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Abstract— In ultrasound elastography, tissue axial strains
are obtained through the differentiation of measurd axial
displacements. However, during the measurement press, the
displacement signals are often contaminated with de
correlation noise caused by changes in the speckbattern in
the tissue. Thus, the application of the gradientmerator on the
displacement signals results in the presence of aliffied noise
in the axial strains, which severely obscures the seful
information. The use of an effective denoising sche is
therefore imperative. In this paper, a method basean a two-
stage consecutive filtering approach is proposed rfothe
accurate estimation of axial strains. The presentednethod
considers a cascaded system of a frequency filtené a time
window, which are both designed such that the ovellasystem
operates optimally as a minimum variance estimator.
Experimentation on simulated signals shows that thewvo-stage
scheme employed in this study has good potential aglenoising
method for ultrasound elastograms.

. INTRODUCTION

(healthy) medium and the (potentially maliciousglirsion,
where relatively higher frequencies are preseniceithe
gradient operator is known to boost high frequendiee
noise components mainly dominate the resultingt@ggam.
Denoising of the elastogram is clearly necessaoyydver,
the application of a conventional low-pass filtes
problematic due to the global effect of the cutfoéfiquency
on the signal. If the cut-off threshold is set tiowv then
noise will be eliminated at the expense of a Idsgsolution
around the boundary of the inclusion. On the otfend, if
the cut-off is set higher then undesirable amouwitaoise
will also pass through. Therefore, any scheme based
single filter would be unable to denoise elastobyagignals
effectively.

Alternative denoising methods such as those based o
discrete wavelet transforms (WT) [3], [4], fractar~ourier
transform (FrFT) [5] and short-time Fourier tramsfo
(STFT) [6] have been proposed for the accuratenesidn

ltrasound elastography is a relatively new medicaf strain signals. Despite the preliminary natuir¢he above
technique which can provide images of the straiorks, the presented results appeared promisingeier, a

distribution of soft tissue under static compresdip]. It is
most commonly used to reveal changes in the tistfiieess
which may be due to abnormal pathological processesh
as cancer. A strain image is obtained by recorstigiche
mechanical properties of the tissue based on memsunts
of internal deformations when small amounts of ek

compression are applied to the tissue. The exert@gterference in

compression induces a displacement of the non-umifies
in the tissue which can cause scattering of theasdund
wave. Thus, by comparing ultrasound readings beéo
after compression the induced displacement ofiise¢ can
be determined [2]. Finally, the strains are calmdaas the
first-order derivatives of the measured displacamemhe
resulting strain matrix which is typically displaes a grey
scale image is called the elastogram.

Unfortunately, the spatial distribution of the tiss
scatterers used for displacement tracking undergbasges

number of limitations seem to be inherent in those
approaches. For example, the efficiency of wavelet
denoising heavily relies on a number of factorshsas the
choice of basis functions, the number of decomosit
levels, and the thresholding strategy. Even worte,
truncation of wavelet coefficients often generates
the form of pseudo-Gibbs artifacts.
Meanwhile, the efficiency of methods based on t€lFand
STFT - at their current phase — also depends oririeaify-
determined parameters.

The method proposed here is based upon the idea of
filtering consecutively in different domains [7].u&h an
operation was shown to potentially outperform amgle-
stage filtering approach. In this work, a two-stagsoising
system is employed which consists of a Fourier-doma
filter followed by a time-domain window. Followinthe
method in [7] both the frequency response of therfand

under the applied compression (speckle pattern dge shape of the time window are designed such ttiet

correlation) and thus, the measured displacemestsrbe
corrupted with noise. Although the statistics a$thoise are

overall system yields an optimal result in a minimu
variance sense. We further compare the performahtiee

unknown, the desired signal consists largely of lowroposed method with that of a single-stage optiitter as

frequencies apart from the areas of the boundawydsn the
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well as with the STFT and FrFT-based approachesgusi
simulated elastograms.

Section Il provides a concise overview of the tledoal
background and describes the algorithm. In sectibn
experimental results are provided. Conclusions faraly
drawn in section IV.



Il. THEORETICAL BACKGROUND (2). The non-linearity of the problem makes it id#lt to

A. Optimal frequency-domain filter 4

In measurements under additive noise, the following <

observation model can be assumed in discrete form: ™
y=x+n, () (a)

wherey. x,n are column vectors of sid¢ representing the
acquired signal, the ideal process, and the neiaksation, 4 4,
respectively. The goal of the filter is to find astimate s ,
which would be as close as possible to the igedl natural y X
optimality criterion is the mean square error (MSEhich
can be defined as: (b)

mse(X) = iE x—-xl°], (2) Fig. 1 (a) Block diagram of a single stage filig), Block diagram of the
] o two-stage filtering approach.
which, due to Parseval’s relation is also equal to:

msef) = ~E[X—X], @A) _ . _
H find an analytic solution. A usual approach in such
whereX is the Fourier transform cf, i.e. X = F &, with F  optimisation problems is to adopt an iterative pohae in
being the DFT matrix. For the common setting degidn ~ which one function is optimised at a time by keepthe
Fig.1a it holds that: other fixed to its values obtained during the pdétg
- iteration. Such an approach has also been followgd] and
X=4F @) s briefly summarised in the following paragraphs.

whereY = Fy, and . is a diagonal matrix whose non-zero At the beginning, both the diagonal matricés and .1,
elements(ho,h, ...,h..) form the frequency response of the?r® initialized to identity matrices. Then, stagtiwith the
filter. By minimising (3) with respect ttho,hy, ...,h.1) theN first function k, , an estimate for its optimum expression can

components of the optimal frequency response can BE calculated based on (5). o _ _
determined as: In the second iteration, the preliminary solution %, is

used to obtain an initial estimate of the optimizmn Thus,
i=01...N-1, (5) (7) can be written a% = A4, By, where4 = I (the identity
matrix) and & = F .4, F. Minimising (2) yields [7]:

Under the assumption that the noise is independetite

ideal signal, (5) can be expressed as: hy =D""c , (®)
_— £|lxla12] ©) where I = (4% 4] « 'Z:BR_,.J.BH:Z"', and “* denotes the
PR Elx I+l NI element-wise multiplication between two matricekeveas
which is the ensemble average energy density obidreal ¢ = ﬁfm!?_'l-"l'fﬁx_rffﬁj'- Also, R, = E[xy™] and
at the time instant, divided by the sum of the ensemblef,.,. = Elyy®] are correlation matrices, which under the
averages of the energy densities of the signahaisk at the assumption of the noise being independent of thalisignal
same time instant. can also be obtained &s, = ., and Ry, = ., + R,...
B. Optimal two-stage filtering system The third iteration focuses back cdiy with (7) now
expressed ax = 4.4, By, whered = /i, Fand 8 =F. By

Considering the system configuration shown in Hib,

the estimaté is equal to: minimising (2) the solution is obtained similarly (8), i.e.

hy = D~%c , with D and ¢ having the same structure as
=4, FA,Fy, (7) before.
The above steps are repeated with and h, being

where updated accordingly at each iteration. Once thetisois
hey 0 = 0 07 converge the iterations stop.
. '3 . '3 k=1 2 C. Best-case scenarios
SR D ' D ’ - The motivation for investigating the above twaest
0 0 o 0 hooo filtering scheme as a possible method for enhancing
o ultrasound elastograms arises from the performance
with  ky = diag{iy), i.e. hy =(hiohiy....,hing) and advantages that this approach may have over a esimpl

Fey =(ho0,hz14,...,1b 1), being the frequency response of theingle-stage filter. To illustrate this, we compdne best-
filter and the window function, respectively. Thigiective is case scenarios for both filters, i.e. assumingttastatistics
then to determine the optim#; and k; which minimise of the ideal signal and the noise are known, weméxe



what is the optimal result that can be achieveddwph of the
two methods.

Fig. 2a depicts a noise-free (ideal) simulatedtetaam,
and Fig. 2b shows a realization of the corruptedtegram.
The denoised result of the single-stage optimaeérfilis
presented in Fig. 2c, whereas the result basedhen |
application of the two-stage scheme is shown in Eij It is
clear that the second method yields a much moraratec
estimate of the ideal elastogram.
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Fig. 2. (a) Simulation of ideal elastogram, andadmyupted elastogram

(SNR= - 16.28dB). Recovered elastogram after dempigith: (c) the
single-stage optimal filter, and (d) the optimabtatage system.

I1l. EXPERIMENTAL RESULTS

and the consequent distortion of the elastogram loan
appreciated.
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Fig. 3. (a) Noisy displacement profile taken alting center of the
displacement image (l§}alculated axial strain slice (dotted line) taken
along the center of the resulting elastogram ceterhto the ideal axial

strain (solid line).
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The contrast-to-noise ratio (CNRproposed in [9] was
used in our experiments to quantify the performaosicthe
different methods and facilitate comparisons betwisem.
CNR. is defined as:

2l —Hps]

|I —
W lmp e )

CNR.(dB) = 20log,, 9)

where us; and us, represent the mean value of strain in the

inclusion and the medium, and, andos, denote the strain

variances, respectively. A high ChRignifies a readable
elastogram whereas low values of this metric indieapoor

The tissue displacement data that was used in Ogjage.

experiments was simulated using the two-dimensi{2&))
analytic model equations introduced by MuskheliBH#@i.
An ideal mechanical strain image using this model
depicted in Fig. 2a. The model assumes that tsedisvas
subjected to an inward uniaxial compression of P&
under the condition that the strain is minimalhe butward
direction of the plane (plane-strain state). Thmatision of
the simulated phantom was 100 x 100mm with an sictu
radius of 10mm which is assumed to be 4 timesestifian
the background medium.

Zero-mean white Gaussian noise was added to
displacement at a signal-to-noise (SNR) ratio adBLOThe

t

Along with the single-stage Fourier filter atite two-
stage filtering system described in Section I, tether

Irecently proposed methods have been included in the

conducted experiments. The FrFT-based denoisindgnadet
[5] and the masked STFT scheme described in [6fewer
applied to the same noisy realization of the siteda
elastogram that was used for all the presentedtsesthe
parameters required for the latter two methods were
determined empirically as this was done in [5] 46§
respectively. For the given realization the FrFBduh
Reethod achieved a CNRvalue of 65.69dB whereas the
masked STFT approach resulted in a value of 60.60tB

axial strain was computed using first-order forwardesulting elastograms are shown in Fig.4c and Bigwhile

differences of the noisy displacement image alohg t
horizontal direction. The resulted elastogram haSBR of
— 16.28 dB. Fig. 3a shows the central slice of &yno
realization of the displacement while Fig. 3b présethe
corresponding central slice of the elastogram. $beere
amplification of the noise due to the differentiatiprocess

the axial strains corresponding to the centralesliof the
filtered elastograms are compared in Fig.5¢c andbBig

Both equations (6) and (8) refer to averages nbthfrom
ensembles of realizations of the ideal and noisegsses. In
a real-world experiment these would not be avadiadnhd
therefore need to be estimated. In this work, wated the



simulated elastogram as an experimental
therefore assuming that the ideal signal is unkndnstead,
we generated a number of estimates of the idealepsoby
low-pass filtering simulated noisy elastograms iftecent
cut-off frequencies. The simulated noisy elastogramould
represent repeated ultrasonic measurements of dhe s (8
tissue area under varied compression levels. Theeno
ensemble was created by generating a number of nojs
realizations and then taking their first derivatide the
clinical lab, this could be replaced by a few meements of
healthy tissue displacements, which would then be
differentiated with their offset being subsequemndsnoved.
Based on the above sets, estimates of thelatores R,
and R,,, were obtained and used for the derivation of the
multiplicative functions of the methods in Sectitin The
proposed two-stage filter resulted in a CNRalue of
66.93dB whereas the single-stage filter achievelkdweer
ratio of 49.08dB. The resulting elastograms arewshin
Fig.4a and Fig.4b. The central slices of the fdter
elastograms are compared in Fig.5a and Fig.5b.

(71

IV. DISCUSSION

We have presented a new approach for enhancir
ultrasound elastograms. The method is based o -atage
system comprising two multiplicative functions ofhieh
one is applied in the frequency domain and therathéhe
time-domain. The overall system was designed as
minimum variance estimator and the two functionsrewe
optimized accordingly. Using simulated data we ergd
the potential advantages of this method in dengisin
elastograms in comparison with Fourier filteringvesll as
with two more modern approaches based on the STET a

measuremé&iit T- K. Hon, S. R. Subramaniam, A. Georgakis, and\Ig;, “STFT-

based denoising of elastograms”, in Proc. |IEEE @Gunf. Acoust.,
Speech Signal Process. (ICASSP), Prague, CzecthRe@011.
M.F. Erden, M.A. Kutay, and H.M. Ozaktas, “Repeafé@ring in
consecutive Fractional Fourier Domains and Its Agagion to Signal
Restoration”, IEEE Trans. Sig. Proc., vol. 47, p$58-1462, 1999.
Muskhelishvili NI. Some Basic Problems of the Mattadical Theory
of Elasticity. Groningen, The Netherlands: Noordhd®63 (transl.
from Russian by JRM Radok); Chap. 9; pp. 216-223.

Varghese T, Ophir J. “An analysis of elastogramuictrast-to-noise
ratio performance”, Ultrasound Med. & Biol., vat,2pp. 915-924,
1998.
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the FrFT. The experimental outcomes indicate the t Fig. 4. Calculated elastogram after denoising Wil the proposed two-

method can outperform the other schemes with ré$pebe
achieved CNR values, and also according to what visual
inspection of the resulting elastograms suggesshduld be
noted that each of the two modern approaches iadlud
our comparisons had independently been shown ]td
be superior to commonly used denoising approaahrethé
elastogram. Further experimentation involving datidata
will have to follow in order to validate this nevp@oach
and fully assess its advantages and limitations.

Axial Strain
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c) d)

Fig. 5. Axial strain slices (solid lines) takenradothe center of the resulting
elastogram after denoising with: (a) the proposextdtage filter, (b) the
single-stage filter, (c) the FrFT-based filter, ddyithe masked STFT

method. The reference axial strain is also showitéd line).



