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A New Clutter Rejection Algorithm
for Doppler Ultrasound

Guy Cloutier* Member, IEEEDanmin Chen, and Louis-Gilles Durgn8enior Member, IEEE

Abstract—Several strategies, known as clutter or wall Doppler Currently, the methods used by ultrasound manufacturers are
filtering, were proposed to remove the strong echoes produced by mainly based on high-pass finite and infinite impulse response

stationary or slow moving tissue structures from the Doppler blood . . . :
flow signal. In this study, the matching pursuit (MP) method is filters, and regression filters. These methods are applied to

proposed to remove clutter components. The MP method decom- Process either spectral Doppler [continuous-wave (CW) and
poses the Doppler signal into wavelet atoms that are selected inpulsed-wave (PW)] or color Doppler (velocity mapping and
a decreasing energy order. Thus, the high-energy clutter compo- power angiography) flow data. In the context of color flow [2],

nents are extracted first. In the present study, the pulsatile Doppler [3], these methods have limitations that are mainly related to
signal s(n) was simulated by a sum of random-phase sinusoids. ™’

Two types of high-amplitude clutter signals were then superim- the short duration of the signal available for data processing
posed ons(n): time-varying low-frequency components, covering  (the number of samples available, typically six to 12, limits the
Sysm'% ar!dhfi‘arrl]y dl?]St|0|e. a(r;_d ShOftl tra}PhSIelgt C“Jlttef _S|gnz|e1ls, dis- number of coefficients, or filter order, and thus the sharpness of
tributed within the whole cardiac cycle. The Doppler signals were o

modeled with the MP method and the most dominant atoms were the transition f.rom the pqssb.and to the stopband). For spe.ctral
subtracted from the time-domain signals(n) until the signal-to- Doppler, the signal duration is less a concern but as described

clutter (S/C) ratio reached a maximum. For the low-frequency below, new applications motivate the need for novel signal
clutter signal, the improvement in S/C ratio was 19.0+ 0.6 dB, processing strategies.

and 72.0+ 4.5 atoms were required to reach this performance. For most clinical scans, the cutoff frequency of the high-pass
For the transient clutter signal, ten atoms were required and the

maximum improvement in S/C ratio was 5.5+ 0.5 dB. The per- filter is usually selected by the operator according to the axial
formance of the MP method was also tested on real data recorded flow characteristics and importance of the clutter signal. Clutter

over the common carotid artery of a normal subject. Removing 15 components detectable on Spectra| Dopp|er or sonogram (time_

atoms significantly improved the appearance of the Doppler sono- . . .
gram contaminated with low-frequency clutter. Many more atoms frequency display of Doppler signals usually computed with

(over 200) were required to remove transient clutter components. the fast Fourier algorithm) are produced either by static inter-
These results suggest the possibility of using this signal processingfaces, vessel wall pulsatility, muscular tissue movements, or dis-
appr(.)ac.h to implement clutter rejection filters on ultrasound com- placement of heart valves when cardiac applications are con-
mercial instruments. sidered. The removal of clutter on CW Doppler sonogram is
Index Terms—Clutter filter, echocardiography, matching pur-  more critical than in PW mode or color flow because the former
suit method, simulation, spectral method, time-frequency repre-  mathod registers echoes all along the ultrasound beam. In PW
sentation technique, ultrasonography, wall filter, wavelets. .
and color modes, the Doppler sample volume(s) is (are) usually
positioned in the flow stream and clutter results from echoes de-
I. INTRODUCTION tected mainly by the sidelobes of the ultrasound beam.

S RECENTLY reviewed [1], several strategies were In theory, for static interfaces, no clutter should be detected

proposed in the field of medical ultrasound to removBecause the sonogram only displays reflectors in movement that
the strong echoes produced by stationary or slow movi,ﬁ)éoduce a Doppler frequency shift. However, in practice, this
structures from the blood flow signal. The strategies appliéBay not be the case if the static interfaces producing echoes at

to the Doppler signals are known as clutter or wall filterd Hz are not properly removed. For instance, the static clutter
may be detectable on the sonogram because the sidelobes of

the spectral window used to process the Doppler time-domain

signal artificially produce frequency harmonics. For a typical
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are considered in the present study. Moreover, the study is limthe frequency domain wide spectral lines. The Doppler signal
ited to spectral Doppler clutter removal (although the methad one cardiac cycle was modeled as
may be applicable for color Doppler).

M
As recently emphasized with clinical examples [5], clutter s(n) = Z (10— 327) 08 [27 fon (1 — 327) + dum]
vibrations can still impair the diagnostic accuracy of Doppler " " e

m=1

ultrasound, even if modern instruments are used. A solution for 327 < n < 3585 (zero otherwisg (1a)
may be the use of ultrasound contrast agent combined with P 9

harmonic imaging. This modality was shown to improve +’YOZ€XP <_7fl’2> cos[2m fyn + 1],
the signal-to-clutter(S/C) ratio of spectral Doppler, color p=1 2% BW(n)

Doppler, and power Doppler angiography. Nevertheless, in new for 0 < n < 3911 (zero otherwisg (1b)
developments, such as vector Doppler that requires the estimate Q

of flow from different angles [6], there is a need for new clutter + Z E(ng)é(n —ng), for0 <n < 8142. (lc)
rejection filter designs. For instance, the flow components close q=1

to perpendicular W'th respect to the ultrasound beam prOduCeEquation (1a) describes the clutter-free Doppler signal, where
low-frequency shifts that may overlap the frequency rangE is the number of sinusoids DEtWEN f,1 o (1)], Yo (7 =

covered by the clutter filter. Because the Doppler shift fro%_327) — \/25(r, YAy is a Rayleigh distributed random
different angles is required to reconstruct the two-dimensiongl;ispie andf, : (Tﬁ ;mO.S)Af. The random phasé

(2-D) or three-dimensional (3-D) flow patterns, this adds to thg uniformly distributed betweef®, 2x]; S(r, k), which is de-
complexity of the signal processing that is required to optimizged below, is the time-varying theoretical power spectral den-
the S/C ratio. For instance, the use of classical high-pasgy function of the clutter-free signal\ f = f,.. max (1) /M is
clutter filters can result in the removal of relevant flow inforan incremental frequency domain step; andis aX-Squared
mation that is required to reconstruct the velocity vectors. Sugihdom variable with two degrees of freedom. In the present
a situation would occur because, to our knowledge, classigalidy, the maximum value g/ at peak systole= 4500 and it
filters are not adaptable to the time-varying characteristics whs chosen to respect the criterion defined by Mo and Cobbold
the Doppler flow signals (the filter cutoff frequency remaingd]. Based on this criterion, the simulated Doppler signals were
constant all over the flow cycle). In addition to the need forssumed to be Gaussian distributed in amplitude.
vector Doppler, the detection of vibrating muscles with PW The second termin (1b) was used to simulate the time-varying
Doppler instruments is another field of application where nel@w-frequency clutter components. In this equatiéhjs the
clutter filtering strategies may be required [7]. A method baséWmber of sinusoids betweéd f, max(n)]; 7o is a scaling am-
on the modeling of the wall-motion signal (autoregressivdlitude defined by the5/C energy ratio selected,, = (p —
linear prediction, model ordes 1) and subsequent subtractior?-5)Af, WhereA f = f, max(n)/P; BW (n) is the bandwidth
from the unfiltered PW Doppler components was recentRf_th_e clutter cqmponent that varies as a function of the timing
proposed [8]. ywthln thg card|ac_: cyclel(fW(n) = 2¢/ fpmax(n)/m; andip,

In the present study, the matching pursuit (MP) method 'i%th(_e uniformly d's”'b!‘ted random phase betw@ﬁ:@ﬂ. The
introduced to remove clutter components while preservin aximum value ofP, in early systole and late diastole, was

when possible, the integrity of the low-velocity flow signal. AS 00. Equgtlon (1c) defines the shor_t tranS|e_nt clutter compo
. . .nents, which were modeled as a Poisson point process of suc-
described below, the MP method decomposes the signal into_ L .
) . o . cessive Dirac impulses. The paramefeis the number of sam-
basic wavelets having a finite time duration and frequency sp%n

c v b lectivel . I t at d lés of the signak(n), E(n,) is the impulse energy of the
onsequently, by selectively removing relevant atoms tter components, and the,] are assumed randomly dis-

to clutter, low-amplitude and low-frequency flow signals NOibuted with a fixed appearance rateThe paramete(/m

superimposed over the clutter vibration should remain intagh s selected as the absolute value of the maximum,gh)
after applying the MP method. The feasibility of the techniqugy | < ,,, < a7 ando < n < 8142. A

is demonstrated with simulated and real PW Doppler data. | the definition of the parametey,,(n) given above, the
theoretical power spectral density of the clutter-free Doppler
II. METHOD signal, as a function of time, is given by [9]

A. Simulation of Doppler Signals With Clutter Artifacts S(r, k) = A(F) fon mas () —fk]zexp(—B(T)[fm max(r)_fk]2>

The Doppler signat(n), sampled at 9.5 kHz, was simulated 0<7 <3258 and0 <k < fu, max(r) 2)
by a sum of sinusoids [9], whose frequencigs and f,, sub-
divide the frequency rang®, fim max(n)] Or [0, fp max(n)] iN where f,, max, 4, and B are time-varying parameters repre-
M + P bins of equal widthAf = 1 Hz [see below the defi- senting the maximum frequency of the sinusafgs the power
nitions of f,,, max(n) and f, max(n)]. The duration of the sim- scaling factor, and the bandwidth factor, respectively. The pa-
ulated flow cycle was 857 ms (8142 samples). As observed eameterf;, is the frequency corresponding to the spectral index
perimentally during clinical scans, two types of high-amplitudg. In (2), the greater is the value &f, the narrower is the spec-
clutter components were superimposed;om), a time-varying trum. The total power of the time-varying spectér, k) were
low-frequency signal and short clutter transients, which produnermalized to unity by varying the value af. The functions
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(dotd ne that were s 0 Goneraie the imulaied Doppler Ggwpl 195 Examele of two ime-domain aoms: one vt 111 s the octave
position 634 ms.

A(r) andB(r) in (2) were set to values obtained by the proce-

dure described by Guet al.[10].

Fig. 1 shows the time-frequency functiorfs, max(n) and
fpmax(n) that were used to generate the Doppler sigial)
given by (1). The functionf,, m.x, defined between 34 and
377 ms, was computed by

The decomposition of a signal is performed by projecting it over
the function dictionary iteratively, and by selecting the atoms or
wavelets that can best match the local waveform of the signal.
The MP method represents a discrete sigiia) with N sam-

ples as
2
Frmax (7 = 1 — 327) = 3.5sin ( WP]:”") +1,
for 0 < r < 3258 (zero otherwisg 3) s(n) = Jio aihi(n) (5)
where fi = 1.46 Hz, F = 9500 is the sampling frequency _ =1
in hertz, andf., max iS in kilohertz. The maximum frequency with hi(n) = Bigi(n)ui(n) (6)
waveformf, max, defined between 0 and 411 ms, describes the gi(n) =g n—pi )
contour of the low-frequency clutter components. Fofax in ! Sq
kilohertz andf, = 7.3 Hz, it was calculated b 27 f;
f2 Y andu;(n) = cos ( W]\f[n + 0i> . (8)
2 3
meax(n) =0.3cos ( W£2n + §7r> s
In the above equationg; are the expansion coefficients that
for0 <n <327 (42)  represent, when squared, the part of the signal energy associated
—0.3 — 0.25sin (27Ff1(n - 327)) , with the atomh;(n). In (6), the atomsh;(n) are given by the
F product of the wavelet envelope functignn) with the sinu-
for 327 <n < 3585 (4b)  soidsu;(n). The scale factors; are used to control the width of
— 0.3 cos 27 fo(n — 3585) the envelope of;(n), andp; give the temporal position of each
- F ’ atom. To reduce the computational burden, the scale was limited

for 3585 < n < 3911 (zero otherwisg (4c) 10si = 2!, wherel is the octave of the scale, which varies be-
tween 0 andog, V. Hence, only the scalegthat satisfy this re-
When present, a total of ten transient clutter components Wagion and lie in[1, N] were selected from the dictionary. It may
simulated within the cardiac cycle. Depending on the simie of interest to note that the Gabor dictionary provides a finer
lated conditions (Doppler signals with low-frequency clutter aime-frequency resolution than a dictionary based on orthog-
Doppler signals with transient cluttery, and E(n,) in (1) onal wavepacket functions because the Gabor atoms, which are
could be either of finite values or zero values. For each simgharacterized by a Gaussian shape, can have either a good time
lated condition, a total of five independent cardiac cycles (thesolution (and poor frequency resolution), a good frequency
random parameters were reinitiated for each cycle) was genefsolution (and poor time resolution), or a compromise between
ated for averaging purpose. No background noise was adde@dth (2-D Gaussian spots). As illustrated in Fig. 2, a low value of

the simulated signals described by (1). | corresponds to short transient atoms having a wide frequency
bandwidth, whereas a high valueladequately represents long
B. MP Method duration signals with a narrow frequency bandwidth. In (6), the

The MP method [11] is based on a dictionary that containgparameterg; are normalizing factors to keep the normig{n)
family of Gabor wavelet functions called time-frequency atomggual to 1. The parametefsandd; in (8) are the discrete fre-
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guency and phase of the cosine discrete funciign), respec- 4
tively. In our application ~ 2] RS
. g o /A
gi(n) = 277 (5) @ g 21
® 4]

is the Gabor function [11]. g -6

An important property of the MP method is the fact that it ¥ -8 1
finds the time-frequency atoms in a decreasing energy orders -10 -
Thus, the higher-energy components of the signal due to the2 -12
clutter are extracted first. Once an atom was found, it was sub-s -14
tracted from the simulated time-domain sign@l) to get a new c;g)" -16 1
signal s;(n) (decontaminated signal). After having selected a -18 4
given number of atoms to optimize the signal-to-cluft€/C) 20 +— . . : ; : . —
ratio, the Doppler sonogram ef;(n) was computed to display 0 50 100 150 200 250 300 350 400

the simulated signal. The sonogram was evaluated by using th:
Welch method [12]. The fast Fourier transform (FFT) was ap-
plied on sections of ]_-O ms Ob_ta'ned after windowing the signal, 3. improvement inS/C' ratio for low-frequency clutter components
sa(n) with the Hamming function. A lag of 0.5 ms was used béellowing the removal of atoms from the simulated signiat). Full line: mean
tween successive FFTs and zero padding to 1024 samples Wgsratio. Dotted lines: meast one standard deviation.

performed.

Number of atoms (L) removed from the signal

) _ that of the uncorrupted signal (n). For the case of transient
C. Computation of the Performance of the MP Method in  ¢jytter simulations, theS/C' energy ratio was arbitrarily se-
Terms ofS/C' Ratio lected to 10.5 dB, and as mentioned earlier, the number of events
Let us consider the simulated signdl) in (1) to be the within a cycle was limited to ten.
sum of two componentsi; (n) andss(n), wheres;(n) is the
clutter-free signal [(1a)], andy(n) is the clutter components D. Validation of the MP Method With Real Doppler Signals

[either the low-frequency signal of (1b) or the transient compo- The robustness of the MP method was tested with PW
nent of (1c)]. In the current study, no simulation was performegoppler data recorded over the common carotid artery of a
with both low-frequency and transient clutter components. Byormal subject. The cross section of the vessel was visualized
iteratively applying the MP method to extract atoms frém),  with a Sonos 5500 clinical system (Philips Medical Systems,
one could obtain the decontaminated sigingh) by computing  Bothell, WA) at a Doppler angle of approximately Z0The
I forward and reverse audio Doppler signals were captured with
sa(n) = ZS(”) — a;hi(n), for 0<n < N (10) a 15-6L Iineqr array tra}nsducer apd digitized at 5 kH; with
12-bit resolution by using a Labview workstation equipped

) . with an analog-to-digital acquisition card (PCI-6024E, Na-
whereL is the number of atoms selected, are the expansion i, oo |nstruments, Austin, TX). Doppler recordings were

coefficients,.hi(n) is the atom extracted at the ?teratiarand performed for at least five cardiac cycles by using the fol-
N - 8142 s the number of samples of the §|gnal. A_fter "lowing instrument settings: wall filter= 50 Hz (minimum
moving a given number of aton’s, the S/C ratio in decibels value selectable), gate length0.05 cm, spectral gair= 75%,
was calculated as follows: power= 0 dB, central spectral baseline, spectral compress
EN—O s1(n)? and spectral rejece 8. The thermal noise on the sonograms
N El_< )— 51 ))2 was automatically removed by the thresholding process of the
D n—dsal) =51 ultrasound instrument. For each recording, the PW sample

1=1

S/C ratio=10x 10g10<

ZN s1(n)? \ volume was positioned near the center of the artery.
=10xlog;q n=0"1 5 (11) Recordings with both low-frequency and transient clutter
2520[32(70_25:1@1'}“(71)}) components were digitized for off-line signal processing over

five cardiac cycles. Because it was difficult to obtain strong
In the current study, thé/C ratios before removing atomslow-frequency clutter vibrations with the instrument because
(i.e.,i = 0) were—17.3 £+ 0.6 dB for the low-frequency high of the use of a wall filter, the following procedure was used
amplitude clutter and0.5 + 0.4 dB for the transient clutter. to artificially emphasize their impact. The sonogram of each
These values were computed over five simulated cardiac cyclegcle was computed by using the method described earlier
Although theS/C ratio of low-frequency wall movements can(FFTs on 10-ms Hamming windows, lag of 0.5 ms between
reach—40to—60 dB at frequencies below 10 MHz [1], the scateach window). The low-frequency clutter components of the
tered power of the tissue clutter component was selected smadieplitude spectra were visually identified and multiplied by
here to test the robustness of the MP algorithm for clutter ars© (gain of 34 dB). Inverse FFTs were then applied to obtain
plitude approaching the flow signal amplitude. For instance, #te temporal signals on which the MP algorithm was tested. To
presented in Section lll, the performance of the MP methodatain transient clutter artifacts, tapping the skin over the neck
reduced when the clutter energy of the selected atom reaches performed during recordings.
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Fig.4. Examples of simulated Doppler sonograms for the case of (a) clutter-free flow signal, (b) flow signal contaminated with low-frequenonghatents,
(c) the first five atoms that were extracted from the contaminated signal, and (d) the decontaminated signal following the removal of 72 atoyscalée gira
the sonograms were compressed to a dynamic range of 10 dB to emphasize the contrasts. No background noise was present in the simulations.

The method described in (11) could not be used to evaluate-ig. 4 presents Doppler sonograms of (a) the clutter-free
the performance of the MP method with real data because eppler signals;(n), (b) the signals(n) = s1(n) + s2(n)
signal s;(n) was unknown. Let us consider the energy of theontaminated with low-frequency clutter components, (c) the
first atom extracted from the signal and define ifgs.... Anal- first five atoms that were extracted fror{n), and (d) the
ternative to (11) was to compare the energy of successive atasontaminated signat,;(n) following the removal of 72
E;, removed from the Doppler signal, f,,.x. Thus, the energy atoms froms(n). The acceleration and deceleration of the
ratio F; x 100/ Ey,.x was computed and the iterative selectioflow are clearly seen from the clutter-free simulated signal.
of the atoms was stopped when this ratio became smaller thad@vever, as seen on Fig. 4(b), the strong echoes from the
predetermined threshold of 0.1%. low-frequency clutter highly hide the flow components. The
efficiency of the MP algorithm can be appreciated in Fig. 4(c).
For instance, as expected, the first five atoms were identified
) among the low-frequency clutter components and not from the
A. Performance of the MP Method to Remove Simulated iy signal. Although the low-frequency clutter components
Low-Frequency Clutter Components are highly attenuated from the decontaminated signal, some

Fig. 3 shows the improvement i$y/ C' ratio as a function of frequency bins are still visible at low frequencies [Fig. 4(d)].
the number of atoms removed from the simulated sigfa). Nevertheless, the improvement &Y C ratio is significant in
After removing the first atoms associated to the low-frequentlyis example.
clutter components, thg/C ratio rapidly increased to reach a :
maximum at 72.0+ 4.5 atoms. Following this maximum, theB- Performance of the MP Method to Remove Simulated
S/C ratio slightly dropped to reach a plateau following the relfansient Clutter Components
moval of 250 atoms, approximately. The maximum improve- A different strategy was adopted to remove the short tran-
ment inS/C ratio was 19.0 0.6 dB. sient clutter components froa{n). Since the amplitude of the

Ill. RESULTS
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Fig. 5. Improvement it/ C ratio for simulated transient clutter components
as a function of the octave of the scalg Results are expressed in terms of 4.5 S/C ratio = 16.1 dB |
mean+ one standard deviation. 4 1 ’ _

clutter\/E(n,) in (1c) was set equal to the absolute value of the
clutter-free maximum amplitude,,(n), it was inappropriate to
associate the clutter components to only one criterion, i.e., the
strongest atoms selected. A second criterion was introduced to
take into consideration the priori information known about
transient clutters, which is their short duration. Consequently, | :
only the strongest atoms with short duratiohs:[3, wherel is ‘ |

Frequency (kHz)
n
[$)]

the octave of the scalg in (7)] were subtracted from the signal 0 200 400 600 800
s(n). Fig. 5 shows the improvement#fy C ratio as a function of Time (ms)
the octave of the scalg. After removing 9.2+ 0.4 atoms with b)

l =1,theS/C ratio went from 10.5+ 0.4 dB to 15.6+ 0.8dB. _ .
Removing an additional 0.8 0.4 atoms withl = 2 increased 9. 6. Examples of simulated Doppler sonograms of (a) flow signal
. . . contaminated with transient clutter components, and (b) the decontaminated

the S/C ratio to a maximum of 16.@ 0.3 dB. A reduction of signal following the removal of ten atoms. The grayscales of the sonograms
the S/C ratio was observed when atoms with= 1,2 and3 were compressed to a dynamic range of 10 dB to emphasize the contrasts. No
were removed from the signal. Thus, the maximum improv&2ckground noise was present in the simulations.
ment inS/C ratio was 5.5+ 0.5 dB, and this was reached by
removing exactly ten atoms frosfn), with/ = 1 andl = 2. selected to decontaminate the Doppler sonogram. As seen in

Fig. 6 gives examples of the performance of the MP methgglyg. 8(a), the flow components were not visible from the PW
to decontaminate the simulated Doppler signal from transienbppler sonogram contaminated with clutter. This is due to the
clutter components. Fig. 6(a) shows the clutter-free sonograat that the low-frequency clutter components, observed close
on which ten transient clutter Dirac components were superifg-100 ms after the beginning of the cardiac cycle, were artifi-
posed. After removing ten atoms with= 1 and/ = 2, the cially amplified by 34 dB to test the MP algorithm. Removing
appearance of the sonogram was improved. However, as shagatoms from both the forward and reverse signals significantly
in Fig. 6(b), some transient signals were still present and cotiflproved the appearance of the sonogram [Fig. 8(b)].
not be removed by applying the MP method.

D. Validation of the MP Method With Real Doppler Data
C. Validation of the MP Method With Real Doppler Data  Contaminated With Transient Clutter

Contaminated With Low-Frequency Clutter Because the energy of the transient clutter components was

The energy ratidF; x 100/ FE,,., of the atoms removed to close to that of the flow signal, applying ti#& / E,,,.« ratio cri-
decontaminate the real Doppler data from the low-frequentsrion was meaningless. To demonstrate the feasibility of the
clutter components is shown in Fig. 7. The MP algorithm wadP algorithm to remove real transient components, several tries
applied to both the forward and reverse flow samples. As showere performed by increasing the number of atoms to remove.
on the figure, the ratid”; / E,.x in percent decreased for theSeveral values dfwere also tested. The results shown in Fig. 9
first high-energy atoms selected from the Doppler signal. Exere obtained with 238 atoms with< 7. This number of atoms
ponentially decaying relationships were observed. A ratio ofas removed from both the forward and reverse Doppler sig-
0.1% was reached, for all five flow cycles studied, followingpals. The performances were similar for the other cardiac cycles
the removal of 15 atoms. This arbitrary threshold (0.1%) waecorded.
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Fig. 7. Changes in the energy rafit / E,,. of the atoms removed from the
Doppler data recorded over the common carotid artery of a normal subject. The
removal of low-frequency clutter components with the MP method was applied
to both the forward and reverse flow samples. Results are expressed in terms of
mearntt one standard deviation. Note th&t is the energy of successive atoms
removed from the PW Doppler signal, ahd, .. is the energy of the first atom
extracted from it. The MP method extracts atoms with a decreasing energy order.
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IV. DISCUSSION -0.5

Frequency (kHz)
o

The current study demonstrated the potential benefit of the
MP method to remove low-frequency and transient clutter
components from PW Doppler signals. This signal processing
method may be an alternative to conventional high—pas_s cIl_Jtter 0 100 200 300 400 500 600 700
filters used by ultrasound manufacturers, or to other filtering
strategies proposed by research groups [1], [2], [8], [13] (it
should be noted that most of the new methods applies to color (b)
flow). To our knowledge, the MP algorithm has never beefig. 8. Examples of a real Doppler sonogram with (a) low-frequency clutter

applied for such purpose in the ultrasound literature. Receng}pplif‘ied by a factor of 34 dB, and (b) of the same preamplified sonogram
following the removal of 15 atoms. The PW Doppler recordings were

it was used to detect microembolic signals [14], and to Chare}fél'lrformed over the common carotid artery of a normal subject. The grayscales
terize turbulent flow with PW Doppler ultrasound [15]. of the sonograms were compressed to a dynamic range of 10 dB to emphasize
According to Figs. 3 and 5, an optimal number of atoms, gre contrasts. Thresholding was performed by the instrument to remove the
. kground noise on the sonograms.
atom duration, must be selected to get the best performance with
the MP method. If the number of atoms, or octéye too small,
clutter components remain on the decontaminated signal. €tnpped wher¥;/E.,.. reached a value of 0.1%. Of course,
the other hand, if these values are too high, the atoms maytbis threshold of 0.1% is arbitrary and, as seen in Fig. 8, is qual-
removed from both the clutter and flow signals, which can aftatively optimal only for the carotid flow data acquired in the
fect the accuracy of the flow velocity measurements. In Fig. Bresent study. This threshold would have to be validated over a
the time-frequency components were removed from either tlaeger database before implementing the method. For transient
clutter or flow signal beyond 72 atoms, approximately, since tlaatifacts superimposed on real Doppler signals, it would be
S/C ratio reached a constant. For the transient clutter compedevant, for real-time implementation on an instrument, to
nents (Fig. 5), selecting the value ibfoo small did not allow have the possibility (a knob for example) to adjust the octave
to adequately reduce the transient artifacts, whereas increagingameter.
[ above three resulted in the removal of atoms mainly from the As seen in Figs. 4(d) and 6(b), although the position and fre-
flow signals. guency bins associated to the clutter are well identified with
In the simulation study, it was straightforward to determindhe MP method, residual errors are visible from the decontami-
the best parameters to select by monitoring Y& ratio nated sonograms. For the low-frequency clutter simulation, be-
changes. However, to implement this method with real Doppleause up to 300 sinusoids were used to generate the signal at
data, a different strategy had to be implemented. The enemygiven time instant [(1b)], removing all clutter components
E;, of the successive atoms that were removed from teas impossible. As shown in Fig. 4(d), some low-frequency
Doppler signal, was compared 19,,.., which was defined as signal components are still superimposed over the flow signal.
the energy of the first atom selected. The iterative selectiddoreover, random artifacts (similar to background noise) are
of the atoms to remove low-frequency clutter artifacts wagenerated following the removal of time-frequency atoms. If

N
o
\CINS TN

Time (ms)
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Doppler signal + transient clutter the Dirac impulses used in (1c). The performance of the MP
method with simulated signals would have probably been better
2 ;‘ if the transient clutter components would have lasted more than
~ 15 4 a fraction of a millisecond, as it was the case here. This ex-
% 1 pectation was confirmed by applying the MP method to real
< 05y data [Fig. 9(b)]. Because the transient signals obtained by tap-
2 0 i ping the skin of the neck above the carotid artery lasted more
5 than a few milliseconds, the performance was better. Very inter-
% 05 i estingly, the temporal position of each Dirac impulse superim-
= -1 | posed over the simulated signal was precisely identified by the
-1.5 J MP method. Moreover, ten atoms were optimally extracted from
) L the signal, which correspond exactly to the number of transient
‘ , , . o , components simulated.

0 100 200 300 400 500 600 700 In the current study, the feasibility of the MP method to re-
Time (ms) move clutter was demonstrated with simulated and real PW

@ Doppler data. The number of samples available for signal pro-
i cessing in PW mode is much larger than in color flow. It would
Decontaminated Doppler sonogram thus be of high interest to extend this study to test the feasibility

5 of the MP method for color flow imaging. This should be fea-
sible because of the good time resolution of the MP algorithm.
= 15 As reported by Torp [2], the phase shift occurring in the transi-
g 1 tion band of classical high-pass clutter filters can produce bias
0.5 in the center frequency (color velocity) estimate. This would
> o be another advantage of the MP method because the successive
§ -0.5 atom removal does not produce phase shifting artifact.
g ' The MP software developed by Mallat and Zhang [11] was
= - run on a Pentium IIl (866 MHz) computer. This software is
-1.5 written in the C language and is available on the Web (LastWave
2 package, http://www.cmap.polytechnique.fr). The removal of
. . . . . ‘ . 100 atoms from the simulated signédh) (8142 samples) with
0 100 200 300 400 500 600 700 this package took around 10 s. New algorithms proposed in

Time (ms) the literature [16], faster computers, and computation over less
(b) samples should improve the time efficiency of the MP method.

Fig. 9. Examples of a real Doppler sonogram with (a) transient clutter
produced by tapping the skin over the neck, and (b) of the same sonogram V. CONCLUSION
following the removal of 238 atoms with < 7. The PW Doppler recordings
were performed over the common carotid artery of a normal subject. TheThe very few samples of signal available in real-time
grayscales of the sonograms were compressed to a dynamic range of 1 gﬁso _ ; ; ; i ;
to emphasize the contrasts. Thresholding was performed by the instrume% ﬁ r-flow imaging and .aUdIO Doppler Sl.gnal ana.'ly.SIS pose a
remove the background noise on the sonograms. difficulty for system designers of c_Iutter fllterg. This is usually
regarded as one of the most difficult technical challenges to

. overcome, especially for color flow imaging [1]. Another
the amplitudex;, frequencyf;, and phasé),; of the selected ... " ! ) ; .

b ’ d y/i P : difficulty with conventional high-pass clutter filters is the fact

atoms [(5) and (8)] d_o not perfectly cqnude with the clutte hat they are not adaptable to the time-varying characteristics
components of the signaln), subtracting these atoms from . .

. . of the clutter and flow signals. The MP method evaluated in the
s(n) may effectively generate some level of background noise.

A method that can be used to reduce this effect is to apply current study, with PW Doppler data, solves some limitations

a ; L . ;
amplitude threshold to display the sonogram, as it is performoﬂ classical filtering strategies. However, it should be noted

by most ultrasound instruments. As seen in Figs. 8(b) and 9( ",ﬂ th|_s technique may noF allow real-time processing for
. ; X some time. Nevertheless, this approach should be considered
although better than the simulations, some residual clutter com- . . . :
in the future mainly because the signal is decomposed into

ponents are still present on the common carotid Doppler SONQ- s with decreasing energy order, and because of its good

gram following the use of the MP method. In theory, althou ime-frequency resolution that allows transient clutter rejection.

the low-frequency flow signal and clutter components are sup Sry interestingly, this algorithm can be applied to both the

imposed, the MP method may still be able to remove the Cluueﬂdio Dobpler and radio-freauency sianals without conceptual
while preserving the flow waveform. This should be possibleﬁ bp 9 Y Sig P

the frequency and phase of the selected atom do not CoinCIragdﬁmatlon. It_ is expected that it may allow clutter removal
. . on color flow signals.

with those of the flow frequency bins.
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