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ABSTRACT note is multipath scattering, which has largely been igdore
for decades, but it has recently gained renewed interest [7]
With the intent of suppressing multipath clutter, we re-
ntly introduced a model-based approach called aperture d
main model image reconstruction (ADMIRE) [8, 9]. How-
ver, the approach is flexible because the choice of model is
exible and may be adapted to address the most likely sources

truction (ADMIRE istently i . lit of degradation. In our earliest models we highlighted the re
construction ( ) consistently improves image qual verberation portion of the models. We show two examples of

ADMIRE works by explicitly accounting for various types of thisin Fig. 1. More recently we have created models intended

clutter. The algorithm preserves the quality of the bestgiesa for applications dominated by off-axis clutter

and produces 10-20 dB improvements in Iow-qualityim_ages. Here we show that ADMIRE can enhar;ce even simple
Here we presgnt results rglated to beamformmg n th%eamforming techniques like aperture weighting. Specifi-

presence of multlpat_h scattering—or reverperanon—galut_t cally, we show that in the presence of multipath scattering

In the presence of this type of clutter canonical apodizatio receive apodization fails to perform in the canonical manne

methoo_ls fail to improve Image quality, but by app_lyln_g AD- but after the application of ADMIRE we achieve the expected
MIRE first the expected improvements from apodization Car?mprovements

be restored.

In some patients, clinical ultrasound produces beautiful i
ages, while in other patients the images are unusable. Th&se
wide variability in outcomes exists for all standard beamfo
ers ranging from delay-and-sum to adaptive methods like th
MVDR beamformer. We have demonstrated that a mod
based approach called Aperture Domain Model Image R

Index Terms— Ultrasound, Beamforming, Clutter, Re-

2. METHOD
verberation, Model ODS

We start with a very generic signal model that describes the
1. INTRODUCTION narrowband response to a scatterer from an arbitrary meati
within the shadow of the aperture. The model is

The medical applications of ultrasonic imaging produces a

. . N-—1
huge range in quality. Manufacturers regularly presentzama ; .
! g_ g q _ Y. ; g VA > > ps($§ t,w) _ § A(x; Ty Uns Zns Trs w)ejkf(m,mn-,ymzn,m)’
ing images acquired from so-called “glass-walled” sulgect .
n—

Occasionally, this is reproduced in patients; however,tmos (1)

clinical images are less pristine, and in a fair number ofyheref is the wavenumber; is the aperture position andw
cases ultrasound image quality is so poor that the resuligcgjize the signal in time and frequeney; o, Yn, Zn, Tn)

are non-diagnostic. Bad images can be caused by a numigrihe wavefront delay for a signal arriving frofm,,, yn, 2n )

of mechanisms. The mechanisms resulting in any specifig; . . A(2; Ty, 2n, Tn,w) is the lateral amplitude modu-
non-diagnostic scenario are typically unclear, but mary di |ation induced by the STFT and the element sensitivity.
ferent mechanisms of degradation have been implicated ig(x;mmszmw) also depends on the signal’s pulse shape
general. These include attenuation, diffraction limdas, and7(z; Zn, Yn, 2n, 7). Here, we express the model gener-
bright off-axis scattering, sound-speed deviation, andtimu jcajly including the out of plane dimension, to indicate
path scattering [1, 2, 3, 4, 5, 6, 7]. A degrading mechanism ofhat it can be used to account out of plane clutter as well.
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(a) In Vivo Example #1 (b) In Vivo Example #2
Fig. 1: Matched delay-and-sum and model-based B-mode images fr@aih vivo examples illustrate improved contrast
achieved by our model. Data were acquired on a Siemens SZ@M€¢ns Healthcare, Ultrasound Business Unit, Mountain
View, CA) so the advanced method’s limited field of view isicated by the arrows. All images shown with 70 dB dynamic
range.

assumes a linear description of the wavefield, which allow2.1. Simulations

the direct connection between propagation time and depth d Field Il simulati i th ion b
through the relation/ = <. This relationship no longer 'Ve used Field Il simulations to quantify the connection be-

holds in the presence of multipath scattering—the source df/€en apodization and reverberation clutter [10]. We gen-
reverberation clutter. erated channel data of a 4 mm diameter anechoic cyst in a

uniform background simulated using a center frequency of 3
Based on where we believe clutter originates from we canHz, 60% bandwidth and an F/2 imaging system.

populate a model matrixd, with predictors that represent |5 order to generate reverberation clutter, we used a
scatterers from clutter generating regions and scatté®rs  seudo non-linear approach described previously [11]. The
the region of interest. The number of predictorsiins typ-  method allows us to use an efficient linear ultrasound sim-
ically large relative to the amount of data so the system igation tool to quickly generate channel data with the same
ill-posed. Therefore, we impose a regularization constrai characteristics as reverberation clutter described inlithe
An additional challenge with reverberation is that the mModegratyre [7] Realizations of reverberation were added to the
predictors from different depths are colinear. In orderde a znechoic cyst channel data. The clutter was added afteg bein
dress this, we used elastic-net regularization. The opfimi gcaled relative to the cyst data to create specified signal-t

tion problem is then, clutter ratios (SCR), calculated as
X . ) ) SN s2
g = arg;mn(lly—Aﬁll A8l +(1=a)[|Bll2/2))- (2) SCR = 20'09102%%102' 3)
n=0 n

S, andC,, are the signal and clutter data, respectively, in-
We have described the form ¢f A, andg elsewhere, along dexed by channel g P y

yvith_ the specific advantages provided by joint L1, L2 regular We simulated anechoic cysts with SCR of -20, -10, 0, 10,

ization [9]. and 20 dB with four realizations of scatterers for both thet cy
We specified a generic form of a narrowband scatteringnd clutter for each case.

model in (1). To apply our approach to broadband ultrasound

data without losing axial resolution, we use the short-timez_z_ Evaluation

Fourier transform (STFT) and apply the algorithm to the in-

dividual frequency bands within the bandwidth of the pulse We applied ADMIRE to the simulation data and reconstructed

After the decluttering the data, we can use an inverse STFghannel data. Then, a Hamming apodization function was

(ISTFT) to create an estimate of the time-domain signal corapplied to the pre- and post-ADMIRE receive channel data.

responding to the STFT data. This resulted in four beamforming scenarios.
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(a) No Apodization (b) Hamming Apodization (c) ADMIRE-No Apodization (d) ADMIRE-Hamming

Fig. 2: An example of the four different beamforming scenarios ams for an SCR of 0 dB. The results are shown with 50
dB dynamic range. Qualitatively, the delay and sum casew §tite change with or without apodization. The ADMIRE case
shows a moderate level of improvement for the dynamic rahge/s.

The simulation data were evaluating using the contrasthe impact of apodization rapidly decreases until apottinat
and contrast-to-noise ratio metrics applied to the enveetip  does not change the image at all. This appears surprising be-
the RF data before amplitude compression. We calculated tlmause the standard expectation is that in the presencelof hig
contrast and CNR as levels of clutter apodization provides a more substantmal i

provement in image quality. However, this is only if the elut
) , (4) ter originates from bright off-axis structures. In the @ese
of multipath scattering, apodization is an ineffectivastgy
the CNR as for improving contrast. These observations are easie®do s
on the contrast result, but they are consistent with the CNR
_ |tbackground = [esion ] results as well. The CNR results are harder to interpret be-
CN R = 20logio > ) cause we have chosen to display the full range of all of the
boxplots, but as a percentage the CNR results are comparable

wherey ando? are the mean and variance of regions inside®Xcept for the lowest SCR values.
and outside the anechoic cyst.

C _ _2010910 ( Hiesion
Hbackground

2 2
Ubackground + Olesion

4. DISCUSSION AND CONCLUSION

3. RESULTS o . _ .
The expectation in clinical ultrasonic imaging is that aigad

We start by showing one of the simulation data cases with aHion improves image contrast with a modest trade off in res-
SCR of 0 dB in Fig. 2. The example shows the cases bean@ution. Our results showed that apodization does not im-
formed with and without Hamming apodization and with andProve contrast and CNR in the presence of sufficient amounts
without ADMIRE. The Hamming apodization provides no vi- ©f multipath clutter.  Apodization applied in the presenée o
sual improvementto the delay and sum data, but it does gendhultipath scattering did not result in worse contrast, Wh&
ate modest improvements when applied to the ADMIRE dataS°™Me consolation, but it is our expectation that the apediza
We summarize the outcome of apodization using a seriddon function still reduces resolution. This is something w
of boxplots for the contrast and CNR metrics in Fig. 3. TheStill need to explore, but given the current evidence it ispo
boxplots show the change in the respective image metric aft@!€ that in difficult to image patients with high levels of elu
applying the hamming apodization. This set of results shover apo_dlzatlon may only decrease image quality by reducing
several things. First, as expected, the hamming window agésolution. _
plied to delay and sum produces about a 4 dB improvement _The primary caveat to the results shown _here is that there
in contrast on the minimally cluttered data. This is of ceurs IS little understanding of what levels of multipath cluteee
a canonical result, but it is interesting to note that theaff ©€ncountered clinically. Our results show that multipatiiterr
of apodization actually increases when the window is agplie SIOPS resulting in improvements around an SCR of 10 dB.
in conjunction with ADMIRE regardless of the clutter level. OUr anecdotal experience leads us to hypothesize thatig man
The mechanism for this substantial additional improverient difficult to image patients that the SCRis at least as low as 10
unclear, butit is consistent wifh vivo observations [9]. Sec- dB. but there is still little quantitative data in the litewee to
ond, as the level of clutter increases (i.e. the SCR goes HowRroadly support this assertion.
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Fig. 3: The results are presented as the improvement obtained
by introducing a Hamming apodization window. There is a[10]
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distinct improvementin contrast for both ADMIRE and delay
and sum for high SCR, which is a canonical result. The im-

provementin CNR is also comparable as a percentage change

because the CNR is in the 3-4 dB range relative to contrast in
the 20-30 dB range.
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