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Image-Gurded Surgery of Primary Breast Cancer Using Ultrasound Phased Arrays 
Emad S. Ebbini, PI 

Introduction 
High-intensity focused ultrasound (HIFU) is gaining wider acceptance in noninvasive or minimally 
mvasive targeting of abnormal tissues (e.g. cancer) for destruction. Piezocomposite transducer 
technology, especially for phased arrays, is providing high-quality HIFU applicators with increased 
bandwidth and reduced parasitic cross coupling between the array elements. In addition to increasinti 
the efficacy of HIFU applicators, these technological enhancements allow for the use of HIFU airays 
m miagmg the target region before, after, and intermittently during lesion formation. This leads to a 
unique paradigm of image-guided surgery with HIFU in which the coordinate systems for both 
therapy and imaging are inherently registered. This project investigates the feasibility of using 
piezocomposite phased arrays as dual-mode applicators for the noninvasive treatment of primary 
breast cancers. Both therapeutic and imaging capabilities of the dual-mode arrays are investigated 
leading to a real-time dual-mode array system to be used in pursuing in vivo animal experiments in 
the future. 

Body 
This report is structured in accordance with the approved statement of work (SoW). In what follows, 
we give the tasks and subtasks of the approved SoW with each subtask followed directly by what has 
been accomplished with respect to it in year 2. For the subtasks planned for years 1 and 3 of the 
grant period, they are given here for completeness, with short comments indicating their status, e.g. 
subtasks completed in year 1 as indicated in year 1 progress report. 

Task I. Thresholds for Thermal Ablation of Breast and Fatty Tissue (Months 1 -  12): 
a) Investigation of the intensity/exposure threshold curve; lesion size and characterization 

of damage (1 - 3): Completed (Year 1 Report) 
b) Imaging of discrete thermal lesions with therapeutic arrays (I - 3): Completed (Year 1 

Report). 
c) Long-duration volumetric ablation of porcine fatty tissue (3 - 9): Completed (Year 1 

Report). 
d) Imaging of volumetric ablations using the therapeutic array and diagnostic scanners (3 

- 12): Completed (Appendix IV). 

Task 2. Treatment Planning and Optimization of Volumetric Ablation with Phased Arrays in Fatty 
Tissue (Months 6 - 24): 

a) Thermal modeling based on bioheat equation and Saparato and Dewey thermal dose 
integral for damage: Discrete lesions (6- 12): Completed (Year 1 Report) 

b) Thermal modeling for multiple lesions with variable levels of proximity and cooling 
time between shots (12 - 18): We have simulated several treatment scenarios feasible 
with the dual mode arrays. Starting with the conventional procedure of fomiing a 
volumetric lesion by doing a series of discrete lesions one at a time with sufficient wait 
time between lesions to allow for the temperature to cool down (close to base line). 
This technique requires long waiting time between (thus leading to elongating the 
overall treatment time) if one is to avoid excessive heating in the prefocal region, 
which could lead to unintended damage of intervening tissue. We have also 
investigated the newly emerging technique of (electronically) raster scanning the 
therapeutic beam continuously at speeds of 1   - 3 mm/s to form volumetric lesion. 
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While the origin of this technique was proposed by Dr. ter Haar and first used 
clinically on the Chongqing HIFU system, it was very nicely illustrated //; vitro by the 
group at the University of Washington in their recent presentations. We have also 
carried out some tissue heating experiments performing the raster scan approach to 
confirm the simulation results. The results confirm that the raster scan approach is 
superior to the shoot-and-wait approach in terms of treatment time and prefocal 
heating. 

c) Optimization of multiple-focus phased array patterns for simultaneous placement 
multiple discrete lesions (12 - 24): We have also begun investigating the use of 
multiple focus patterns for the minimization of collateral damage in the prefocal 
region. This follows work done much earlier by the PI in investigating phased arrays 
for hyperthermia [Ebbini:91]. For the 64-element prototype used in this investigation, 
multiple-focus patterns do not give a distinct advantage over the raster scan method 
described in the previous subtask. This is not surprising given the relatively small 
number of array elements allowing for only a small number of simultaneous foci (2 
4). Simulations of other 2D arrays with larger number of elements, however, continue 
to show that multiple-focus patterns offer significant advantage in reducing prefocal 
heating compared with any form of mechanical scanning (including the raster scan 
method). 

Task 3. Detection and Localization of Cavitation Activity During Thermal Lesion Formation in 
Breast and Fatty Tissue (Months 1-24): 

a) Detection of suhharmonic activity in single-channel and heamformed data (I - 12): 
Completed (Year 1 Report). 

b) Localization of cavitation from heamforming of multiple receiving channels (12 - 24): 
We are still unable to demonstrate the sensitivity of the array elements to subharmonic 
generation using short (microsecond) imaging pulses suitable for localization. 
However, we still think that localization of cavitation events using microsecond pulses 
is feasible. We intend to order custom designed transducers, similar to the prototype wc 
already have, with sufficient number of hydrophones integrated with the transducer. 
The new design will attempt to improve the isolation between the therapeutic array 
elements and the receiving hydrophones (so they can be used simultaneously with the 
therapeutic excitation). Furthermore, the hydrophones will be designed to have 
maximum sensitivity at the subharmonic. The use of an array of receiving hydrophones 
(on the order of 8 elements) will still allow us to achieve localization (provided that wc 
can consistently produce cavitational oscillations with microsecond excitation pulses). 

c) Localization using time-frequency and related methods (6 - 18): Our intuition with 
regard to the harmonic content of echoes from HIFU-induced thermal lesions is 
supported by data from numerous lesion formation experiments. We have believed all 
along that HIFU beams produce gas bubbles in the target tissue within the beam waist 
in the focal region. At normal exposure, these are stable microbubbles that can be 
beneficial in enhancing the power deposition at the target. They are also responsible for 
significant increase in echogenecity and second harmonic generation, especially when 
imaged at the therapeutic frequency. The figure below shows 25 dB grayscale images 
of ex vivo liver tissue before and after lesion formation using a 3 second exposure at 
850 W/cm". One can see the increase in echogenecity at the lesion location (92     102 
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mm axial). On the right hand side, spectrograms from the RF line passing through the 
lesion (indicated by the arrows) are computed with 60 dB dynamic range. The 
spectrogram produced from the image after lesion formation shows high level of" 
second harmonic activity localized to the lesion boundaries. It is this kind of 
observation that led to the development of the second harmonic imaging and. 
subsequently, to the quadratic imaging using the second order Volterra filters. 

FrcQuency. UHz       , 

b) 

c) 

Task 4. Image Characterization of Thermal Lesions in Breast and Fatty Tissue (Months 1 - 24) 
a)   Characterization of grayscale images for discrete thermal lesions (I - 6): Completed (Year 1 

Report). 
Characterization of tissue dependent parameters (1 - 12): Completed (Year 1 Report: 
(Expected) negative results). 
Characterization of second harmonic imaging (12 - 24): Over the past 18 months, we have 
focused our attention on quadratic imaging which results from the second order Volterra filter 
formulation. The application of this filter to the lesion visualization is described in Appendix II 
and Appendix IV for image data acquired with a commercial diagnostic system. Appendix III 
describe its application to image data acquired ^^'ith the dual-mode array. A fuller description is 
provided in the patent application and the journal paper. The 
basic idea behind quadratic filtering is illustrated by the figure below whereby the beamformed 
RF data from the array, >-(«), is decomposed into a linear and quadratic components as shown. 
We have developed an algorithm for deriving the linear and quadratic filters, hi, and hg. shown 
in the figure. 

y{n) 
'w'' hdj) 

hoik,!) 

-^ >'/(") 

-► Poi^) 
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^^  '^.Tiu'"'-' ""f "''^Sing parameters with histologic characterization of tissue ablations (H - 
-4):\ his is currently ongoing work. We have requested the addition of Dr. Robert Griffin from 
he Department of Therapeutic Radiology as an investigator on this project to help with this 

task beginning the 3   year of the project. We have not yet heard from the program mana-er 
with regards to this request. 

(Months ^T-^ri'r''' ^^^^"^^^ R^fo^^sing of Therapeutic Arrays in Inhomogeneous Fatty Tissue 

Focusing with reference to natural specular targets (12 - 18): 
The idea behind this task may be illustrated easily by Figure 1, which 
shows grayscale (25 dB) images of a fresh (untreated) sample of 
porcine liver. The image on the left hand side was acquired using 
single-transmit focus at the geometric center. Two large reflectors 
(blood vessels) and two smaller ones can be seen in the image. Using 
this image, the coordinates of the reflector at (5,90) mm were obtained. 
Ihis was done through an interface program running under MATLAB 
whereby the user clicks the mouse on a target point in the image and 
the   program   finds  the  coordinates   of the  target   based   on   the 
beamforming data that produced the image in the first place. We have 
then used the coordinates of the target to compute the delays needed to 
locus the transmit beam on this target. These delays were then used to 
produce the single transmit beam needed to obtain the image on the 
right hand side (25 dB dynamic range). The image clearly shows that 
the target is illuminated while the other three vessels are relatively 
dim. especially the vessel at (-5,90+). This result is quite significam as 
it shows that: 

1.   Critical structures (e.g., significam blood vessels) in the vicmity of the focus point of the transmit focus arc 
iJJuminated by its sidelobe and can be seen in the single-transmit imaging mode 

-.   Spatial coordinates of these critical structures can be accurately estimated from the beamformed single-transmil 
images. ° 

3.   Based on their estimated coordinates, these critical structures can be targeted (or avoided) by synthesi/in- 
transmit beams with maxima (or nulls) at these points. 

Figure 1 shows the case of targeting a blood vessel with the transmit beam. One could have just as easily generated 
a beam that generates a minimum at the vessel location (avoidance). Many other scenarios can be envisioned once 
inis capability is developed tor guidance. 

Temperature feedback (12 - 24): The sensitivity of the speckle component of the dual-mode array to 
temperature changes has been established experimentally. We have developed two different 
temperature imaging algorithms (based on pulse-echo ultrasound) under previous NIH fundin- (Seip 
and Ebbin. and Simon and Ebbini). We fully expect that temperature feedback will be implememed 
with the dual-mode array system. 

Discrete thermal lesions as beacons (12 - 24): This works in a similar manner to the illustration in 
Hgure 1. However, it will not work with extended lesions. Our original plan was to generate a very 
small lesion that appears as a point reflector in the image and use it as a reference point. Our results so 
lar provide a proof of concept. It is expected that the actual implementation of this procedure will be 
tied closely to establishing the thresholds for damage in the target tissue, e.g. breast tissue. 

Task 6. Real-time Dual-mode Phased Array System for Volumetric Thermal Ablation of Breast and 
Fatty Tissue (Months 1 - 36) 

Figure 1 The image to the left is 
obtained using a single transmit focus 
along the central axis. The image to the 
right is obtained by a single transmit 
focus at the blood vessel at 90 mm axial 
and 5 mm lateral. 
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a) Design and fabrication of 64-channel receive system (1 - 12): A new receiver circuit 
employmg multiplexers for minimizing the number of analog-to-digital (A/D) converters has 
been designed and fabricated. This will significantly reduce the cost and complexity of the 
receive electronics. High-speed multiplexers allowed us to perform 8:1 or 4:1 multiplexing to 
each A/D while maintaining a minimum sampling rate of 10 MHz. This is sufficient for the 
dual-mode array operating at 1 MHz (and can capture the second harmonic without aliasing). 
Results from this new circuit will be reported at the Ultrasonics Symposium in October. 

b) Design and fabrication of transmit/receive control circuitry (1 18): Completed (Year I 
Report). 

c) DSP-based real-time beamformer (12 - 30): We have identified a VXI based real-time 
controller for beamforming. This controller will be sufficiently fast to perform real-time 
beamforming and uploading of image data to the controller workstation. 

d) Experimental testing, calibration, and characterization of imaging system (24 - 36): We are 
on track for testing and characterization of the system for real-time data acquisition from all 
channels during the first half of the third year. We expect to be able to form images with a 
frame rate on the order of 10 - 15 frame per second. If this is achieved, we will be in an 
excellent shape to propose the use of the dual-mode system in vivo animal experiments as 
part of a future grant (possibly from the NIH). 

Key Research Accomplishments 
• We have established that the real-time harmonic activity during and after lesion formation is 

observable using diagnostic scanners (Technos MPX, Esaote, S.p.A., Genoa Italy). Hypothesis 
on microbubble activity is strengthened by real-time imaging results using the pulse inversion 
technique (Appendix 11). 

• We have extended the second harmonic imaging results to quadratic imaging using the second- 
order Volterra filter. This nonlinear imaging mode is superior to second harmonic imaging in 
that It improves spatial and contrast resolution and virtually eliminates beamforming artifacts. 
The latter severely limits the dynamic range of the 2"'' harmonic imaging technique in single- 
transmit imaging mode. (Appendix II, III, IV). 

• We have established the correlation between pulse inversion data and quadratic data for discrete 
lesions (Appendix II) and volumetric lesions (Appendix IV). 

• We have demonstrated that nonlinear imaging methods like pulse inversion and quadratic 
filtering produce more accurate maps of the actual lesions (Appendix IV). 

• Full characterization of the imaging capabilities of our 64-element prototype dual-mode array. 
Comparison with diagnostic imaging using the Esaote Technos MPX scanner (CA421 convex for 
abdominal imaging). This will be reported at the 2003 International Ultrasonics Symposium in 
October. 

• Characterization of the transient behavior of the harmonic contents of the echo signal from the 
lesion location in ex vivo tissue (several different tissues used). This will be reported at the 2003 
International Ultrasonics Symposium in October. 

Reportable Outcomes 
SteidI, C; Hui Yao; Phukpattaranont, P.; Ebbini, E.S., "Dual-mode ultrasound phased arrays for 
noninvasive surgery: post-beamforming image compounding algorithms for enhanced 
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visualization of thermal lesions," Biomedical Imaging, 2002. Proceedings 2002 IEEE 
International Symposium on , 7-10 July 2002. Page(s): 429 .432^^^'''"9^- ^^^^ ^^^^ 

Hui Yao; Phukpattaranont, P.; Ebbini, ES.,"Nonlinear methods for visualization of HIFU-induced 
29 luT;   ':°f ^^^71°^ the 2- international Symposium on Therapeutic Ult asound (IS^u^^^^ 
29 July - 1 August, Seattle, WA, Editors: Andrew, Crum, and Vaezy, 2002, Page(s): 282 - 289. 

S'uaNmode^t?^^^^^^ ''H' ^^^'"'' t^" ""^^^t^^tion and mapping of thermal lesions using 
Vofume   7  n.f « 11   .nn-f o ^ZT" ^'^^^^"^'^"^^^ of the 2002 IEEE Ultrasonics Symposium 
volume. 2, Oct 8-11, 2002. Page(s): 1435-1438. r   K . 

H%u7r:riur^!^^f^^^^^^^^     ^'^ f.^"''"'^ £.S.,"Nonlinear imaging methods for characterization of 
HIFU-mduced lesions," Proceedings of the SPIE vol. 4954, Thermal Treatment of Tissue: Energy 
Delivery and Assessment II, Editor: T.P. Ryan, 2003, Page(s): 183 - 191. 

^^Ti^^' ^^^'"''"';;°"li"ea'- pulse-echo imaging methods for HIFU-induced lesion visualization," 
{Invited) Acoustical Society of America, JASA, vol. 113, no. 4, 2003, Page: 2309 

EmadS. ^^f/"^'"Dual-mode HIFU arrays," 3^^ International Symposium on Therapeutic 
Ultrasound (ISTU3), Lyon, France 22 - 25 June, 2003, manuscript in preparation. 

EmadS. Ebbini and Pornchai Phul<pattaranont, "Ultrasound imaging system and method using 
non-lmear post-beamforming filter," Patent application to the US Patent and Trademark Office 
(Initial application 10 May, 2002; Continuation-in-part 9 May 2003). 

PornchaiPliukpattaranontand EmadS. Ebbini. "Post-beamforming second-order Volterra filter 

ContforAuusfzoor'"'' '"'^^'"^"' ^^^^ '^''^"^- °" ^'^rasonics, Ferroelectrics and Frequency 

Conclusions 
Our efforts during the second year of the grant were focused on validating and characterizing the 
imaging capabilities of the 64-element dual-mode array prototype. In addition, we have generalized 
the hamionic processing of the echo signal to quadratic processing. This approach was shown to be 
superior m terms of enhancing the spatial and contrast resolution of lesion images. Quadratic imaain" 
vvas also shown to produce results comparable to pulse inversion imaging, an imaging metTiod 
designed to detect microbubble activity (contrast-agent imaging). Compared to pulse inversion 
quadratic imaging is not sensitive to motion and has wider dynamic range. 
Our characterization of the 64-element dual-mode array prototype is as follows- 
Therapeutic performance: Free field focal intensities up to 3500 W/cm' in a region approximately 4 
cm in diameter around the geometric focus (with electronic scanning). 
nmiging Performance: Axial resolution of 3 mm, lateral resolution of 1.1 mm. This is opposite to 
typical diagnostic systems, which have better axial resolution (< 1 mm) than axial resolution (-2 mm) 
I his IS due to the relatively narrow bandwidth (leading to reduced axial resolution) and the lar^c 
aperture (leading to excellent lateral resolution) of the dual-mode array prototype. Furthemiore wc 
have shown that the dynamic range of 50 dB in an elliptical region around the geometric center (major 
diameter 6 cm and minor diameter of 5 cm). High contrast targets like large blood vessels are always 
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reflector^^''''''' '°"^'^'^ ^^'^^^' '"'^""" ^^^" "^ """" ^'^ indistinguishable from a point specular 

What does this mean? Our dual mode approach is a viable approach for image guidance as wc can 
recognize structures and markers in the target region. We have also established unequivocally that 
lesions can be mapped accurately based on changes in their echogenecity during and immcdiatelv after 
tomiation This remains one of the most attractive features of our approach, especially when sin^lc- 
iransmit focusing is used. This mode is unique because it allows us to inspect the changes in the 
echoes precisely at the expected lesion location (since the imaging transmit beam is obtained from the 
therapeutic beam itselfl. It also allows for the detection of any critical structures in the path of the 
therapeutic beam. Therefore, imaging with the therapeutic beam before lesion formation is probably 
the most powerful tool for avoiding collateral damage upon targeting specific tissue for damage. 

References 
|i^bbini:91] E. Ebbini and C. Cain, "A spherical-section ultrasound phased array applicator for deep localized hyperthcrni.a " 

/rails. Biomed. Eng.. vol. 38, pp. 634-643. 1991. f J'K 

lSeip:95a] R-Seip and E. Ebbini, "Non-invasive estimation of tissue temperature response to heatins fields usinu diaizncsi,. 
ultrasound,  /t££ Tra/ii-. B/ower/. f/zg., vol. 42, no. 8, pp. 828-839, August 1995 "      "" 

|Seip:95b] R. Seip, P. VanBaren, C. Simon, and E. Ebbini. "Non-invasive spatio-temporal temperature chanuc estimation usi,,.. 
diagnostic ultrasound,   m/£-££ iy/rra.so«. 5V;H;?., pp. 1613-1616, November 1995 

If'^'nS ^n ^o^- ^'-'''''^"^''f'"' IJi'rasoumi Thennotheiapy, PhD thesis. EECS, University of Michigan, February 1996 
|Seip:96bj R. Se.p   P. VanBaren. C. Cain, and E. Ebbini,    "Non-invasive real-time multipoint temperature control to, 

ultrasound phased array treatments," IEEE Trans.   Ulrrason.. Ferroelec. Free,.  Coiitr., vol. 43. no. 6   pp 106^-107^^ 
November 1996. KF       -   ■    • ■ 

^^l";°":^;^''^ C. Simon, P^VanBaren, and E. Ebbini, "Two-dimensional temperature estimation using diagnostic ultrasound" 
iLht Irons. Ultrason. Ferroek'c. Freq. Contr., vol. 45. no. 4, pp. 1088-1099, July 1998. 

Appendices 
l.Steidl, C; Hui Yao; Phukpattaranont, P.; Ebbini, E.S., "Dual-mode ultrasound phased arrays for 

nonmvasive surgery: post-beamforming image compounding algorithms for enhanced 
visualization of thermal lesions," Biomedical Imaging, 2002. Proceedings  2002 IEEE 
International Symposium on , 7-10 July 2002, Page(s): 429 -432. 

ll.Hui Yao;^ Phukpattaranont, P.; Ebbini, ES.,"Nonlinear methods for visualization of HIFU-induced 
lesions,   Proceedings of the 2"^ International Symposium on Therapeutic Ultrasound (ISTU2) 
29 July - 1 August, Seattle, WA, Editors: Andrew, Crum, and Vaezy, 2002, Page(s): 282 - 289. 

in.Hui Yao; Phukpattaranont, P.; Ebbini, E.S., "Detection and mapping of thermal lesions using 
dual-mode ultrasound phased arrays," Proceedings of the 2002 IEEE Ultrasonics Symposium 
Volume: 2, Oct 8-11, 2002, Page(s): 1435-1438. 

^'^■';^'^'Yao; Phukpattaranont, P.; Ebbini, ES./'Nonlinear imaging methods for characterization of 
HIFU-mduced lesions," Proceedings of the SPIE vol. 4954, Thermal Treatment of Tissue: Energy 
Delivery and Assessment II, Editor: T.P. Ryan, 2003, Page(s): 183 - 191 

//:7:7; 



Image-Guided Surgery of Primary Breast Cancer Using Ultrasound Phased Arrays 

Emad S. Ebbini, PI 

""■ for^Du^lCrh^T^'^''"^'^''''^'""'^^- ^^^'"'' "Post-beamforming second-order Volterra filter 

I] 



Appendix 1 

DUAL-MODE ULTRASOUND PHASED ARRAYS FOR NONINVASIVE SURGERY- 
POST-BEAMFORMING IMAGE COMPOUNDING ALGORITHMS FOR ENHANCED 

VISUALIZAnON OF THERMAL LESIONS 

Charles Steidl, Hui Yao, Pomchai Phukpattaranont and Emad S. Ebbini 

Department of Electrical and Computer Engineering 
University of Minnesota 
Minneapolis, MN 55455 

Abstmcj- A post-beamTorming nonlinear compounding "Igo- 
rithm for ultrasonic imaging is presented. Fundainental and 
harmonic image componenls from ticanifrDmed radio frcquenc; 
(RF) data are extracted, envelope detected and compounded 
using a spatial compounding functions (SCFs) derived from 
the transmit/receive beamformlng topology used in obtaining 
the RF data. This is specially useful for applications where 
sinfile-transmit focus (STF) imaging is used. In this paper, we 
present results from STF imaging experiments using a novel 
doal-mode phased array system for image-guided surgeiy. In 
particular, we address the enhancemenl of the echogenidty of 
thermal lesions fonned in tx vim tissue. It is shown that new 
nonlinear image compounding algorithm produces 25 - 30 dB 
enhancement in lesion echogenidty wiUout loss in spatial res- 
olution. This is to be compared with a typical enhancement 
of S dB achieved by standard echographie imaging and 20 dB 
achieved by secoad harmonic inuEJng alone. In addition, im- 
ages resulting from the new algorithm are virtually free of 
beamfonning artifacts that can severely degrade the perfor- 
mance of 2nd harmonic ima^ng. 

1. INTRODUCTION 
Image guidance has long been recognized as the "enabling 
technology" for noninvasive thennal surgeiy. Highly re- 
fined energy application devices have been developed and 
for years. However, without reliable imaging techniques for 
visualization of thennal lesions, noninvasive thennal surgeiy 
has failed to find widespread acceptance in the clinic. Re- 
cently, image guidance methods based on well established 
imaging modaUUes like MRI[3]. CTF5]. or ultrasound [4, 8) 
have been proposed. Other imaging modalities are also be- 
ing developed and may become available in the foreseeable 
future[6,7]. 

An area unique to ultrasound that could revolutionize 
the field of image-guided surgery is the development of a 
new generation of dual-raode high-power phased array sys- 

Fandcd by Grant DAMD 17-01-1-330 from the US Anny Medical 
Research and Materiel Command 

terns capable of both imaging and therapy [8, 9]. These 
piezocomposite transducers can produce focal intensity lev- 
els needed for ablative and coagulative thermal surgery with 
high precision. Furthermore, the operating bandwidth of 
such transducers allows for imaging the treatment region 
with adequate image quality to delineate important land- 
marics within and around the target volume. With these ca- 
pabilities, it is possible to operate these airays in a "self- 
legistnation" mode whereby the imagmg capabilities of the 
airay are utilized in charactcrizauon of the tissue response 
precisely at the expected lesion location. This is due to the 
fact that the beamforming is common to both the imag- 
ing and therapy modes. TTie main challenge to this ap- 
proach is the low-contrast nature of speckle-ridden ultra- 
sound images. This paper addresses a new post beamform- 
ing filter bank image reconstruction algorithm with nonlin- 
ear spatially weighted compounding algorithm to mitigate 
this problem. The design of this algorithm is motivated by 
the nonlinear nature of ultrasound propagation in tissue and 
the faa that thermal lesions are known to have increased 
level of harmonic generation. Experimental results demon- 
strate the potential of the new algorithm in both enhancing 
the lesion contrast and size/shape analysis. 

2. IMAGE FORMATION MODEL 

Figure 1 summarizes the image acquisition and image for- 
mation model. A 64-element array optimized for maximum 
energy delivery at 1 MHz operating frequency is used for le- 
sion formation in sample tissue. Lesions are formed by fo- 
cusing the array at a point within the target and maintaining 
high-power output for time intervals on the order of seconds 
(1 - 5 seconds typical). The power is inteiiupted for shon 
intervals (milliseconds) to acquire image data by transmit- 
ting short (jUS) pulses from all 64-elements and receiving on 
selected elements using a matrix switch. Once the image 
data set is collected, RF beamfonning is performed to form 
standard echographie images of the target region. 
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Fig. 1. Image Acquisition ard Image Reconstruction Algorithm 

Fig. 2. Coordinate system used in tlie synthetic aperture 
imaging system. 

2.1. Synthetic aperture imaging 
Images are obtained using a full synthetic aperture tecb- 
mque[10]. The image pixel at coordinates (xp,Zp) is there- 
fore computed by (Fig. 2): 

/(xp,z,) = Y^Y,Ai-Bj ■ Si.,- m^ + Rj^)/c],   (1) 

where i is the transmit element index, j is the receive el- 
ement index. At is the transmit apodizaiion weight at ele- 
ment X, Bj is the receive apodization weight at element j. 
Rip and Rjp are the distances from the transmit and receive 
elements, respectively, fipom the image pixel, c is the speed 
of sound in the medium being imaged, and s,j(t) is the 
echo acquired when transmitting with element i and receiv- 
ing with element j. 

2.2. Single-TVansmit Focus (STF) Imaging 
The synthetic aperture imaging algorithm described above 
can be used to produce the highest quality conventional im- 
ages that can be expected from a given array. However, due 
to the fact that transmit beams are synthesized by super- 
position of single-element transmit patterns, the nonlinear 
interactions of the real-time transmit beams cannot be ac- 
counted for using this imaging algorithm. Therefore, we 

have nwdified our 64-channeI phased array driver lo allow 
for pulsed transmission on all 64 channels simultaneously. 
This allowed us to use the full power of the transmit beams 
and, therefore, observe their nonlinear interactions with the 
tissue media. The image formation process due to a STF 
beam is a modified version of Equation (1) as follows: 

/(xp, zp) = Y.Bj- Sj [(i?o -h RJP) /C] , (2) 
j=i 

where Sj {t) is the received waveform at element j due to the 
transmitted beam and iJo is a fixed distance determined by 
the focal depth of the transmit beam. All other quantities in 
Equation (2) are ±e same as their counterparts in Equation 
(1). It should be noted that beamfonning is performed in the 
RF domain using true delays, i.e., no baseband converrsion 
is done. This retains all the frequency components in the 
beamfonned data for postbeamforming filtering operations 
described below. 

23. Post Beamfonning Filtering 
Since beamfonning is performed in the RF domain, all the 
frequency components in the received echo signals are re- 
tained. This is important since the echo signals can be ex- 
pected to contain a mix of harmonics (and possibly subhar- 
monics) depending on the nonlinearity of the tissue medium 
being imaged. This is especially true for the STF imaging 
mode where the transmit power is sufficiently high to pro- 
duce harmonic components in nonlinear tissue media. Post- 
beamforming filtering can be used to isolate specific har- 
monic components and/or enhance axial resolution if the 
SNR of the system is sufficiently high. Algorithms for post- 
beamforming fiherbank image reconstruction for pulse-echo 
ultrasound can be found in [11]. For the purposes of this 
paper, the filter bank is formed of bandpass filters with cen- 
ter frequencies at a set of preselected harmonics (or subhar- 
monics). 

2.4. Nonlinear Compounding 
Ultrasound propagation in tissue media is inherently nonlin- 
ear. RF echo signals obtained using modem scanners with 
wideband transducers cany harmonic components that are 
generated by the medium nonlinearity, i.e., they are not part 
of the originally transmitted imaging pulses. Since the tis- 
sue nonlinearity parameter exhibits hi^er contnut between 
various tissue compared to tissue reflectivity, imaging ttiis 
parameter can lead to higher contrast images of soft tissue. 
For a variety of physical reasons, it is well known that ther- 
mal lesions generate higher harmonics at levels higher than 
normal tissues. By careful design of the transmit/receive 
beamfonning and the post beamforming reconstructions fil- 
ters, high contrast images of lesions can be formed from 
ultrasound images formed at the fiindamental and some of 
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its higher harmonics. In general, an optima] compound- 
ing rule must be derived based on sutistical model of the 
imaged region and the expected lesion size/location. Fur- 
thermore, the quality of the beamforming at different har- 
monics or scales wilt be spatially heterogeneous. For exam- 
ple, since the array sampling function (in wavelengths) is 
coarser at the higher hannonics. images formed at these fre- 
quency will have high contrast along the axis of the trans- 
mit beam, but the contrast deteriorates quickly away from 
the main axis. Funhetmore, since the hamionics are orders 
of magniwdes smaller than the fundamental, compounding 
is performed with log-compressed images after appropriate 
scaUng. Therefore, with reference to Figure 1, the com- 
pounding is performed in two stages: 

I. The outputs of the filterbank are envelope detected, 
scaled, and log compressed. The scaling of the indi- 
vidual harmonics can be derived from, for example, 
the specificity or contrast-to-tissue ratio (CTR): 

c....o„..(te|) (3) 

where l|yc, HJ and ||yr. ||j are the h norms of the tth 
harmonic components from the contrast and normal 
tissue regions, respectively These regions are easily 
identified under various imaging conditions. For in- 
stance, for the application described in this paper, the 
contrast region is the expected location of the ther- 
mal lesion (often visible on the standard echographic 
image). 

2. A spatially-weighted sum of the harmonic compo- 
nents is performed. The weighting function is derived 
from the spatial contrast function (SCF) of the imag- 
ing array at the different harmonics. 

Assuming that the envelope-detected, normalized and log- 
compressed images obtained from the filterbank are given 
^y h-J2,--,Is, then the compounded image is given by: 

^(:r,y) = f;iV.5i{i,»)/i(i,j,) (4) 

where \Vi is a weighting function reflecdng the relative en- 
ergy at the harmonic with respect to the fundamental at the 
(expected) lesion location and Si[x,y) is the SCF associ- 
ated with the ith harmonic. This is can be obtained based 
on simulations of pulsed or CW calculations of the foUow- 
ing ratio: 

J5l,^n{x,y;i')e,(i,yo;2')ir" ^^' 

where the subscripts SL and ^i refer to sidelobe and main- 
lobe, respectively, and Bp, (x, jr; z*) is the tth harmonic (dy- 
namic) receive focus at (x, y) and ^^(i, y^- x') is the trans- 
mit focus pattern (at the fundamental). Note that the SCF 

js a measure of the quality of the transmit/receive pattern at 
the :th harmonic. The higher the SCF the more confidence 
we have in the received data at the ith harmonic. 

3. RESULTS 
Figure 3 gives a typical result of a visualization experiment 
using the dual-mode array and the image compounding al- 
gorithm described above. The figure shows images obtained 
before and after lesion formation in an ex-vivo liver tissue 
samples. The expected lesions are cigar-shaped with length 
of 10 mm and width of 2 - 3 mm. All images are shown 
at 40 dB dynamic range and have the same axial and lateral 
extent The lesion was formed at the geometric center of the 
array and was expected between 90 and 100 nmi in the axial 
direction. All images show die front surface of the sample at 
80 mm and the sponge backing phantom at 120 mm. Three 
pairs of images are shown, one before (left) and one after 
the lesion formation. The images on top of each figure are 
fomied at the fundamental (1 MHz) white those at the center 
of each figure are formed at the 2nd harmonic (2 MHz). The 
pair at the bottom shows the compound image using Equa- 
tion 4 and the SCFs shown in Figure 4. Each pair of images 
is displayed on a log scale and normalized such that the 0 
dB corresponds to the maximum of the image on the RHS, 
i.e., the image of the target after lesion formation. While 
both the fundamental and harmonic images show enhanced 
lesion contrast, the harmonic images show a net increase in 
contrast by 22 dB along the direction of the transmit beam. 
On the other hand, the net increase in contrast at die funda- 
mental is about 7 dB. In addition, the spatial definition of 
the lesion in the haimonic images is superior to the funda- 
mental. However, while the harmonic images are superior 
both in terms of definition and contrast near the main axis of 
the transmit beam, the fundamental images better represent 
the tissue state off-axis. The compound images show a net 
increase in the lesion contrast on the order of 35 dB both 
axially and laterally. This result can be understood in light 
of a close examination of the SCRs shown in Figure 4. It is 
also interesting to note, however, that the compound image 
still shows major off-axis objects, e.g.. blood vessel at axial 
distance of 110 mm and lateral distance of 5 mm. That is. 
the compounding algorithm removes the beamfonning side- 
lobe artifacts, but not major scatterers in the vicinity oi the 
transmit beam. This is one of the main objectives of STF 
imaging described in this paper. 

4. CONCLUSIONS 
We have shown that post beamforming filterbank recon- 
struction of ultrasound images ai selected frequencies sen- 
sitive to harmonic generation in nonlinear media produces 
images appropriate for compounding. The resulu of apply- 
ing the nonlinear compounding algorithm also demonstrate 
a significant increase in lesion contrast over enhancement 
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Fig. 3. Images before <!eft) and after lesion formation. AU images 
are shown at 40 dB dynamic range. 

achieved at either the fundamental or second harmonic. It is 
important to state that this contrast enhancement is achieved 
without loss in spatial resolution. This due to the fact that 
the bandpass filters used in separating the fundamental and 
hannonic components have wider bandwidth than the data 
bandwidth at tfiese hannonics. The results shown in this pa- 
per suggest that dual-mode arrays with high contrast imag- 
ing capability suitable for real-time thermal lesion visual- 
ization are feasible. This leads to a most powerfiil paradigm 
for image guided surgery where the therapeutic and image- 
guidance coordinate systems are inherently registered. 
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Abstract. Nonlinear ultrasonic imaging methods (like pulse inversion [1] and quadratic imagine 
Sri Tt7t °"'r !^'^" f'J^ "^ "^^' '" visualization of lesion forrl^ation'in freshl v exascd 
tissue Both of these methods arc more sensitive to nonlinear echoes (e.g.. due to micro-'bubbles) 
han standard B-mode .magmg. While all three methods typically show increa.sed echogenicity at 

the lesion location, the nonlinear methods exhibit more localized echo enhancement than B-mode 
imaging. Therelore, nonlinear methods arc belter suited to lesion mapping for purpo.ses of image 
guidance^ Quadratic images have the added advantage of a significant increase in image dynamic 
range and noise reduction (a major limitation of pulse inversion imaging). The results shown in 
his report continue to support the hypothesis that micro-bubbles play an important role of lesion 

tormation Furthermore, the presence of microbubbles provides significant opportunity for mapping 
tne treated tissue and potentially characterizing the nature of damage. " 

INTRODUCTION 

We have u.sed a dual-mode array described in L3j to form HIFU-induced thermal lesions 
in freshly excised degassed tissue under a variety of normal exposure and over exposure 
condihons. Single-transmit focus images were collected for over 100 lesions before and 
alter lesion formation. These images have consistently shown 5 - 7 dB enhancement in 
the echogenicity from the lesion location in the standard echographic images. These re- 
sults were much more consistent than the reported "flashes" on the B-scan images when 
diagnostic ultrasound systems are used to monitor HIFU lesion formation. Motivated by 
the excellent investigation by P. P. Leie reported in [4J, we hypothesized that this chantie 
in echogenicity is due to stable microbubbles that can occur even at low insonation lev- 
els. Lele found that subharmonic emission due to microbubbles showed a monotonic 
mcrea,se with intensity from 150 mW/cm^ to 1500 W/cm^ without a distinct threshold 
for emission (measurements done in vitro and in vivo at 2.7 and 1.8 MHz). The consis- 
tency of the increase in echogenicity at the lesion may be explained by the fact that the 
microbubbles may already be resonant at the imaging frequency (same as the therapeutic 
HIFU beam when the dual-mode array is is u.sed). perhaps a result of rectified diffusion. 

The standard echographic images at the fundamental, however, offer limited contrast 
enhancement due to the speckle phenomenon. Therefore, they could not provide a 
reliable method for mapping the boundaries of HIFU-induced lesions. This lead us to 
try to exploit the nonlinear nature of the microbubbles to enhance the visualization and 
mapping of thermal lesions. The idea was that, if microbubbles are indeed present at 
the lesion location, they will generate nonlinear echoes that may be better suited for 



mapping. We have initially investigated second harmonic (SH) imaging as a means of 
enhancing the lesion contrast for improving the visualization of these images. SH images 
ot thermal lesions have shown increase in the contrast on the order of 22 - ^5 dB but with 
decreased dynamic range of the resulting images [3J. A post-beamformins nonlinear 
compounding algorithm was shown to improve the contrast in lesion echogenicity to 
30 - 35 dB without loss in dynamic range [5J. This was achieved by compounding 
the fundamental and the SH images using spatial compounding functions based on 
the receive beamforming characteristics of the dual-mode array at the fundamental 
and the SH frequencies. In this paper, we use a commercial imaging scanner with 
modihcations to allow pulse inversion imaging in .addition to standard B-mode ima^in" 
for the visualization of freshly excised tissue before, during, and after the formation of 
HIFU lesions. 

NONLINEAR IMAGING METHODS 

Pulse Inversion Imaging 

This method was recently introduced by Bums and coworkers [6J for enhancin'^ 
contrast echoes in contrast-assisted pulse-echo imaging. The basic implementation of 
this method entails the use of two pulses per image line. These pulses are carefully 
designed such that. p^{t) = -p^{t - TJ, where T^ is some appropriate delay (on the 
order ot the pulse-echo time from the maximum depth of interest). Summing the echoes 
resulting from the two pulses eliminates the odd-harmonic components from the echo 
signal (including the fundamental) while doubling the even-harmonic (mostly second) 
components. This method currently represents the leading approach for contrast-agent 
imaging, especially with low concentration and/or very low transmit signals to minimize 
the generation of tissue nonlinearity. 

Quadratic Imaging Based On SVF 

We have recently developed a new nonlinear imaging system based on the SVF [2J. 
This has a number of advantages when compared to PI imaging (e.g. requires only'a 
single pulse per line and increa.sed dynamic range). 

Second-Order Volterra Model 

Results from [2] have shown the validity of a second-order Volterra filer as a model 
tor pulse-echo ultrasound imaging data from tissue mimicking media. In this section, the 
decomposition of received echo, i.e., output sequences only, into linear and quadratic 
components by using least-squares approach of second-order Volterra model will be 
considered and the detail of algorithm implementation to pulse-echo ultrasound imaging 
will be stated. '^   ^ 



Signal Separation Model 

The algorithm described in this section is adapted from [7J. The response of a quadrat- 
ically nonhnear system, y{n + I), can be predicted by a second-order Voherra model of 
past m values as follows: 

y{n+\)   =   Ji(n+l)+y^^(n+l) 

'"-' m-\m-\ 

=    E v(«-0M0+££>'(«-7)v(n-A-)/2o(7".^) + e(«).      (1) 
'=0 ;=0 k=i 

where /2^(/) is linear filter coefficients. hQ[j,k) represents quadratic filter coefficients 
and e{n) is a modelling error and/or a measurement noise which is assumed to be an 
mdependent, identically distributed(i.i.d) random variable with zero mean. That is. if 
the model coefficients are known, the echo signal can be decomposed into linear and 
quadratic components. The latter can be expected to better represent the quadratic re- 
sponse of the system than, say, the second harmonic component. The model coefficients 
can be obtained by setting the linear and quadratic prediction problem in Equation 1 
to form a set of linear equations. Recognizing that the output is linear in terms of the 
(unknown) model coefficients, one obtains a matrix equation of the form: 

f=Gh-i-e. (2) 

where the vector f, the matrix G and the error vector e are 

f   =   [y(/2-f-l),y(/i + 2) y{n + L)Y 
G=   [y(„).y(„+l) yi^n + L-\)Y 
e    =   [e{n).e{n+l),...,e{n + L-l)Y. 

where the data vector, y, is given by: 

y(«) = [y{n).y{n - l),_v(/7 - 2)....,y{n -m+\). 

y~{n).y{n)y{n-\)....,y^{n-m+ l)f 

and the filter coefficient vector, h, is given by: 

h = [/2jOj./2jl)./iJ2) Ajm-1). 
]T 

The details of the solution for the coefficients of the SVF model can be found in 
[8]. Briefly, a minimum-norm least-squares solution of (2) is obtained using truncated 
singular value decomposition, TSVD. To assess the performance of the signal separation 
model in enhancing the lesion visualization, we compute the contrast-to-tissue ratio: 



where ||y^ Ij, and Hy^^-H^ are the l^ norms of the quadratic components from the lesion 
and normal tissue regions, respectively. These regions are easily identihed under various 
.magmg conditions. For instance, for the application described in this paper, the contrast 
region is the expected location of the thermal lesion (often visible on the standard 
echographic image). 

Implementation 

The coefficients of the linear and quadratic components of the SVF model are obtained 
trom the beamformed RF data. The implementation steps are as follows: 

1. Using the standard echographic image, select a beamformed RF data segment from 
the expected lesion location. 

2. Form the linear systems of equations according to (2). 

3. Define contrast region (within the lesion) and normal tissue region for the compu- 
tation of the mean-square error MSE and CTR. 

4. Solve systems of linear equations by using TSVD regularization method. 
5. Apply second-order Volterra filter to the beamformed RF data throughout the pulse- 

echo ultrasound image. 

6. The quadratic component from the SVF can be displayed as a separate ima^e or 
appropriately compounded with the linear component. 

EXPERIMENTAL SETUP 
Figure 1 shows a simple arrangement for the formation of HIFU lesions in freshlv 
excLsed and degassed porcine livers samples. The therapy transducer is a 1 5 MHz 
single-element sphencal-shell transducer with a radius of curvature equal to its diameter 
and equal to 63.5 mm (Etalon. Lizton, Indiana). The transducer is fixed to the back of 
a small tank as shown and driven by a power amplifier (ENI, Rochester. NY) and a 
programmable function generator. This assembly can be used in generating a variety of 
amplitude-modulated HIFU bursts from tens of milliseconds to .several seco^nds Ion- and 
intensities up to 3000 W/cm- (conservative estimate). 

Real-time imaging is performed using a modified Technos MP system from ESAOTE 
Genoa, Italy. The system is modified to allow imaging in pulse inversion mode in 
addition to normal B-mode imaging. In addition, a hardware module for capturin- hi<^h- 
quahty beamformed RF data allows us to capture and upload up to 60 seconds°of full 
frame data with a specified frame rate. A CA 421 convex probe was used in acquiring 
image data for this paper. Image data was acquired in pulse inversion (PI) mode with 
a 2-cycle transmit pulse centered at 1.57 MHz. The imaging transducer was aligned so 
that the image plane is .r - c plane (to allow imaging the lesion along the axis of the 
therapy transducer. 



Therapy Transducer (Thx Tx) 

Imaging Transducer (Ix Tx) 

Acoustic Window 

FIGURE 1. Experiment setup used lor formation of HIFU lesions using a single-clement transducer 
attached to the ot the lank with an imaging probe monitoring a cross section of the lesion throu-'h an 
acoustic window. *■ 

RESULTS AND DISCUSSION 
The experimental setup shown in Figure 1 was used in obtaining images of e-.r vivo tissue 
samples before, during and after thermal lesion formation with the spherical therapy 
transducer. This setup was designed to allow comparisons with our a dual-mode 64- 
clement ultrasound phased array operating at I MHz described in [3J. Results shown in 
[3J confirmed that echoes from the lesion location exhibited increased levels of second 
harmonic generation even at normal exposure conditions. In this paper, we show imagins: 
results^ from a single-shot slightly overexposure condition of a 5 second pulse at mO 
W/cm-. This exposure typically produces a cigar-shaped lesion with average length of 
10 mm and slight widening of the lateral extent of the lesion at the base (nearer to the 
therapeutic transducer). This is part of a study for characterization of different imaging 
modes at a full range of exposure conditions. 

Figure 2 shows the RF data along a line through the lesion before lesion formation 
(upper left). The figure also shows spectrograms of the RF data (showing the frequency 
content ot the RF echoes, lower left). Echoes from the tissue sample begin at depth 135 
mm. The results show that the echoes before lesion formation cover the bandwidth of the 
CA4121 probe (fundamental at 1.57 MHz and some 2nd harmonic). This is confirmed 
by the corresponding PI data shown on the right hand side, which shows the second 
harmonic data just above the noise level. 

On the other hand, the spectrogram of the RF data shown in Figure 3 from the same 
direction after lesion formation show strong fundamental and 2nd harmonic components 
at the lesion location (145 mm). This is aLso very clear in the PI data which shows a 
strong 2nd harmonic at the same location. In addition, the PI data consistently showed 
a significant component at 2.2 MHz (believed to be an ultra harmonic component). 
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ABSTRACT 

h has long been recognized thai thermal lesions formed us- 
ing high-intensity focused ultrasound (HIFU) exhibit non- 
linear behavior that can be detected in pulse-echo ultrasound. 
Second harmonic imaging of freshly formed thermal lesions 
have consistently shown significant enhancement in their vi- 
sualization confirming this nonlinear behavior. In this pa- 
per, we describe a post-beamforming nonlinear filtering al- 
gorithm based on second-order Volterra filter (SVF) model 
that separates the linear and quadratic components of the 
echo signal leading to significant enhancement of lesion vi- 
sualization. Images from ex vivo lissue samples are shown 
to demonstrate the level of contrast enhancement achieved 
with the SVF-based quadratic filter compared with standard 
echo and 2nd harmonic imaging results. 

1. INTRODUCTION 

Since early 2001, we have used a dual-mode array described 
in [!J to form HIFU-induced thermal lesions in freshly ex- 
cised degassed tissue under a variety of normal exposure 
and over exposure conditions. Single-transmit focus im- 
ages were collected for over 100 lesions before and after 
lesion formation. These images have consistently shown 5 
- 7 dB enhancement in the echogenicity from the lesion lo- 
cation in the standard echographic images. These results 
were much more consistent than the reponed "flashes" on 
the B-scan images when diagnostic ultrasound systems are 
used to monitor HIFU lesion formation. Motivated by the 
excellent investigation by P. P. Lele reported in [2], we hy- 
pothesized thai this change in echogenicity is due to sta- 
ble microbubbles that can occur even at low insonation lev- 
els. Lele found that subharmonic emission due to microbub- 
bles showed a monotonic increase with intensity from 150 
mW/cm^ to 1500 W/cm^ without a distinct threshold for 
emission (measurements done in vitro and in vivo at 2.7 and 
1.8 MHz). The consistency of the increase in echogenicity 
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at the lesion may be explained by the fact that the microbub- 
bles may already be resonant at the imaging frequency (same 
as the therapeutic HIFU beam when the dual-mode array is 
is used), perhaps a result of rectified diffusion. 

The standard echographic images at the fundamental. 
however, offer limited contrast enhancement due to the speckle 
phenomenon. Therefore, they could not provide a reliable 
method for mapping the boundaries of HIFU-induccd le- 
sions. This lead us to try to exploit the nonlinear nature 
of the microbubbles to enhance the visualization and map- 
ping of thermal lesions. The idea was that, if microbubbles 
arc indeed present at the lesion location, they will generate 
nonlinear echoes that may be better suited for mapping. We 
have initially investigated second harmonic (SH) imaging 
as a means of enhancing the lesion contrast for improving 
the visualization of these images. SH images of thermal le- 
sions have shown increase in the contrast on the order of 
22 - 25 dB, but with decreased dynamic range of the re- 
sulting images [1]. A post-beamforming nonlinear com- 
pounding algorithm was shown lo improve the contrast in 
l&sion echogenicity to 30 - 35 dB without loss in dynamic 
range [3]. This was achieved by compounding the funda- 
mental and the SH images using spatial compounding func- 
tions based on the receive beamforming characterisiics of 
the dual-mode array at the fundamental and the SH frequen- 
cies. In this paper, we describe a post-beamforming filter- 
ing algorithm for separating the linear and quadratic com- 
ponents of the beamformed data based on the SVF. This 
approach is superior to all of the algorithms based on SH 
imaging. It greatly enhances lesion to tissue conlrasi with- 
out any loss in spatial resolution. In addition, it enhances 
the dynamic range of the image thus greatly improving both 
detecting and mapping of HIFU-induced lesions, even for 
volumetric lesions. 

2. IMAGE FORMATrON 

Figure 1 summarizes the image acquisition and image for- 
mation model. A 64-elemcnt array optimized for maximum 
energy delivery at I MHz (Imasonic, Besangon, France) 
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Tn values as follows: 

Fig. I. Imaging Setup 

IS used for lesion formation in sample tissue. Usions are 
formed by focusing the array at a point within the target 
and mamtaining high-power ot>tput for time intervals on the 
order of seconds (1-5 seconds typical). The power is in- 
terrupted for shon intervals (milliseconds) to acquire image 
data by transmitting short (^s) pulse from all 64-eIements 
and receiving on selected elements using a matrix switch 
Once the image data set is collected, RF beamfomiing is 
performed to form standard cchographic images of the tar- 
get region. Figure 1 also shows a general post-beamforming 
filter bank for analysis of beamfonncd data. For exam- 
ple, the filter bank could be designed to perform harmonic 
decomposition of beamfromed data (e.g., fundamental and 
2nd harmonic imaging). Alternatively, the filter bank can 
be designed to separate the linear and quadratic (nonlin- 
ear) components based on the 2nd order Volterra model de- 
scribed below. 

3. SECOND-ORDER VOLTERRA MODEL 

Results from 14] have shown the validity of a second-order 
Voiterra filer as a model for pulse-echo ultrasound imaging 
data from tissue mimicking media, [n this section, the de- 
composition of received echo, i.e., output sequences only, 
into linear and quadratic components by using leasi-square-s 
approach of second-order Voiterra model will be considered 
and the detail of algorithm implementation to pulse-echo ul- 
trasound imaging will be stated. 

3.1. SignaJ Separation Model 

The algorithm described in this section is adapted from f5J. 
The response of a quadraticaliy nonlinear system. t/(n -H 1), 
can be predicted by a second-order Voiterra model of past 

!/(n -H) = j,i,(n + 1) -f. yQ{n + \) 
m-t 
Y^ y{n - i)hi,(i) 
1=0 

m—1 m — \ 

+ IT 21 J'(" - J)y{n - k)hQ[j, k) .i- fAn). f 1; 

where ht{i) is linear filter coefficients, hqlj, k) represents 
quadratic filter coefficients and £(n) is a modelling error 
and/ora measurement noise which is assumed to be an inde- 
pendent, identically distributed(i.i.d) random variable with 
7.ero mean. That i.s, if the model coefficients are known, the 
echo signal can be decomposed into linear and quadratic 
components. The latter can be expected to better represent 
the quadratic response of the system than, say. the second 
harmonic component. The model coefficients can be ob- 
tained by setting the linear and quadratic prediction problem 
in Equation 1 to form a set of linear equations. Recognizing 
that the output is linear in terms of the (unknown) model 
coefficients, one obtains a matrix equation of the form: 

f = Gb + t, (2) 

where the vector f, the matrix G and the error vector t are 

f    =   [2/(n + l),y(n + 2),...,j,(n-f.Z,)]7- 
G=   ly(n),y(n-(-l),...,y(n-l-L-l)p 
£     =   (e(n),e(n-l-l),...,e(n + Z--l)f. 

where the data vector, y, is given by: 

y(n) = [y{n),y(n - l),y{n -2),.. .,y(n ~ m+ 1), 

y'in),y{n)y(n - 1) yZ(n -m + l)f 

and the filter coefficient vector, h, is given by: 

b = ['ii(0),/i|,(l),fci(2),....Mrn-l), 
fiQ{0,0),hQ(0,l),...,hQ(m-l,m-l)]T. 

The details of the solution for the coefficients of the SVF 
model can be found in 16]. Briefly, a minimum-norm least- 
squares solution of (2) is obtained using truncated singular 
value decomposition. TSVD. To assess the performance of 
the signal separation model in enhancing the lesion visual- 
ization, we compute the contrast-to-tissue ratio: 

CrJ?=10log,o >c\\l 
(3) 

where Hygcllz and Hygrlb are the/a norms of the quadratic 
components from the lesion and normal tissue regions, re- 
spectively. These regions are easily identified under vari- 
ous imaging conditions. For instance, for the application 
described in this paper, the conu-ast region is the expected 
location of the thermal lesion (often visible on the sundard 
echographic image). 

1436 — 2002 IEEE ULTRASONICS SYMPOSIUM 



3.2. Implementation 

The coefficients of the linear and quadratic components of 
me SVF model are obtained from the beamformed RF data 
1 he implementation steps are as follows: 

1. Using the standard echographic image, select a beam- 
formed RF data segment from the expected lesion lo- 
cation. 

2. Form the linear systems of equations according to (2) 
3. Define contrast region (within the lesion) and nomial 

ussue region for the computation of the mean-square 
error Af5£ and Cr/?. 

4. Solve systems of linear equations by using TS VD ree- 
ularization method. 

5. Apply second-order VoUerra filter to the beamformed 
RF data throughout the pulse-echo ultrasound image 

6. The quadratic component from the SVF can be dis- 
played as a separate image or appropriately compounded 
with the linear component. 

4. RESULTS AND DISCUSSION 

The experimental setup shown in Figure 1 was used in ob- 
taining images of ex vivo tissue samples before and after 
thermal lesion formation with a dual-mode 64-elemem ul- 
trasound phased array operating at I MHz. The standard 
echographic images were fomed by single transmit beams 
[11 along the main axis of the array and dynamic receive 
focusing at each pixel in the image. Results shown in [1] 
confirmed that echoes from the lesion locaUon exhibited in- 
creased levels of second harmonic generation even at nor- 
mal exposure conditions. Figure 2 shows the RF data along 
central axis of the dual-mode array before and after lesion 
formation at normal exposure level (850 W/cm^ for 4 sec- 
onds). The figure also shows spectrograms of the RF data 
(showing the frequency content of the RF echoes in the ax- 
ial direction). The results show that the echoes before le- 
sion formation are centered at I MHz with no evidence of 
2nd harmonic component in the tissue region (from 80 to 
120 mm). On the other hand, the spectrogram of the RF 
data from the same direction after lesion formation shows a 
strong 2nd harmonic component at the lesion location (90 
- 100 mm). Figure 3 shows the RF data along central axis 
of the dual-mode array before and after lesion formation at 
normal exposure level (2150 W/cm^ for 3 seconds). The 
specu-ograms show that the echoes before lesion formation 
arc centered at I MHz with small 2nd harmonic compo- 
nent m the tissue region (at 100 mm). The spectrogram of 
the RF data from the same direction after lesion formation 
shows a strong 2nd harmonic component starting at 82 mm 
This is consistent with the shape of the lesion determined by 
histological evaluation f I] (tear-dropcross section with the 
tip near the geometric center and the base near the front of 
the sample). It is interesting to note that, in addition to the 

increased 2nd harmonic generation, the echoes from the le- 
sion appear to have wider bandwidth compared to echoes 
from the same location before lesion formation. This is 
remmiscent of the behavior of ultrasound contrast agents 
(UCAs). It provides indirect evidence that bubble oscilla- 
tion occurs during and after lesion formaUon and lingers for 
tens of seconds (in vitro depending on lesion size). 

In [1] we have shown images of single shot HIFU le- 
sions at the fundamental and SH frequencies of the dual- 
mode transducer. Both imaging modes produced satisfac- 
tory images of the lesion in these cases, with the SH im- 
ages providing higher contrast of lesion echogenicity. How- 
ever, both of these methods suffer when imaging extended 
lesions. One such example is shown in Figure 4 before (left) 
and after lesion formation at the fundamental (top pair), SH 
(middle pair) and using the quadratic component from' the 
SVF (bottom pair). One can easily observe the increase in 
echogenicity at the lesion location (90 - 100 mm along the 
axis of the array) for all three modes. However, one can see 
that the dynamic range of the fundamental image is limited 
by the speckle pattern from tissue surrounding the lesion 
while the SH image is limited by the bcamforming artifacts. 
The lesion echogenicity in this case is nearly 17 dB above 
the normal tis.sue echogenicity in standard echographic im- 
age (typical contrast is more like 5 - 7 dB). The SH images 
improve the lesion contrast to approximately 25 dB com- 
pared to normal tissue (22 - 25 dB typical), but beamform- 
ing artifacts compromise the definition of the lesion bound- 
aries in the lateral direction. 

Using a beamformed echo data segment along the main 
axis of the array, the coefficients of linear and quadratic 
components of the SVF were estimated as described in Sec- 
tion 3.2. The quadratic components of the beamformed RF 
data were filtered out at all pixel locations. The images be- 
fore and after lesion formation are shown in Figure 4 at 40 
dB dynamic range. One can see quite clearly that the grating 
lobe components visible in the 2nd harmonic images are ef- 
fectively eliminated in the quadratic component images ob- 
tained through the SVF In addition, the speckle components 
conspicuous in the standard echo images is greatly reduced. 
This level of enhancement is typical and has been observed 
consistently in over 100 experiments similar to the one de- 
scribed in this paper. The reader can appreciate that the le- 
sion boundaries are well defined in both the axial and lateral 
directions. With the significant increase in dynamic range, 
one can see that both detection and mapping of thermal le- 
sions is significantly facilitated by the use of the quadratic 
filter based on the SVF model. 

5. CONCLUSIONS 

Experimental results from ex vivo tissue samples provide 
the strongest evidence yet that thermal lesions exhibit non- 
linear behavior as a propagation medium. Using a the SVF 
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Fig. 2.   RF data and spectrograms before(left) and after 
(right) normal exposure. 

Fig. 3.  RF data and spectrograms before (left) and after 
(right) over exposure. 

model, we have separated the linear and quadratic compo- 
nents in the beamformed RF echo data and formed images 
from the quadratic components. The qiadratic component 
images show significant enhancement' in lesion visualiza- 
tion due to: 

1 They directly exploit the nonlinear nature of freshly 
fonned thermal lesion (possibly due to formation of 
microbubbles). 

2. Quadratic component combines both low frequency 
(close to dc) and harmonic frequency in forming non- 
linear echoes. This simultaneously reduces speckle 
and beamforming artifacts without loss in spatial res- 
olution. 

3. The quadratic kernel of the SVF rejects the additive 
white Gaussian noise components which significantly 
improves the SNR of the imaging system and enhances 
the visualization of low echogenicity regions in the 
image. 
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Fig. 4. Images before (left) and after (right) formation of 
lesion. Top: standard echo. Middle: second harmonic. Bot- 
tom: Quadratic. 
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ABSTRACT 
Nonlinear ultrasonic imaging methods (like pulse inversion' and tiuadratic imaging 
based second-order Volterra fiker") are used in visualization of lesion foriuaiion 
in freshly excised tissue. Both of these methods are more sensitive to nonUnear 
echoes (e.g., due to micro-bubbles) than standard B-niode imaging. While all three 
methods typically show increased echogenicity at the lesion locaticin. the nonlinear 
methods exhibit more localized edio euhiinccmeni than B-mode imaging. There- 
fore, nonlinear methods are potentially better suited to lesion mapping for purposes 
of imago guidance. Quadratic images have the added advantage of a signilic;mt in- 
crease in imago dynamic range and noise reduction (a major limitation of pulse 
inversion imaging). The results shown in this report continue to support the hy- 
pothesis that micro-bubbles play an important role of lesion formation. In this 
paper, we present imaging results before and after volumetric lesion formation in 
fi.r vivo tissue. The re.sults illustrate the advantage of nonlinear imaging methods 
compared to coiiventicnial B-scan imaging in terms of accurate mapping of lesion 
size and location. 

Keywords: Noninv-isive surgery, image guidance, treatment monitoring, ultrasonic 
imaging, phased arrays, autoregressive modelling. 

1. INTRODUCTION 

We have u.sed a dual-mode array described in- to form HIFU-induced thermal le- 
sions in freshly excised degassed tissue under a variety of norvial exposure and over 
exposure conditions. Single-transmit focus images were coUecaed for over lOO lesions 
before and after lesion formation. These images have consistently shown -j - 7 dB en- 
hancement in the echogenicity from the lesion location in the standard echographic 
images. These results were much more consistent than the reported "Hashes" on the 
B-scan images when diagnostic ultrasound systems are used to monitor HIFU lesion 
formation. Motivated by tlie excellent investigation by P. P. Lele reported in,^ we 
hypothesized that this change in echogenicity is due to stable loicrobubbles that 
can occur even at low insonation levels. Lele found that subharmonic emission due 
to microi)iibbles sliowed a monoionic increas<! with intensity from 150 mW/cm- to 
1500 W/cm- without a distinct threshold for emission (measurements done in vitro 

Other author information:   IC-mail: cniadKSi'cii.umn.edu 



an,i ,n mvo at 2.7 and 1.8 MHz). The consistency of the increase in echogenicity 
at the lesion may be explained by the fact that the microbubbles may already be 
resonant at the imaging frecjuency (same as the therapeutic HIFU beam when tlie 
dual-mode array is is used), perhaps a result of rectified diffusion. 

The standard echographic images at the fundamental, however, offer limited 
contrast enhancement due to the speckle phenomenon. Therefore, thev could not 
provide a reliable method for mapping the boundaries of HIFU-induced lesions. This 
lead us to try to exploit the nonlinear nature of the microbubbles to enhance the 
visualization and mapping of thermal lesions. The idea was that, if microbubbles arc 
indeed present at the lesion location, they will generate nonlinear echoes that may 
be better suited for mapping. We have initially investigated second harmonic (SH) 
niiagmg as a means of enhancing the lesion contrast for improving the visuidization 
of these images. SH images of thermal lesions have shown increase in the contrast on 
the order of 22 - 2.5 dB. but with decreased dynamic range of the resulting images.- 
A post-beamforming nonlinear ajmpounding algorithm was shown to improve the 
contrast m lesion echogenicity to .30 - 35 dB without loss in dynamic range.' This 
was achieved by (-ompounding the fundamental and the SH images using spatial 
compounding functions based on the receive beamforming characteristics of the 
<lual-mode array at the fundamental and the SH frequencies. In this paper, we use 
a commercial imaging scanner with modifications to allow pulse inversion imaging in 
addition to standard B-mode imaging for the visualization of freshly excised tissue 
before, during, and after the formation of HIFU lesions. 

2. NONLINEAR IMAGING METHODS 
2.1. Pulse Inversion Imaging 

This metliod was recently introduced by Burns and coworkers" for enhancing con- 
trast echoes in contrast-as.sisted pulse-ocho imaging. The basic implementation of 
this method entails the use of two pulses per image line. These pulses are carefully 
■lesigned such that. p.,[t) = -p^[t - TL), where T,. is some appropriate; delay (on 
the order of the pulse-echo time from the maximum depth of interest). Summing 
the eclioes resulting from the two pulses eliminates the odd-harmonic components 
from the echo signal (including the fundamentiil) while doubling the even-harmonic 
(mostly second) components. This method currently represents the leading ap- 
proach for contrast-agent imaging, especially with low concentrati(jn and/or very 
low transmit signals to minimize the generation of tissue nonlinearity. 

2.2. Quadratic Imaging Based On SVF 

We have recently developed a n(!w nonlinear imaging system based on the SVF.« 
Tins has a number of advantages when compared to PI imaging (e.g. recjuires only 
a single pulse per line and increased dynamic range). 



2.2.1    Second-Order Volterra Model 
Results from have shown the vjilidity of a second-order Volterra filer as a model 
for pulse-crho ultrasound imaging data from tissue mimicking media. In thi.s s<-c- 
tiori, the decomposition of received echo, i.e.. output sequences only, into linear 
and (,uadratic components by using loa.st-S(iuares approach of second-order Vcjlterra 
niodel wdl be considered and the iletail of algorithm implementation to pulse-echo 
ultrasound imaging will be stated. 

2.2.2.  Signal Separation Model 
The algorithm described in this section is adapted from.^ The response of a 
(juadratically nonlinear system, (/(n+ 1). can be predicted by asecoml-order Volterra 
model of past m. values as follows: 

y[n+i)    =   yL{n + \)+ijQ(n+l) 
m-l m-J ni-l 

.     =    Y. •''<" - 'i''^'') + H H >/{n-j)y(n - k)hQU,k) + i{n). (1) 

wliere hiU) is linear filter coefiicienis. IIQU, k] represents quadratic filter coefficients 
and t{«) is a modelling error and/or a measurement noise which is assumed to be an 
nirlependent. identically distribur.ed(i.i.tl) random variable with zero mean. That is, 
if the m(3dei coefficients are known, the echo signd can be decomposed into linear 
iuid <iuadratic comp(jnents. The latter can be expected to better represent the 
(iua<lratic response of the system than, say. the second harmonic component. The 
model coeincients can bo obtained by setting the linear and ((uadratic prechction 
problem in Equation 1 to form a set of linear eciuations. Recognizing that the 
output is Unear in terms of the (unknown) model coefficients, one obtains a matrix 
equation of the form: 

f = Gh + f, (2) 

wh(!re the vector f, the matrix G and the error vector t are 

f    =   [iAn + l),y{n + 2) y{7i + L)f 
G=   [y(n).y("+l) y{".+ 1-1)]'^ 
e     =   [£{t,.),s{n +I) s{n^L-l]f. 

where the <lata vector, y, is given by: 

y(") = [y{n).y{n- l).y{n-2] y(n - ni + 1). 

y-in).y{ri]y{n- 1) ,y-(n - m+■ 1)]'' 

and llie Klter coefficient vector, h. is given by: 

h = [/'/.(0)./i/,(l)./ii,(2) hdm-l). 
/ig(0.0),/jy(0.1) /iy(m-l,m- I)]'''. 

The details of the solution for tfie coefficients of the SVF mod(>l can be found in.-" 
Briefly, a miniraimi-norm le;i.st-s(iuares sohition of (2) is obtained using trunaUfd 



singular value decomposition. TSVD. To assess the perf(uniance of the .signal separa- 
uon model in enhancing the lesion visualization, we compute the a^urast-to-t.issuo 
ratio: 

CT/? =10 log, flMi) (3) 
\\\yQT\\l 

where Hyqch and WyQrh are the k norms of the quadratic components from the 
lesion and normal tissue regions, respectively. These regions are easilv identified 
under vjirious imaging conditions. For instance, for th(> application described in 
this paper, the contrast region is the expected location of the thermal lesion (often 
visible on tlit^ staiidard echographic image). 

2.2.3.  Implementation 
The coefficients of the linear and quadratic componenr.s of the SVF model are 
obtain<3d from the beamformed RF data. The implementation steps are as follows: 

1. Using the standard echographic image, select a beamformed RF data segment 
from the expected l<!si<jn location. 

2. Form the linear systems of equations according to (2). 

3. Define contriist region (within the lesion) and normal tissue region for the 
computati(jn of the mean-s<iuare error MSB and CTR. 

4. Solve systems of linear equations by using TSVD regularization method. 

'j. -Apply second-order Vollerra tiller to the beamformed RF data throughout 
the pulse-echo ultrasound image. 

6. The quadratic component from the SVF can be displayed as a separate unage 
or appropriately compounded with the linear component. 

3.  EXPERIMENTAL SETUP 
Figure 1 shows a simple arnuigement for the formation of HIFU lesions in freshly 
excised and d(;g;uised porcine liv.^rs samphfs. The th('rapy transducer is a L.'j .\IH/. 
single-element sph«!rical-shcll transducer with a riulius of curvature e(|ual to its di- 
ameter and ecjual to 63.5 mm (Etalon. Lizton. Indiana). The transduc<;r is fixed to 
the hack of a small lank as shown and driven by a power amplifier (ENI. Rochesr.er. 
-NY) and a programmable function generator. This assembly can be used in gen- 
erating a variety of imiplitude-modulated HIFU bursts from tens of millisecond's to 
several seconds long and intensities up to 3000 W/cm'- (conservative estimate). 



Therapy Transducer (Thx Tx) 

Imaging Transducer (Ix Tx) 

Acoustic Window 

Figure 1. Experiiiieiii setup used for forniat.ion of HIFU losioiis using ;i single- 
el(!ineni. transducRr fituclied to the of the tank with an imaging probe monitoring 
a cross section of the lesion through an acoustic window. 

3.1. Real-time Imaging 

Real-time imaging is performed using a modified Teclmos MP system from ES.^OTE. 
Genoa. Italy. The system is modified to allow imaging in pulse inversion mode in 
iuidition to normal B-mode imaging. In addition, a hardware module for capturing 
high-(iuality beaniformed RF data allows us to capture fvnd upload up to 60 seconds 
of full frame data with a speciHed fr;mie rate. A CA 421 conve.x probe was used in 
ac(iuiring image data for this paper. Image data was acquired in pulse inversion (PI) 
modt; with a S-cyde transmit pulse centered at 1..37 MHz. The imaging transducer 
was aligned so that the image plane is x - y plane (to allow imaging a cross section 
of the lesion). However, imaging in the x - z plane was often used. especi;Ulv for 
miaging discrete (single-shot) lesions (to allow imaging the lesicjn along the axis of 
the therapeutic array). 

3.2. Lesion Formation 

Volumetric lesions were formed by continuously driving the therapy trans<lucer while 
moving the sample holder in a raster scim with the steppr^ motor. The motor speed. 
input voltage profile, and line spacing in the raster were changed to produce a variety 
of volumetric lesions that can be characterizcKl as OVKV exposure, norinat e.xpomiT 
or under exposwe. 



4. RESULTS AND DISCUSSION 

The experimental setup shown in Figure 1 was used in obtaining iinases ol ex mvn 
tissue samples before and after thermal lesion formation with the sphfrieai therapy 
transducer, This setup was designed to allow comparisons with our a dual-niodi- 
64-element ultrasound phased array operating at 1 MHz described in.' Results 
shown in- confirmed that echoes from the lesion location cxliibited incre^ised levels 
of second harmonic generation even at normal exposure conditions, hi this paper, 
we show miaging results from continuous exposure at 1800 W/cm- while the tissue 
is moved in a raster sam 10 x 10 nmi with raster lines parallel to the face of the 
imaging transducer (1 mm spacing). The motor speed was set at 2 riun/s tints 
givuig an exposure time of roughly 1 second at one location in the focal plane of 
the therapeutic transducer, but larger in the prefocal region. Figure 2 shows a cross 
section of the tissue after lesion formation with conspicuous thermal lesion in the 
upper left corner. The cross section conforms approximately to the programmed 
pattern with distortions most probably due to deformation of tissue as it was cut 
witliout fixing. The tisstie is positioned so that the therapeutic transducer is aimed 
upwar<is into the imaging plane and the imaging transducer is imaging downwards. 
Gross measurements of the cross section of the lesion shows a lateral extent of 10 
nun an<l an axial extent of 12 (with respect to the imaging transducer). 

Figure 3 shows B-niode (left), PI (center), and quadratic (right) images before 
(top) and after lesion formation. All imaging mo<les show enhanced echogenicity at 
the lesion location at an axial distance of 14.j mm from the imaging transducer. The 
PI ;uid quadratic images show a smaller size hyperechoic region with lateral extent 
of about 12 iimi compared to 13 mm in the B-mode image. TIK.- axial extent of the 
hyperechoic region is 11 nun in the PI image and 10 mm in the qua<lratic image. 
It. w;is (liilicult to d<;termine this value in the B-mode image due to the interference 
of the speckle pattern in tissue. This result is typical, i.e. the PI data gives a more 
accurate map of the lesion than B-mode data. 

Comparing the quadratic and B-mode images, one can see the speckle compo- 
nents con.spicuous in the st;indard echo imag&s is greatly reduced. This level of 
enhancement is typical and has been observed consistently ui over 100 experiments 
similar to the one described in.- The reader can api)reciate that the lesion bouiid- 
;u-ies are well defined in both the axial and lateral directions. With llie significant 
increiLse in dynamic range, one can see that both detection and mapping of thermal 
lesions is significantly facilitated by the use of the quadratic filter ba.sed on the SVF 
model. It is also iiiter(.>sting tcj not the remarkable similarity betwe«-n the PI and 
<iuadrati<: inuiges. except that the latter has more than twice tlie dynamic range. 
These results are ;ilso typical and represent the potential advantage of the quadratic 
pr(5cessiug versus pulse inversion. The result can be understood l^y keeping in mind 
that both methods ar<^ .sensitive to the harmonic content of the RF data, but they 
differ in their resp(.'ctive degrees of suppressing the noise component; th<> (inadratic 
signal being far superior in this respect. 
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Figure 2. A section of a volumetric lesion in an ex vivo porcine liver sample. 

p. , 5. CONCLUSIONS 
bxpenincnta! results from ex vivo tissue samples provide compelling evidence that 
thermal lesions exhibit nonlinear behavior ;is a propagation medium. Nonlinear 
nnagmg methods were used to separate the linear and nonlinear components in 
tlie beamformed RF echo data. PI images confirmed the presence of strong 2nd 
harmonic componeni, in echoes from lesion location. The ([uadralic component 
images (obtauied through SVF) show significant enhancement in lesion visualizati<;n 
due to: 

1. They directly exploit the nonlinear nature of freshly formed thermal lesion 
(possibly due to formation of microbubbles). 

2. (Quadratic component combines both low frequency (close to dc) and harmonic 
frequency in forming nonlinear echoes. This simultaneously reduces speckle 
and beamforming artifacts without loss in spatial resolution. 

3. The quadratic, kernel of the SVF rejects the additive white Gaussian n<jise 
components which significantly improves tiie SNR of the imaging system find 
enhances the visualization of low echogenicily regions in the image. 

Efforts to further characterize echo signals from the different imaging methods and 
correlate them to the state of the tissui; are currently underway. 
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Figure 3. B-modc (left), pulse inversion (center), and Quadratic images before 
(upper) and immediately after (lower) formation of volumetric lesion. Dynamic 
range: B-mode 60dB, PI 30 dB. Quadratic 75 dB. 
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Postbeamforming Second-Order Volterra Filter 
for Pulse-Echo Ultrasonic Imaging 
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Abstract—We present a new algorithm for deriving a 
second-order Volterra filter (SVF) capable of separating lin- 
ear and quadratic components from echo signals. Images 
based on the quadratic components are shown to provide 
contrast enhancement between tissue and ultrasound con- 
trast agents (UCAs) without loss in spatial resolution. It 
is also shown that the quadratic images preserve the low 
scattering regions due to their high dynamic range when 
compared with standard B-mode or harmonic images. A 
robust algorithm for deriving the filter has been developed 
and tested on real-time imaging data from contrast and 
tissue-mimicking media. Illustrative examples from image 
targets containing contrast agent and tissue-mimicking me- 
dia are presented and discussed. Quantitative assessment 
of the contrast enhancement is performed on both the RF 
data and the envelope-detected log-compressed image data. 
It is shown that the quadratic images offer levels of enhance- 
ment comparable or exceeding those from harmonic filters 
while maintaining the \-isibility of low scattering regions of 
the image. 

I.  l.NTRODUC'TION 

I.N;:K.i£ASiNG iiiTfiost ill exteiuluig tile (tapabiJities of ul- 
rras(Miii<J imaging by utilizing ultrasound contrast agents 

(UC.-\?1 has lieighteiied the need for more suitable imagiiig 
tf'(liiiiqu(s. In standard B-mode imaging. UCAs increase 
the ecJKJgeiiicitv from perfused tissues (1|. This results in 
improved endocaidial border detection in left ventricular 
opacification. whicli leads to a better analysis of wall mo- 
tion abiionnaliMcs [2]. Nevertheless, in the mj-ocaidium 
where the ratio of blood volume to tissue is quite low 
(approximately 10% [3]), the backscatter from the small 
number of iriicrobubbles in vessels can be dominated by 
echocis from surrounding tissue. In tliis occurrence, stan- 
dard B-mo<ie imaging offei-s inferior UCA detectability in 
the presence of tissue, stated as agent-to-tissue ratio [4]. 
In order to increase the sensiti\ity of UCA detections, V&T- 

iou.'i now imaging techniques [5], [6] have l>«;n developed 
b\- employing some specific acoustic signatures of UCAs, 
.-^uch as nonlinear and transient scat;tering. 

Imaging techniques based on nonlinear oscillations have ^ 
been designed for .separating and  enhancing nonlinear 
UCA echoes from a specified region of interest wnthin the 

■ imaging field, hicludhig second harmonic (SH) B-mode 
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Tiiis u-oik is funded in part l\v a g:rant from Esaoie. S.p..A... Genoa. 
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R»eaTch and Materiel Ct>mmand. 

Thf aullior.e are vvitli l.lic Electrical and Compute! En- 
ginwrinj; TX-partmont. Uiiivors-ity of .Miniirsota. .MN {e-:iiail: 
sniad'fiwr.miin edu). 

imaging and pulse iuver.sicm (PI) Doppk-r ijuagiu;; '7 
The SH imaging employs a fundamental freqn('nc> tifni.'^ 
mit pulse and produces images from the .s(>(oiid hiirmoiiii 
component of received echoes by using a second harinoiiK 
bandpass filter (BPF) to remove the fimdamental fre- 
quency. In order-to iiiciease UCA detection seiisitiviu in 
the Hmited transducer bandwidth condition, spectral OMT- 

lap between fundamental and second harmonic paii,-- HCH] 

to be minimized by transmitting iiarrcwband piils;'^- re- 
sulting in an inherent tradeoff between contrasi and -ipji- 
tial resolution. 

In PI imaging, a sequence of two inverted Hcou.^nc 
pulses with appropriate delay is transmitted into tissue. 
Images are produced by summing the corresponding two 
backscattered signals. In the absence of tisstie motion, ihc 
resulting sum can be shown to contain only even harnionic.'- 
of the nonlinear echoes [7]. The PI imaging overcomes i he 
tradeoff between contrast and spatial resolurion becansi' it 
utilizes the entire bandwidth of the back.sc atteivd sigtial.~ 
[7]. .As a result, superior spatial resolution can be aclii<^\'fii 
when compared with SH imaging. Moreover, it ha^ been 
shown that PI imaging can be operated in a tDiitiniious 
imaging mode with low mecJianical indices i.VIIs) '8,' The 
PI imaging is .sensitive to tissue motion bwause it is a 
multiple pulse teclmique; therefore. PI detection is com- 
bined with Doppler detection leading to a new teclinicpio 
called PI Doppler. The PI Doppler utilizes ttie advantages 
from both detection scliemes and circuiinents the tissue 
motion problem [7]. Nevert,}ieless. an inherent iiiultiptilsc 
technique of PI imaging results in the reduction of imaging 
frame rates. 

In order to detect backsc-attered signals due to VCA^_ in 
pulse-echo ultrasound imaging with single transmit i)iilse. 
per line and overcome the tradeoff between contrast and 
spatial resolution, we have developed a new imaging tech- 
nique based on the Volterra filter [9] The \olterra fillet- 
is a djiiaraic filter that operates in parallel on the lin- 
ear, quadratic, cubic, etc., signal component.^ to pioducc 
its output. It has a discrete convoh-itinnal lonii with finiie 
memory that is commonly used in noiiiinear DSP [AU: 
Define DSP on first use.] applications fJO]. While the 
Volterra filter output is'nionlinear in terms of the input 
data, it is linear in terms of its c:oefFicieni.s. .As a result, 
linear processing can be applied to identify- Wilterra ker- 
nels (i.e.. filter coefficients). The idcntilication of N'oheirH 
kernels has been demonstrated in .several api)iicaTi(iiis 111', 
ill]. For example, the linear and quadratic VoltpriH ker- 
nels identified by an adaptive nltoring ;ilu-o;!rii)!i ii^^S'.-:: un 
recursive le«ust-.-iquar<^s approach of a >prond-'.'i d'T \'. ii;'':-r;i 

(8sr.-:'.o]f) 'sjn.oo ■?■■ 20(13 IEEE 
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model are applied to separate tlie linear.and quadratic re- 
sponses of a tension leg platfomi [12]. 

In tliis pai)er. we present postbeanifomiing nonlinear 
filter based on the second-ordei Volterra filter (S\T). The 
filter is capable of separating linear and quadratic compo- 
nents from UGA-backscattered signals. Filter coefficients 
can he identified bv forming a sj-stem of linear equations 
from a beamformcd RF dats segment in the UCA or tis- 
sue region and obtained by solving a minimum-norm least- 
squares (MNLS) problem. It is SIIOT^TI that the sj-stem iden- 
tification approach to a nonlinear ultrasonic imaging is ro- 
bust and can be applied to form nonlinear images tluough- 
out the imaging field, i.e.. not confined to the region where 
the filter coefficients were derived, Images produced from 
quadratic output of the S\'F model exhibit excellent con- 
trast enhancement without loss in spatial resolution. In 
addition, quadratic images have increased dynamic range 
(•(inipared to standard B-mode and harmonic images allow- 
in!- the preservation of image features along with contrast 
imi)iovement. 

II. THEOKV 

For simplicity and without loss of gencralit;-. •w^e illus- 
tiau> the nonlinesir postbeanifomiing algorithm using rhe 
S\'F model. The algoritlmi described in this section for de- 
ri\iiig the filter coefficients of ihe SVF extends to higher 
Older in a straightforward juanner. Initial experience with 
I his model indica.ie t.liHt. it is largely sufficient for tissue re- 
sponse. Furthermore, the SVF is computationally feasible 
foi- real-time application with today's technologj-, which 
makes it more attractive from the implementation point 
of view. 

.4. Stcond-Order VoUerra Model 

Results from [9] have shown the validity of a SVF as 
a model for pulse-eclio ultrasound pul.se-edio data from 
ti.<sue mimic:king media. An input-output system identifi- 
caiion aj)proach was used to estimate the coefficients of 
the linear and quadratic components of the SVF in the 
frequency domain. However, while the sy.stem identifica- 
tion study was necessary to establish the applicability of 
SVF to ultrasound pulse-echo data, it is not useful for 
imaging purposes as it requires access to both the input 
and the echo data from distinct scatterers in the tissue- 
mimicking media. An appropriate approach for imaging 
operates on the beamformed RF data to separate the lin- 
ear andquadratic components regardless of the input. This 
.signal separation approach allows us to extract the linear 
and cjuadratic signal components from the beamformed 
data to form linear and/or quadratic images .separately or 
compounded. In this paper, we emphasize the quadratic 
ln;as;:'"j o})tained from the S\T model bsised on a linear 
aiiii ciiadratif prediction model of VjCauiforuier output de- 
<I-J!1IIH1 in the remainder of this section. 

*      IhU) !J.l/l] 

Beamformer 
uln) 

"    'ij/.f^: 

Fig. 1. Separation of beamformed HF dai.a imc lini.^-\: ;iri<l qnu.linn; 
components using the SVF. 

/. Signal Separation Model: Fig. I shows a simple lilock 
diagram of the imaging system based on S\'F. The S\"K 
operates on the beamformer output to produce the linear 
and quadratic components. (//,(/?) and UQ{V). rpsi)ectivf!y. 
Estimates of the total beamformer outpai can \>v ol>wtiri<-i{ 
from these components simply by adding tliem 

u(n) = uii'T') + uoiri)- !l) 

where uin), uiin), and UQ{ri) aie the total, hnear. and 
quadratic estimations, resjjectivelN-. The separation of the 
lijiear and quadratic components can be iichieved once 
the coefficients of the kernels, liiii) (lineai). and IIQ{J.I.) 

(quadratic) are found. In the following subsection, we de- 
scTJbe a MNLS approach for determining iliesc coefiicienis. 

2. The MNLS Estimation of SVF Cwffi.na}t:^: The re- 
sponse of a (juadratically nonlmear system with memory. 
a[n + 1) can be predicted by a (discrete) second-order 
Volterra model operating on the m past samples as fol- 
lows 

m-] 

U(TI -I-1) = y^ w{" - ?)/iL(0 
j=0 

m— Im —1 

T 2J zL "^'' ~3)'"-^'" ~ I'''IIIQU-I'}-    ''2) 

wiiere hiii) is linear filler coefficients, and fiQij.h) repre- 
sents quadratic filter coefficients. .\o1.e t.hat while iidi -r 1) 
is nonlinear with respect to the beamformed data, h is 
linear with respect to the coefficients of the linear and 
quadratic kernels of the SVF. Recognizing this i'act. one 
can rewrite (2) in vector .form 

u{n ->- 1) = u^iiuh. , i;^i 

where the data vector. U{T;), is defined at sample ;/ a.s 

u(Ti) = [u(n). v{n - 1), u{n - 2) u{ii ~ "1 -i- ] i. 

U'{TI). v.{ri)u(n — 1) (;"(;/ - in - ] )]'. 

and the filter coefficient vector, h. can be cy.pvi■•<<::•■■] as 

h = ;/.'/.(Cl). /a(I). hL(2),... . /,•/.;■'.•'• - J:. 

/((J(0.0)./^Q(().i)..-.. . hQirn - ].ni- ] ,i^': 
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where w is the system order and superscrii>t '" denotes the 
transpose. Tlie total number of independent filter coeffi- 
cients, .V. isequal to [in- + Zm)/2 assuming a symmetri- 
cal quadratic; kernel (i.e., liQiJ.k) = hQik.j)). Similarly, 
uln + 2). j>.(n -r 3)...., u{n + M) can be represented in the 
form of (3) and expressed in the matrix form 

f = GH, (4) 

where the vec-tor f and the matrix G are defined as 

f = [uin -F 1).. u[n + 2), .,.. J/{T) + A/)]^ 

and 

G = iu(n), u{n H- 1) uin +M ~l )f\ 

where M is the nimiber of lineai- equations (observations). 
The linear and quadratic filter coefficients can be esti- 
mated liy seeking an appropriate solution of (4). Well- 
kncwn •solutions to (4) are the least squares (LS) solu- 
tion for the overdetermined case (more constraints than 
unknowns) and the minimum norm (MN) solution in the 
nnderdcteniiined case (less coiLStraints than unknowns) A 
MNLS solution can be obtained by 

hMNLS = G'f. (.5) 

when- G' is a generalized inverse [13j. This solution ap- 
l)lies to both the overdetemiined and nnderdeterniiued 
(:a,>;e.'^ as n accounts for the effective rank of ihe matrix 
G. Ill general. G could be rank deficient, i.e.. has rank 
/• < iiiiii{.1/. .V}. When this is the case, there are infinite 
mtTiilier ,,( .sohinons to (4) that produce the Sfuiie LS'er- 
'01, Ijf - Ghi5||-. The M.N'LS is the unique solution to 
[i] with minimum norm, i.e., HhMNLslP < l|hz,i.'||-Vhi,5. 
The .singulai v-alue decomposition (SVD) of G is given by 

G = USV^ 

= E <TiU,V,^ 
(G) 

and 

G' = A^E+U^" 

(T) 

wheif E is a M x N diagonal matrix with singular vsd- 
lles  (Ti    >   fT-   .>...>   (7^   >   o-^^j   =r   , . .  =   0-j,   =   0  (p = 
nihi{;1/..Y}). The matrices U (M x M) and V(.V x :V) 
are formed from the columns {u,},^£j and {v,};"!,. which 
are the or( hogonal eigenvectors of GG'" and G •'"G. respec- 
rivcly jl3j. Using (7), the MNLS solution to (5) is then 
given bv 

"MNLS =   >      Vi m 

.Vote thHT. if G is full rank, the MNLS is equivalent to the 
LS solurifni in the overdetermined case and to the MX solu- 
tion in Tiie"u;iderd('terniined case. For example, for S\} < .Y 
;underdcrcrni!ned,). h^.ishS = h.u.v = G^fGG-^i'-f. 

VOLTEHRA KILTER ; 

B. Regularization 

The SVD of G forms a basis for regularization \>y ap 
propriate selection of singular modes that enhance the re- 
constructed image in some sense. There arc >i ininiber of 
approaches for regularization of fS). in(;hiding single pa 
rameter and rank reduction regularization '14)  Tin- lat- 
ter, sometitnes referred to as the truncated siniiulai \-aliic 
decomposition (TSVD), produces a solxition i>v tnuicat 
ing the number of singular modes of G vvitli the snia;i<-st 
singular i-alues below a certain thre.shohl. The h'n ..r.lci 
TSVD solution is given by 

hk = >   -^—V,-. 

where the tnmcation parameter k < r. also known a> die 
rank of the approximation, is the nuniber of singulai n;.;. ie.-; 
used to compute the estimate. 

The regularization is guided by the mean square e; i ur 
criterion, approximated by 

E(k)^mog,aO- f - Gh, 
M 

'\. (lOi 

where || • ip is the ^2 norm. 
In the context of the linear and quadratic prediction H\> 

proach taken iji this paper, the MSE decrciises nnuKitoni- 
cally with k. A. criterion for choo,sing an a])propnai.e vahu- 
of/; is needed. In the context of contra.st-agent imaiiitig 
an obviotis criterion is the contrast-i.o-tissue ratio --CTH i 

CTR 101og,„(j£ lib 

where^Fc is the average power of signals in a UCA region. 
and PT is the average power of signals in a tissue region 
The average power of signals in a given legion. P. can he 
expressed as 

^'ijithi i!-'i 
,7=1   .1=1 

where x,j is the signal in that region. Note that the CTR 
used in this algorithm is determined from quadratic com- 
ponents of the SVF model. The CTR provide? a meaning- 
ful stopping criterion for TSVD since E(k) is nionotoni- 
cally decreasing or nonincreasing with /,* 

One may use a variety of methods to obtain a resiila! - 
ized solution to the set of equations involvhig the. \V>lh ri.-i 
kernels. Examples are Imear or nonlinear prograiiimini; m 
ca.ses when certain constraints on the filter c-oeffic:ient s- are 
known to apply (e.g.. positivity) or penalized nifuviniuin 
likelihood when known statistical properties of ihc da!a 
can be incorporated. A. powerful approach .<eek.-< a >oliiiifi:i 
to a constraine<i optimization problem of the f<.)i iii 

mm R- subject to        Gh = f. 
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where E- is aii appropriately chosen quadratic ratio to be' 
minimized (e.g.. inverse of CTR) For example. R- can be 
diosen to reflect the inverse of the CTR before log com- 
pression. In general, it can be any quantity that depends 
■ m (he solution hq that is to be minimized. This leads to 
a modified fonn of the TSVD given liere 

h'^-=E wrrm^^^- (14) 

where ■; is an aijpropriately chosen threshold, and R; is 
cjujwlratic ratio resulting from the quadratic kernel ob- 
tained from the rtli singular mode. Regardless of tlie reg- 
ularization procedure, the fundamental result Jiere is tlxe 
use of the linear/quadratic prediction to obtain a set of in- 
dependent equations that c^n Ije solved robustly to obtain 
the Volterra filter kernels. 

0. Quadratic Images 

Quadratic- images aie obtained from quadratic a>m]jo- 
nents of ihe se<;ond-order Volterra model. The coefficients 
of (he SV'F are derived from the beamformed RF data 
taken from a representative regioTi on a standard B-mode 
image Details of the algoritlim to produce the quadratic 
image are as follows. 

R-oiii the standard B-mode image, a UCA region and 
a ti.«snr region are defined for tlie CTR computation. The 
"lofinitiiin of the CTR reference regions depends on the 
imaging target are dest;ribed in Section IIl-C. In general, 
we rry to find regions at the same depth and with the 
.same lyeam angle with respect to the axis of the imaging 
anay. Furthermore, whenever possible, we cliose multiple 
overlappmg subregions to obtain multiple CTR ^'aiues at 
different depths. 

Onco the CTR reference regions are defined, a segment 
of RF data from an axial line is selected to form a sys- 
tem of linear equations according to (4). This segment 
can he selected from the tis.sue or the UCA region as long 
;LS the appropriate regularization of the MNLS solution is 
sought. For example, when TSVD is used for regulariza- 
tion. CTRs of quadratic signals calculated from various or- 
ders of TS\'D solutions are.collected. Witli a defined range 
of system orders, a CTR plane as a function of truncation 
parameters and system orders is determined. Filter coef- 
ficients for the quadratic imaging generation are obtained 
from a truncation parameter and a system order that give 
the highest CTR value in the CTR plane. Of cotirse, the ■ 
T.S\'|) ai)proacli can be used to obt.ain tlie coefficients of 
tiie quadratic kernel. hQ{iJ), .for a predetermined filter 
order m. This may be necessary from the implementation 
])c)hit of view, when the size of the kernel is to be kept at 
nianagcvilile level. The results presented in this paper are 
obtained witlj low-ordei filter to emphasize the j>racticality 
of I lie Wiltcrra filter approach; 

The cniadratic image is produced by applying the 
n:j;idri-;ii.r- hhr-r coefficients to the beamformed-RF-data 
thi-oitghniii the statidard B-mode image to estimate the 
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Fig  2  A (iowchart of the algorithm for quadratic itniigc g<'iiria;i(.>ii. 

quadratic component 

■ m—J m —1 

UQiri -i^ 1) = X^ X^ •"(" -j)u[r> - k)hQ{j.l:). 
3=0 k=j {[-,! 

where JiQiJ. /.•)'is the estimated quadratic kernel (exnacter! 
from liMNLs). A flowchart of this algorithm is shown in 
Fig. 2.. 

D. Haivionic Imaging 

Second harmonic imaging is based on filtering tlie RF 
data with a zero-phase linear BPF centered at twice the 
randamental with restricted bandwidth to inininii«' the 
overhip between the fu-ndaniental and the seciiid Itai- 
nionic. The ap].n-oach is approfjriatc ioi nfitive iitinnonic-. 
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imaging. However. When imaging VGA. the echo data 
•roin tht! UCA region.s tends to have wder bandwidth 
when compared with echoes from tissue regions. There- 
fore, to obtain the highest possible contrast viith a lin- 
ear harmonic filter, we ^•a^ied both the center frequency 
and the bandwidth of the filter and computed a CTR 
plane as a function of these parameters. This approach' 
produced superior results compared to standard SH imag- 
ing. Harmonic imaguig results shown in Section IV are 
obtained with the optimal linear BPF designed using the 
Parks-McClellan algorithm [18]. All linear filters used in 
this paper were implemented in a zero-phase realization    ^^''^^^'^ 
{pin} = hiv)*h(-r,)*x{n} or Y(f) = lH{f)\^-Xif)) The 
onier of the filter was chosen to achieve 50 dB stopband 
atteiiUHtion and 0.5 passband ripple. 

Phased .^rrav 

'is.sue Kfiniicking 
L-Shap'ed Phamoii 

BRH 
Coiitrasi .Agem Etho-f-'rcf Re^iur- 

Visible in the Scau 

2:1^ 
Fig. 3. Scliematic for the imagiiift .<»T.up for flip L-sh;n<e.-| |.h:.n;f,.n 
surrounded by the UCA. 

III. MATERIALS AND METHODS 

Iniiiging results showm below demonstrate the contrast 
enhancement achieved by the postbeamforming SVF in the 
context of contrast-agent imaging in tissue-mimicking me- 
dia. Two iiriaging targets with two imaging probes are used 
to demonstrate generality and robust.ness of the approacli. 

.•1   Covtrajit Agent 

^ The contrast agent. BR14 (Bracco' Research S.A.. 
(Geneva. Switsserlaud). was used. The BRi4 is a new ex- 
l>erinjent.a] ageiit that consists of high molecular weight 
gas bubbles encapsulated by a flexible phospholipid shell 
■■^ 0.125 mL sample of BR14, prepared with 5 mL of 0.9% 
saline, was diluted in 500 mL of 0.9% saline leading to 
a 1:4000 dilution. In addition to BR14. cellulose particles 
(Sigma Cell Type 20. Sigma Chemical Co.. St. Louis. MO) 
veie used as linear scatterers in the flow channel target de- 
scribed below. 

B. Imngintj Targets 

Images of two targets from two experimental setups 
were used to e\-aluar.e the perfonnance of the quadratic: 
imaging technique. The first experimental setup is sliouii 
in Fig. 3. The target is the L-shaped tissue-mimicking 
phantom in a beaker containing a dilution of BR14. 
The BR14 was constantly stirred bv a magnetic stir- 
rer. A MEGAS .scanner (ESAOTE S.p.A.. Genova. Italv) 
ecniipped with a 2-MHz phased array probe was used for 
image acquisition. The RF data acquisition was performed 
with 1.5-bit resolution at 40-MHz sampling frequencv and 
witliout time gain control (TGC). This experiment allowed 
iis to compare echoes from three different locations: the • 
Ushaped tissue-mimicking phantom, the BR14. and the 
echo-free region visible in the scan. The significance of the 
larrer is that any signal components obsen^ed in this region 
an' Iriri^elv       ■-        -        - - 

/ / 

SvMen. 
/ 

vi» :u 

:iifacr.« fro!u beanifonning and/or roverhera- 
Tio:i. It shoulc! be noted, however, tliat tliere mav be a 

Fig. 4 The imaging set.uj) for tlie flow plijinr.orn. 

small backscatter component present due to the beam re- 
flections'at the beaker, but this is hard to quantify in the 
presence of the contrast agent. Despite this limitation. it 
is interesting to compare the nature of the image pixels in 
this region from the three imaging methods. 

The second experimental setup, .shown in Fig. i vv;i.s 
used in obtaining images of ;i flow phantom (Model 524: 
ATS Laboratories. Inc.. Biidgeport. CTi containing foui- 
flow chaimels with diameters 2. 4. 6. and S nun embedded 
in rubber-based tissue mimicking material. The flow phan- 
tom was connected to a flow system with a roller pumji 
(Model 77200-GO: Cole-Pfu-mei- Instrument Co. Vernon 
Hills. IL). Subsequently, the diluted BR14 and cellulo.se 
particles were circulated. In addition, the diluted BR14 
was constantly stirred in a beaker using a masmeric ijc.t 
plate stirrer (EW-84303-^0: Corning Inc-"  Corning. X^"). 

This experiment was designed to compare lincai- 
backscattered signals from cellulose in rhe 8-inm diajne- 
ter flow channel with nonlinear backscattered signals from 
BR14 in the 6-mm diameter flow channel. The RF data 
were recorded and saved for later proce3.=;ing b\- tlie Tech- 
nosMP- ultrasomid .'.■ysto!n lE.SAOTE .S.p.A.. QU-AOVA. 

Iraly] with a convex array prol)-> iCA421: ESACJTE .S.';..A.. 
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Gfiiova. Italy) located perpendicularly to both the UCA 
and (he cellulose flow channels. The RF data were acquired 
with 16-bif resolution at 20-MHz sampHng frequencj- and 
withcmt TCiC A 3-c5'cle pulse at 3.13 MHz was transmit- 
ted to produce standard B-mode images. 

C. QuanHtativff Analysis 

After the R.F data corresponding to st.andard B-mode 
images were collected from experimental setups described 
above, quadratic: images were obtained using the algorithm 
described in Secrion II-C. For comparison, harmonic im- 
ages were produced by filtering the standard B-mode im- 
age with bandpass filters with center frequencies and frac- 
tional band widths chosen to maximize the CTR (defined 
by (11)) afi described in Section II-D. 

1. CTR Computations: The CTR was used for com- 
parison between rhe miage data in the RF domain liefore 
scan conversion as de.scribed in (11). Size and location of 
reference regions for each target are as follows. For the 
L-shajie phant.om. 4-5-mm axial segments of 20 adjacent 
A-lines on the tissue side and the same rmml)er on the 
contrast side were used. This phantom provided an excel- 
lent opportunity to compute CTR at nmltiple regions in 
rhe contrast and tissue regions with the same depth and 
rhe same beam angle from the iucis of the imaging array. 
The calculation region extends by 4o mm in the axial di- 
rection (from 50 mm to 95 mm) and comprises 20 adjacent 
.A-lines of RF data before scan conversion. The CTR vd- 
ue.^ a;e calculated froin cells with 3.8-nmi axial extent with 
10 connected A-lines and OO'A overlap in both directions. 
For the flow phantom, one contrast region is in l.fCA flow 
channel and the tissue region located between two flow 
channels with the same axial extent (3 nun in this case). 
Twenty .A.-line segments from the each region were'used. 

■J. (hvtrast Ratio: As can be seen fiom results given 
l)elow. the dynamic range (in decibels) of images from 
qnadriitic components is approxiinately twice the dynamic 
langc of standard B-niode and SH images. In order to 
account ff)r image perception on standard S-bit display, 
all images are represented with their full dynamic range 
inai>pc'd to 256 gray levels. That is.. 

where .4 is the log magnitude pixel values, given by 

-4miii and Amas. are minimum and maxinmm values, re 
spectively. Both .4n„n and .4„,ax are carefully computed 
so that histograms of images cover 256 gi-ay levels without 
saturation. This was achieved by finding the average of the 
minima (maxima) of all image Hues after median filientig 
This W21S done to ensure that the display range is not s'-i 
by extreme \'alnes of .4n,i„ or .4„,ax. 

From gray-level insages. the contra.st latio iCiii '1'.' 
iLsed as the contrast measurement between any two n'nions 
is given bv 

.4 = 20 log 
r rw(T)] ) 

ilT) 

where Hlx) denotes the Hilbert transform of data vector. 
.>•■. and j-.,,f( > 0) is some constant (typically maxinmm am- 
plitude). The data vector is the digitized RF for standard 
B-modf- a!id the output of the harmonic or the <iuadrari'.- 
filter for the harmonic atid quatii'atic iuingcs. respecTiveiv. 

CR = 
h 

\i Cj" -r CJ 
;lM 

where h and /o are the awrage of gray levels, and o-_ auri 
(72 are the corresponding standard deviations in the iirsi 
region and the sec<md region, respectively 

3. Histogram, and Receiver Operating Charact.critt/r 
Analysis: In the imaging results shoT^m below, we evaluate 
the CTR and CR based on regions in the image represen- 
tative of the UCA and tissue regions with the same niuii- 
ber of pixels and at the same depth. When the mnul.)cr !)f 
pixels in these regions is sufficiently high to produce mean- 
ingful statistics, histograms of the pixel data aic produced 
to demonstrate these statistics. In addition. 3ec-eiv<"i oper- 
ating characteristics (ROC) analysis J16J is perfornjed a- a 
simple method foi classification of the different regions. In 
addition, when additional regions can be identified (e g . 
low-scattering regions) in any image, the CR between tis- 
sue and such regions is ailso evaluated. Please not«' that the 
ROC curves are included in this paper to further quantih- 
the degree of overlap between difibrent hi-stograms from 
tis.suc, contrast, and low-scartering regions. 

D. Resolution Measurements 

We used correlation lengt.hs Cfilculatcd from the 2D au- 
tocorrelation of eclioes in tissue regions fis de.scrii)ed in J17i 
to measure .spatial resolution. Intensity images are scan 
converted and uniform speckle regions were ident)fi<>d to 
compute the average speckle correlation cell size 

Sc =£/: C;(x.i/) 
C;(0.0) 

<h' (ill. (l<)i 

whei-e C]{x.y) is the 2B correlation function of rhe inten- 
sitj' autocovariance function, and A" and )' are taken to 
be sufficiently large to allow the magnitude of the aui.o 
covariance to drop to negligible levels. The vertical and 
horizontal correlation cell sizes, representing the axial and 
lateral resolution, respectively, were userl to compare spa- 
tia.l re,solution for tJie three imaging t.ediniques 
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Average spectra 

Frequency (Hz) 
8      9      10 

X10^ 

FiS  5  AvHiage spectra from the romrasl. (thick) and tissue (thin) 
regions of the L-sliaped phanlom. 

IV. RESITLTS 

,4. L ■ Shape/I PhantoTn 

Fig. r, shows lliie av(.Tagc spectra of rypical eclioes from 
Uio cfiiitrast and tissue r<\jrioris of Hie l.-s!ia})ed pliaiitoin. 
The a'.erage spectra were calculated by averaging win- 
<lo\>.cvJ periodograni of every eclif) line in regions described 
III Section Ill-C.l. These spectra sugjest that eclioes from 
the contrast region have broader bandwidth compared to 
the echoes from tissuelike region. As mentioned in Sec- 
tion 11-D. this suggests that the best linear filter for con- 
trsist enhancement may not be the standard SH filter. 
Rather, a general BPF with center frequency and relative 
bandw idth designed to maximize the CTR may be sought. 
Based on this approach, we have designed a zero-phase 
BPF with center frequency of 3.2 MHz and relative band- 
width of 30% to demonstrate the performance of linear 
post beaiuforming harmonic imaging. The quadratic filter 
was deri;-ed from echoes from the tissue region according to 
the algorithm descrilied in Section II-C (with P = Q=lO 
in Fig. 2). Panels (a), (b), and (c) of Fig. G show images ob- 
tained using standard B-mode. linear BPF. and'quadratic 
iinagnig methods, respectively. Due to dlffei-ences in dy- 
namic  ranges for the tliree methods, each image is dis- 
played with its full dynamic range as can be seen from 
the dedbel-level scale bars shown in accordance with (16). 
Fig. (5id) shows fou^ rectangular regions u.sed for charac- 
terizarion of the imaging results. Regions .4i and .42 are 
representative of tissue and contrast echoes, respectively. 
Kegions Bi and .Bo -are repre.sentative of tissue and echo- 
free ]-egir)n. respectively. These regions are used for CTR 
calculations as well as e\-aluating histograms of the recon- 
structed irna.gcs. Due to tlie structure of the target, regions 
B: and I-% could »'.ot bo placed at the sa:ue depth in the iui- 
age. .\pv-.'rTjicless. region B. i.s representative of ti.s.sue re- 

sj.Kinse ajid provides a vahd baseline for comparison of con 
trast wth the echo-free region. Bo. The standard B-mod.- 
image (Fig. 6(a)) was obtained from the digitized RF e<:ho 
data and displaj'ed with a d\iiamic range of (30 dB The 
struct.ure of the L-shaped phantom can be recDgnized u-jth 
low contrast between the UC.A. and the n.ssue-miniickiiiii 
regions. The strong specular refieition at the lop of tin- 
UCA region is due to a boundai>- hwv lornied In the 
agent at the interface with the ti.ssur-iuiniicking incliimi 
A careful examination of tlie image reveals a liiglier level 
of contrast between the two regions at close range. A CTR 
ralue of 6.69 dB was computed based on echr) signals froiii 
regions .4o and .4] (Fig. 6(d)). 

The linear harmonic BPF image shown m i-ig. (i(hi was 
produced by filtering the RF data with l)andpass tiltii cen- 
tered around the second harmonic (3 2 MHz) witli .^t frat- 
tional bandwidth of 30%. The c-enter frequenc>- and the 
fractional bandwidth of the harmonic filter were ciio.sen t(. 
optimize the CTR value for regions .4] and .42 in Fig (iid; 
The CTR value for the harmonic image (]S.2 dB; is con 
si.stent with the perceived enhajicement clearly visible in 
the image. One can also obse^^-e the loss of the speciilai 
reflections at the top right and bottom left of the hannonic 
image. This is typical since these eclR>es have significant 
low frequencv components. As expected, the sj^eckle in the 
tissue region appears finer than that of the standard B 
mode. 

The quadratic: image obtained using tiie algorithm de- 
scribed in Section II-C is shown in Fig. ofc) Tlie CTR 
for this image is 21.3 dB indicating ctoiitiast enhancement 
over botli standard B-mode and harmonic images. One 
important feature of the quadratic image is the incieased 
dynamic range compared with B-mode and hannonic im- 
ages This increased d>niamic range results in coiitra-;i en- 
hancement witliout loss in image features, such as sfjectilnr 
reflections, which may be of diagnostic value m some cast-s. 

Another interesting compai-ison among the three ini 
age results shown in Fig. 6(a)--(c) is the echo-free region 
^^sible at the right edge of the scan One can see that 
contrast between ti.ssue and this region in the quadratic 
image is superior to that from the B-mode image, wheieas 
this contrast hi the harmonic image is the lov.-e.sr Thi.^ 
result is significant because echo signals from this region 
are largely artifacts (due to beamforming and/oi revei l.er- 
ations). Quantitative measures of this contra^ enhance- 
ment between the tissue and echo-free regions tire given 
below. 

To further illu.strate the imaging results given in Fig. (i. 
vertical and horizontal lines through images are plotterl 
in Fig. 7. Axial hues from the three imaging reclmiijues 
through the UCA region are shown in Fig. 7(a:i. One can 
see that the specular reflector is all but eiiniinai.ed m rii»- 
hannonic image, while it remains vi.sible for the i.;!).-; t«<, 
methods. Further, the axial line from the (juadrHTic nuMsic 
.show.s no apparent loss in the axial resolution m ihc spec- 
ular reflection location. Lateral lines at the OO-MUH -'I'lAh 
from the three imaging techniques are slMnvn in Fie 7 b-.. 
These lateral lines pass through the UCA. ti.ssii^'. Hud :l!c " 
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r!f ^L'HITR"^ '^A   ^17- ^°"'r""^ ""^ tissue-mimicking L-.l.aped pl.antom surrounded by the i;CA fr6m tl,re« imasing .nchnic,,... 
U) .S..andard B-n.ode. (b) Linear harmonic BPF. (c) Quadratic, (d) Bo.v<* indicate regions for CTR and hislcgram cakulatio-.s 

echo-fiw regions. One can see the contrast, enliaiicenient 
from tlie kteral line of tlie harmonic: image compared with 
the hiterai Une of the standard B-mode image. Most sigiiif- 
icajitlv. liowever. one can see that the quadratic image pro- 
\'ides the maximum separation between the three regions 
without apparent loss of lateral resolution. Tliis was con- 
firmed by computing the correlation cell size in tlie scan- 
con\-eri.ed intensitj- linages according to (19) [17] from the 
Three imaging methods in the tissue region (59 to 73 nun 
axial and -20 to -14 mm lateral in Fig. 6). The.se values 
are reported in Table I. 

B. Flaw Charind Phantom 

Fig. S shows tlie average spectra of typical eclioe? from 
I ho coiitrasT and tissue regions of the flow pliantoni do- 
.scrii'Dfvj in Section IIJ-B. The average spectra are <'H1CU- 

lated '(!>• averaging windowed periodogi-am of everv i'cho 

lino in regions described in Section III-C.l. .A.s with the 
L-shaped phantom result, the echoes from the UCA le- 
gion exhibit broader bandwidth than those from tissue re 
gion. Tlie standard B-mode image of the flow phantom 
consisting of the UCA and cellulose in flow channels wa.•^ 
accjuired using the experimental setup described in S<'!- 
rion Ill-B. The image is sliovwi in Fig. 9(a). One can -iec 
the backscattered enhancement due to the ITC'.A in the G- 
nun flow channel (55- to Cl-mm axial and -6 to 0 nun 
lateral) compared with the surrounding tissue with CTR 
9.8 dB. The CTR was^calculated based on echo signals 
from the 6-mm flow channel excluding the specular reflec- 
tors (Box Ci) and echoes from tissue at the same depth 
iB(5x C-z)- On the other hand, the echoes from the celhii.wf- 
in the 8-min flow channel (5,'^ to 61 mm axial aiid 17 lu 
25 mm lateral) are weaker than those from the surrouiiiii!i.a 
tissue. .A. linear scaTtcrer-to-tissue ratio (LT.R) wai^ c-;ii..-.i- 
Ihled i»ased on echo signals from the 8-inni flow ch.^un!-! 
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TABLE] 
CU Cru. AND CORRELATION CULL SIZE VAirts KOR THE L-SHAPED )^■AG.^a 7A„c,rr THE CTR VALVES ARK GIVEN ^. ^!,.^^ ,, 

DECIBELS WITH STANDARD DEVIATION IN PARENTHESES. 

Imaging method     UCA/T-Mimic     T-Mimic/E-F         CTR S- S^ 

^'""^«                            0.94                      ].53 6.f..i(]3) 1.2 2.3 
!"                                     2.56                      1.12 1S2(1.G) ].0 l.C 
Q"^<i^^ti<: 2J6    1.66 21.3(1.9) 0.42 OS 
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tlir.)iisli tlif LiCA region (Bottom) Lateral lines (at depth 90 miii) 
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(Box C3] and echoes froiri tussue at tlie same flepili IHON 

Go). The LTR was -8.S dB, cal(i.ilatf'd l)<a.sed on :11. iin 
8-iiini chaimeL 

The harmonic image shown in Fig 9(b) was pjoclmfd 
by filtering tlie RF data with bandpass filter ce.'itcrcd 
around 4.8 MHz witli a fractional bandwidth of ;{()'A   Tin- 
center fi-equency and the ftactional bandwidth of the iiai 
nionic niter were chosen to optimize tiie CTR value n.-^inu 
the method described in Section 11-D for the VCA and 
tissue regiorus shown in Fig. 9(d). The CTR value ibr rh. 
harmonic image is 15 dB. which is consistent with the per 
ceived enhancement clearly visible in the displayed image. 
Jt is interesting to note the loss of the specular reflect ions 
from the contrast flow cliannel but not from .the liiieai .scat 
t.erer channel It is also interesting to note tliat the speckle 
in the tissue region is finer than that of the standard B- 

. mode. This indicates that the optiiiiizatioi) of the harmonit 
filter resulted in a larger fractional bandwidth than that 
of the fundamental component. The LTR. for i:he harmonic- 
component is now -7.G dB. That is. the harmonic image 
does not preserve the low-scattering region as it improves 
the contrast between the UCA and ti.ssiie regions 

Fig. 9(c) shews the quadratic image obtained using the' 
algorithm described in Section II-C (with P = C?.= 12 
in Fig. 2). Compared with the standard B-mode. the en- 
hanced visualization of the UCA in the small flow channel 
surrounded by the tissue can be seen. This enhanced \-isu- 
alization is al.so consistent with the higher CTR (22.2 dB). 
In addition, one can see the reduction in the echogenic- 
ity of the cellulose in the 8-mm flow channel. Thi.s is also 
reflected in the value of LTR (-15.4 dB) computed foi 
this channel. This result demonstrates the ability of the 
quadratic filter to separate the ti.ssue from both the UCA 
and the low-scattering cellulose region simultaneousl\-. We 
can also see the pieservation of specular reflec-tions from 
both the UCA and cellulose flow channels. This can be seen 
more (iuantitarively in Fig. 10. which shows the decibel 
values for axial and lateral lines through images in Fig 9. 
Axial lines through the center of the cellulose and the UCA 
flow channels are shown in Fig. 10(al and Fig   Ri(lii. re 
spectively. Lateral lines Through the center of both the cel- 
lulose and the UCA flo%v channels are .shown in Fig. 10!c). 
One can see the contrast enhancement  in difl'ereiit • me- 
dia (i.e.. the UCA. the cellulose, and the ti.ssuei from the 
quadratic image without loss in spatial resolution  in par- 
ticular, for the B-mode image, the signal fiom rln' con- 
trast channel is I.5 dB above the ti.ssne level Mini :U^ -iH  ■ 
above the cellulose chajinel. On the other liaiid. i'o! the 



Id 

B-mode 

IEEE TRANSACTIONS OK ILTHASOMCS. FERHOELECTRJCS. AND KRE QIENO  CONTROL liKMT 

Linear BPF 

-10       0       10      20      30 
Lateral (mm) 

(a) 
Quadratic 

40 
-10 

50 

-20 
60 

P 
-30 E, 

"5 
70 

-40 X 
< 80 

-50 90 

-60 100 

-20 

-100 

-120 

-10       0        10      20 
Lateral (mm) 

(c) 

30 

-10 0       10      20      30 
Lateral (mm) 

(b) 
The defined regions 

0       10      20 
Lateral (mm) 

(d) 

Hg ft linages of tlie flow phantom using (a) Standard B-modc, (b) Harmonic, (c) Quadratic, (d) Boxes C, .("•>. 
CTH and CR calculations. Note tl.e hypcrechoic region from the UC.A in the 6-mni flow channel (55 mm to 01 
l-iterHll and thci hyi)o<?choic region from the cellulose (53 mm to (U mm axial and 17 mm to 25 mm lateral). 

. and Ca indicalo regions for 
mm axial and -fi ram to 0 

(jUculiaT.ic: image, the signal from the contrast channel i.s 
30 clB higlier tlian tissiK- and 67 dB liigher tlian the cel- 
lulo.«f channel. Finally examination of the strong specular 
reflections along the axial lines shown in Fig. 10 suggests 
thfit the quadratic filtei- piesorvcs the resolution of the 
.-i.wsteni. This wiis confirmed \)y computing the correlation 
cell size in the scaii-converted intensity images according 
to t.19) [17] from the three imaging methods in the tissue 
region (52 to 65 nmi axial and 4 to 17 lateral in Fig. 7). 
These values are reported in Table II. 

C. Claxsificaiiori RcfiUf-s ■ 

To gi\-e the reader a quantitative idea of the ability of 
t!if tin-op different imaging methods to .separate ihc dif- 
ferent regions iii the imaging targets, wo use histograms 
fvo!ti Veijn'.senTativiT' areas of these regions. For example. 

for the tissue-mimicking L-shaped phantom surrounded 
by the UCA in the beaker, i-egions from different media 
are defined in Fig. 6(d) as follows: the region .A.1 and .A2 
(the tissue and UCA regions, respectively) and the re- 
gion Bl and B2 (the tisssue and echo-free region.s. respec- 
tively). .After images fiom three different imaging tech- 
niques are scan converted and repre.sented with 25G levels 
of gi'ay covering their full dynamic range, the histogram 
of each region is determined and shown in Fig 11. Ilis- 
tograms from regions .A-1 and .A2 are shown in Fig. 1] 
(left-hand side). One can see the degi-ee of overlap l)e-' 
tween the histograms is higliest for the standard B-mode 
image. On the other hand, the corr(?sponding hi.stojjrams 
are well separated for the harmonic and quadratic image.s. 
This is consistent with the increased le\-el of contrast per- 
ceived .from direct visualization of the iniages in Fig. 6. 
liistograms produced from regions t-A and B2 an' shown ii; 
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TABLE n 
en. CTN. .\.M) C'(>RKi:i...vno.\ CELL Sixt VM.VUK I-OH THK FLOW CKAN\-EL TMIGET. THE CTR \M.VV.S ARE GIVEN- IK Dnfinti..-i 

Imaging method     UCA/Tissiie     Tissue/Cellulose     CTR     5.      Sr 

B-mode 
SH 
Quadratic 

l.oT 
2.12 
2 J6 

1.35 
1.21 
1.65 

9.S I.O r.2 
15.0 0.0 0.9 
22.2      0.9     1.1 

Pig. J1 (righl-lianrl side). Gray-level histogi-ains of regions 
Bl and B2 produced from harmonic image lias higher de- 
pe*' of overlap than those from tJie -stjuidard B-mode and 
the tmadiatic images. This is further quantified by R.OC 
cuiws [ICj obtained from histograms of region Al (Tis- 
sue) and A2 (UCA) and region Bl (tissnej and B2 (echo- 
free) are sliovn in Fig. 12(a) and Fig. 12(b). respectively. 
-As can be seen in Fig. 12(a). tlie .4; vnhies between re- 
gion Al and A2 from the standard B-niode. harmonic and 
Ciuadraric images are 0.8269. 0.9936. and 0.9876. respec- 
tively. Tliese valnes demonstrate im]>roved classification 
performance between region Al and region A2 from har- 
monic aiid_quadratic images o\-er the stan(iard B-mode im- 
age. However, as .shown in Fig. 12d)). the A: value of the 
quadratic linage (0.9.535) presents the be.st classification 
l)erfonnance of tissue and echo-free regions among three 
imaging techniques, while the. classincaiion performance 
from tiie harmonic image f.-l.. = 0.S724) is iBferior ro that 

from the standard B-mode image (.4; = 0.9302). These 
measurements show that the quadratic image provides ini 
proved separation of the UCA from the tis.siie mimic lom 
parable with SH performance. At the same time, signifi- 
cant improvement in separation between tissue mimic aiiti 
echo-free regions is achievable in the quadiaiic image over 
both the standard B-mode and SH images. 

C<mtra.st ratios determined from c.orrespundiiig gray 
scale images in Fig. 6 are shown in Table 1 For contrast 
comparison between the UCA and tissue regions. CRs ob- 
tained from regions Al'^and .A2 demonstrate the conrrasi 
enhancement of tlie liarmonic (2.5()) and tlie quadititic 
(2.16) images over the standard B-mocic image 0 91). On 
the other hand, one can see that the CR l.-etween tissue .md 
eclio-free regions of the harmonic image il 12) is infeiu'?- 
to that of the standard B-mode image f 1 ol 1. However, tjif 
quadratic image gives the maximal CH(1 66i. The.-e CH 
values agree with both the visuali^.arioii of imaar's shown 
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J-ig. II Graj-level bislograms produced from iinagej; shewn in Kig. 6. Top: B-inode. Middle: Harmonic. Bottom: Quadratic. Ili.st.cm;.!!!- 
.... the left-hand .side are produced from region AI fu.d A2 Thick: Region Al (Tissue) Thin: Region A2 (Contrast) Histograms oi. il,- 
n-hi-haiid sid<- are produced from region Bl and B2. Thick: Region El (Tissue). Thin: Region B2 (Air). 

c  0.8 o 

c 
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Area Under Curve of 
Bmode   = 0.8269 
2nd       = 0.9936 
Quadratic = 0.9876 

■ 

02        0.4        0.6        0.8 1 
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(a) 

Area Under Curve of 
Bmode    = 0.9302 
2nd       = 0.8724 
Quadratic = 0.9535 

02       0.4       0.6       0.8 1 
Probability of False Alar 

(b) 

l'i!i 1-' Tilt- i-iOC curves produced from giay-level hisrograms in Fig. 11 of three imaging techniques. Thick: B-mode. Da'-h: ll:i:iniMr,c 
ri:::i '..Ui.idya:ic. The ROf run-p obtained froni tlie UC'.'^ and tL^suf- regions i.'^ sliuw.i on the left-hand side. The ROC uirve oir;..:,,-.; »:.«. 

;ij'.- ■.r;-;i..■:'-« :,:it'] i.i.'..s'.:e fjgions is sliow-n on the iigi)t-ii:ijiri sirie. 
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in Fig. 6 a:id the (iegree of overlap bftween the histograms 
shown in Fig. 11. These results have demonstrated that 
the quadratic image provides the perceived contrast en- 
hanreitient not only between the UCA and tissue regions 
but also between the tissue and the echo-free regions. We 
note here that similar analysis was performed for the flow 
channel data and that the results are in full agreement 
with the results shown in this section. The CR. CTR. and 
correlation ceil size values for both the L-shaped and flow 
phantoms are summarized in Tables 1 and 2. 

Similarly, images of the UCA and cellulose flow chamicls 
m the flow phantom as shown in Fig. 9 are scaled into 8-bit 
gray-level images. Gray-level histograms between the UCA 
cuid tissue regions and between the cellulo.se and tissue 
legions are produced and the corresponding ROC cun'es 
iire determined. Although the number of data from eacli 
region is quite small for meaningful statistical analysis, 
results from both CRK and .4; show tendency that tlie 
tniadratic image enhances the contrast and provides better 
cla-ssification performance compared with the standard B- 
inodr image. Table II gives the CR vahies resulting from 
the flow cliaimcl experiment. 

V. DISCUSSION 

We have introduced a nonlinear postbeamforming.fil- 
iiM-ing algorithm for ultrasonic puJse-eclio imaging based 
on the N'oKeira filter model. The main goal of this paper 
v.-a> to introduce the mathematical ba.sis for deriving the 
ti'!f.<'r coefTicients from sia.ndard be.amformed R.F dam olv 
tiiined by tommeic:ial scjiuners. In addition, we have pre- 
sentf'cl imaging results from two laboratory contrast tar- 
gc>ts to illustrate the nature of the gray scale images ob- 
tained with the quadratic component compared with stan- 
ilaul echo signals and harmonic images. Images from the 
quadratic components were obtained by a.pplj-ing a sin- 
ule filter derived from echoes from the contrast region. We 
lin\p decided to do tliis to demonstrate that the method is 
quire lobust in the sense that the derived filter is applied 
riiroughout the image to produce images free of artific^ial 
inhoniugeneity. This is a desirable method from the im- 
Ijlcnientation jjoint of view, especially for real-time imple- 
mentation. 

For a fair comparison, all images presented in this paper 
were normalized to their full dynamic range and displayed 
using 250 levels of gray. Classification results based on 
histogram characterization of contrast and tissue regions 
siiow that the quadratic images produce nearly twofold 
increase in CR values (compared with standard echo im- 
ugcs.) without loss of image features (compared to har- 
monir images). Classif>-ing the tissue and echo-free regions 
deuK^nstrated the improved performance with respect to 
har:iio!iic imaging. This is probably due the vulnerability 
of harmonic images to'noise and beamformmg artifacts. 
!.\<iK'cia!ly when the sidelobe.-; of the transmit beam are in 
■ ••i;i'r;i-it ri'gions. 

l-.\'.;;i t])OUi:,h we have foni.sed on tin? c6mpari.«on be-' 
;wr<-ii ^r<iy-sra!e iuiage.s. there are some irit.cre.5'ting prop- 

erties of the quadratic signal components that max- iciral 
important information on the nature of the objects j;ni- 
during the echo signals. For example, the frfqucncv <oni- 
porient at / in the quadratic signal component is a result 
of all frequency components /i and fz from tfi.- e<hii ^j.;. 
nal such that /i -h fz = f. weighted b>  HQI f,. r;. Tiii-, 
freqiiency coupling results in quadratic signal ctimp(>iiiMii.> 
with high SNR \'alues due to rejection of addiiixc jj...;.-,- 
ku interesting question is whethei the qtiadrati' oiiipn 
uents are more directly related to the coinposnion of the 
echoes in terms of coherent and diffu.se scatrf-riii"   J his 
may be quite significant in hiiproving the rolmstncss ul 
motion tracking and displacement estimation alsorirhms 

In this paper, the filter is designed bsLswl on n-niliii- 
cfir echoes from the tissue-like medium. However, the til 
ter does not distinguish between nonhnearities froii: UCA 
and those from tissue. The contrast enhancement is maijii'. 
due to the higher level of quadratic component (lelntivc to 
the RF signal level) in the contrast regions  For e.vHiupIc 
in the L-shaped phantom, on average, the tiuadratic sig 
nal is 30 dB and 50 dB below the RF in the <:omra.=;i mirl 
tissue regions, respectively. It is interesting to note iliat. 
for this target, the quadratic component from the mas': 
iietic bead at the bottom of the image is onl.v 3 dB be- 
low the RF signad. This sugge.sts that the quadratic fijtei 
does not completelj" reject quadratic echoes from specu- 
lar r<!flectors. even though it may still discriniinatt- agaiii>i 
rhem. TJierefoie, for applications in which the quadruri.. 
<:amponet)ts from the contrast agents ai-e vveak or c(imiwi • 
ral.ile to tissue components, a m<'thod for separating tlic 
two tJT.jes of nonlinearity is needed. There are several pos- 
sible approaches to the filter design problem so that better 
separation between nonlinear echoes from UCA and tissue; 

• .'Adaptive imv>lementation of the SVF based on fast 
recursive LS approach [12]. This will allow foi the oj)- 
timization of filter coefficients based on the loc-al level 
of nonlinearity. 

• Higher order filters (e.g., cubic) that may b^- more 
sensitive t.o UCA nonlinearity than tissue nonlinear- 
ity. This is due to the cibservation that, luider nor- 
mal imaging conditions, tissue nonlinearit\- is at most 
quadratic. 

• Synt})esis of pulse secjuences to excite contrast nii- 
crobubbles to maximize their nonlinear response. This 
i.s moti^'at.ed by the recent trend in contiast-agent 
imaging, which calls for the use of sup<'r low valu<-.s 
of MI. Tlie identified quadratic- kernel of the S\'F can 
be used for the design of these waveforms 

We have chosen to compare quadratic images with im- 
ages obtained ushiglinear harmonic filters rather than sec- 
f)nd harmonic filters. This was bfusc^d on the observation 
that the spectra of echoes from contrast regitms are topi- 
cally broader than those from tissue regions us can l.ie .seen 
from Figs. 5 and 8. The application of a stnci SH fihoi- 
based on the bandwidth from tissue compo'iciit tvpically 
produce inferior results when UC.-\ regions are iivesenr in 
the imaging field. To illu.'strare this pomr. Fig.  lo siiow.- 
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Fig. 13. LHS: The image of L-shaped phantom produced using BP!" cenlnred at 4 MHz with fractional bandwidth 2'>%. IlHS: The imagt- 
tiou- channel phantom produced using BPF centered at 6 MHz with fractional bandwidth 25%. 

SH images of both the L-sliaped aiid flow phantoms based 
oil the spectra fiom tissue regions. These images are A-is- 
ibly inferior to those obtained using the linear harmonic 
a})]5ic>ach described in Section II-D. We note that quanti- 
tative analysis of these images confirms the inferiority of 
I he SH images showii. 

The niters used for extracting the quadratic compcv 
ncnts for the two dat;a sets were of orders 10 and 12 for 
the L--shaj)ed phantom and the flow-channel phantom, re- 
spectively In deri\ing tlie filters, we have assumed that 
f'Q'J-l'l = hQlk.]). which implies that the filters can i)e 
iiiipiemented with fio and 90 independent coefficients, re- 
Sjiectively. On the other hand, the linear bandptvss filter 
held 77 coefiicients. This number is effectively doubled by 
tiip 2er0-pha.se iniplementation described in Section II-D. 
\\'hile it is not our objective to compare the computational 
efficiency of I lie quadratic filters, with the linear filter, we 
note that the requirements of the quadratic filters will not 
present a .severe problem for real-time iinplenient;ation on 
modern ultrasound scanners. We also note that efficient 
software and hardware implementations of the Volterra fil- 
ter have be«?jj e.xtensivcly studied in recent literature (19). 

Finally, even though the two imaging targets in this pa- 
per contain UCA regions, quadratic images can be used in 
■"iiarive ciuadratic" form, in much the same way as SH in)- 
ages. The eiilianceiaent of the contrast between the tissue 
mimic and I ho low .vatteriug regions in both targets ofier 
an ilhtstration of the nature of quadratic images in native 
nio<JC. \^e are cnrrenth- investigating speckle reduction in 
(juadratic image's (some .speckle reduction can be observed 
in t:ie ;i.<suc' mimic hi qtiadratic images from both phan-' 
tomsi. Tl^i^ is rlie sul.iject. of a future report. 

VI. CONCH'SIONS 

A nonlinear postbeamforming filrei based on tlic 
Volterra model was introduced in this paper. The 
quadratic component from the SVF signal separation 
model was shovni to i)roduce images with high contrast 
and liigii dpiamic range without loss of axial 01 lateial 
resolution. This was coufimud by estimating the C(>rrcla- 
tion cell size based on [17] foi' the quadratic niiages and 
comparing with those for B-niode and Harmonic images 
(Tables I and II). The improvement in contrast was con- 
firmed by quantitative niejisures. both on the RF data and 
the log-compres.sed image data after scan conversion. Fur- 
thennore. the quadratic images were also shown to pre- 
serve the low-scattering targets while improving the \JC\ 
to tissue contrast. This was demonstrated by the comput cd 
CR values (Tables I and 11) and the .4; values from tlic 
ROC curves showni in Fig. 12. 
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