(wm:wn)? > 0, :Q(wm:wn)? > 0 and

Y H (Wm,wy) ? > 0, it is shown that €41 (W, wy)|? <
l€; (wyn,wn) ? and hence the error reduces with an increases
in the number of iterations.

In practice, the true PSE, V(w,,,, w,,), is not known. Under
this circumstance, its cstimation \v/(wm,wn) is used in (6)
and (8). This substitution imposes an unavoidable error to the
estimation which can only be alleviated by the use of a better
PSIF estimation algorithm. In the following, we claborate the
accuracy of the iterative algorithm when it is equipped with
the estimated PSF.

Let the estimated PSF deviate from
the true PSF by  AV{wg,,w,) such  that

Viwmown)=V{wm, wn) —AV (W wy). Thus, in the
proposed iterative deconvolution algorithm, the error at the
ith iteration is given by:

€ilwm,wn) =Y (Wi, wn) — V(“’mﬁ”n) Fi(wmawn)
= 1"7(’~’J771-,’~’~171> [AFz'(wm-,wn) + D(wmawnﬂ (11)

+ AI"'?<L"'771,- Wn) [F(anaWn) + D<wm' ’un)} + VV(UJ,,,,., w”) :

In this case, il we let Glwn,,w,) = €lwy,w,) —
AV (W wi) [ I (Wi wi,) + D (wyn, wy,) ], we will have:

Ci(wnmwn) — V(wwm wn) [Mz (wm- wn) - D(wmewrz)}
= W(Wmvw‘n)- (12)

Equation (12) is again ol the same form as the pro-
posed new model in Fig. 1 with V (w,,,w,) and F(wy,,wy,)
replaced by \U/(w,,,,,wn,) and AF;(wy,,wy) respectively. Tn
this sense, we may deduce an estimation of AF;(w,, w,)
following the form of (8) with (;(w,,,w,) in place of
€i{wm,wp). Thus, the estimated tissue signal is updated as
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follows:

Fi, 11 (wm 5 wu,) :lj‘/ (U),,,,, Wu) + AI\TJ‘/ ((U,,,,, W:l,)
:Fi (W'nn wn) +

V(Wwm,wn )™ §i(Wm,wn)

X7 wm sWn 2
[V(wm wn)*+y ‘ V(wm?w(n)Hw:mwn) (13
=Fi(wm,wn) +
Vi{wm,wn)* £i(Wm,wn)
2

_ Qwm.wn)
Viwmwn) H(wmwn)

|V (wmswn) 247 |

where F (Wi, Wn) = ﬁ’(wm,wn) and &;(wyy,,wy,) is given as
follows:
51 (wnm wn) = Z €4 (wnm wn)*
1
7.’ X AV(wm,wn) [F(w‘m ’ wn) + D(wm:wn) } .

(14)

When there is no error in the 2-D PSF estimation, we will
have AV (wy,,wy,)=0. Thus, equation (14) rcveals that an
unavoidable error occurred in the iterative filtering algorithm
due (o an inaccuracy in the estimation of the 2-D PSE
This error appears in the right hand side of (14) associated
with AV (w,,,, w,) and it incrcascs along with the number of
iterations.

[II. EXPERIMENTAL RESULTS AND
DISCUSSIONS

A set of eight different unfiltered RF data is recorded
from the abdomen of adult volunteers with a VIVID3 (GE,
Medical ultrasound, Inc.) commercial ultrasound scanner,
equipped with a special data-transfer board. These data are
obtained by a linear array probe, with a central frequency
of about 3.5 MHz. The images are simple in visualizations
and do not require a scan conversion stage. The data are
acquired with a single transmission focal point, localized
approximately at the center of the ficld of view. All the data
are composed, on average, of 200 RF-line, each of 1024
sample points in length. The sampling rate and resolution
are 20 MHz and 16-bit, respectively.

The convolution model assumes a spatially invariant 2-
D PSF. However in the real ultrasound RF data, the 2-D PSF
is expected to varying in some extent. Thus, we segment the
whole piece of ultrasound RIF data into various overlapping
segments and each of these segments can be considered to be
the convolved result of a spatially invariant 2-DD PSF and the
noisy tissue image. As the sample RF data is prolonged in the
axial direction with a size of 1024 by 301, the segmentation
is only performed in the axial direction.

In the experiment, the estimation of the 2-D PSF is
accomplished using the complex cepstrum method [2], [5],
[6]. Each 2-D PSF cstimate is based on sampled RF data
from a block of 32 x 64. This setting is obtained empirically
and should be large enough to accommodate the spatial
extent of the 2-D PSF throughout different imaging depth.
The RF images are then segmented into various rectangular
blocks of 70 % overlapping. Among them, thirty blocks that
have envelope SNR closer to 1.91 are undergone the 2-D PSF
cstimation.

The Estimations are performed in the cepstral domain
using a 2-D Butterworth lowpass filter that has an order of
5, and cutoff {requencics of 0.5 and 0.7 in the axial and
lateral axes respectively. The active map in the weighted
LS phase unwrapping algorithm [6], [13] is set to 100 %
and 30 % in the axial and lateral axes respectively. The
estimated PSFs are averaged to improve the robustness of
the estimation. This method is proposed by Oppenheim and
Schafer in [14] which shows that homomorphic estimation
of the PSF is feasible in the cepstral domain. Under this
circumstance, the 2-D PSF V(w,;,,w,,) is substituted by its
estimation V (Wanys W ).

The assessment of the ICLS filter performance is ac-
complished based on RG which is defined as the ratio
of the correlation lengths of the RF data before and after
deconvolution. Tt is computed for both the -5 dB and -
10 dB corrclation lengths of the RF data corresponding
to the images before and after deconvolution. Defining the
resolution at two different dB levels allows us o have a better
idea of the shape of the 2-D autocovariance function (ACF).
These computations are performed on both the axial slice,
Ago, and lateral slice, Log, where they are extracted through
the peak of the 2-D ACF. Fig. 2 illustrates the computation
of the RG bascd on the envelope of Agg and Ly,.

Fig. 2. Computation of the resolution gain based on the axial and lateral
slices of the ACF. Envelopes of the (a) Apg, and (b) Lpp corresponding
to that of the original image (---) and the deconvolved image ( ) with the
RG _54p and RG_1p4p lines.
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TABLE |

RESOLUTION GAINS OBTAINED DUE TO DECONVOLUTION USING THE PROPOSED CLS AND ICLS FILTERS

COMPUTED IN THE RF DOMAIN. THESE VALUES ARE TABULATED IN TERMS OF MEAN + ONE STANDARD

DEVIATION.
.. Axial slice, Agg Lateral slice, Lqg
Description ;
crp RG sap [ RG 1oap RG 5ap [ RG 1048
CLS filter 1.7214 — 0.2266 1.9341 + 0.5954 [.3151 £+ 0.1654 1.3671 + 0.2036

ICLS filter,

_ 2 2
10 iterations 18330 = 02372

2.1635 + 0.4732

1.4461 + 0.2555 5081 + 0.3069

ICLS filter,

565
20 iterations 18565 + 0.2548

2.1923 £ 0.4925

1.4784 £ 0.2857

5465 £+ 0.3421

ICLS filter,

QT
30 iterations 1.8679 4 0.2651

2.2047 £ 0.5040

1.4999 £ 0.3068

5710 £ 0.3675

Table I tabulates RG under different iterations. As shown,
the results clearly indicate a progressively improvement in
RG. The original and the deconvolved images under 30
iterations is depicted in Fig. 3(a) and Fig. 3(b) respectively.
The figure can show that the size of the speckle is reduced
and the tissue structures arc better defined in the deconvolved
ultrasound image.

Fig. 3. Ultrasound image of the human abdomen acquired by the linear
array transducer. (a) Original, and (b) ICLS filtered image, y=10 2, and
30 iterations.

IV. CONCLUSION

This paper has presented an ICLS filtering algorithm
which can show progressively improvement of the decon-
volved ultrasound image quality in terms of resolution gain.
It is an extension of the CLS filter which combines optimal
Wicner filter and constrained LS filtering algorithms for the
estimation of the tissue image. Our experimental results have
achieved an improvement in the deconvolved image quality.

will incur using the cstimated 2-D PSE Since the true 2-
D PSF in the tissue cannot be known, this issuc will be
addressed in future through analytical and simulated studies.
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