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Preface

A long journey has come to an end. A journey, which actually began in the autumn of 1997,
when | as a bachelor student back then became familiar with the existence of medical ultrasound
scanners, during an internship at B-K Medical A/S. And today, seven years later, this thesis
marks the completion of my PhD study on synthetic aperture ultrasound imaging.

This PhD study was carried out at the Center for Fast Ultrasound Imaging (CFU) located in
the @rsted department at the Technical University of Denmark with Professor Jgrgen Arendt
Jensen as director, who was also my head adviser on the project. The project was initiated on
September 1st, 2001, approximately 3 years ago.

The title of the present thesislimproving the Image Quality of Synthetic Transmit Aperture Im-
ageswith subtitleAchieving Real-Time In-Vivo Imagin@he goal of the PhD study has been to
show, that real-time applications of synthetic transmit aperture (STA) imaging is feasible with
an image quality, that is competitive with the traditional scanning techniques. The foundation
of the PhD was established during my Master of Science project, completed at CFU in August
2001 prior to the engagement in the PhD programme, which investigated a new method for
increasing the signal-to-noise ratio in STA imaging. The results obtained in this project were
very promising, and thus the work was continued in the PhD. This effort proved to be very
valuable, which hopefully will be apparent by the time the end of this thesis is reached.

I hope you will enjoy reading this thesis.
Kim L. Gammelmark

DrstedDTU
September 2004
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Abstract

Synthetic transmit aperture (STA) imaging has the potential to increase the image quality of
medical ultrasound images beyond the levels obtained by conventional imaging techniques
(linear, phased, and convex array imaging). Currently, however, in-vivo applications of STA
imaging is limited by a low signal-to-noise ratio (SNR), due to the application of a single
transducer element at each emission, and higher susceptibility to tissue motion, produced by
the summation of sequentially acquired low resolution images. In order to make real-time STA
imaging feasible for in-vivo applications, these issues need to solved.

The goal of this PhD study has been to nd methods that can be used to overcome the above
mentioned limitations, and hereby improve the image quality of STA imaging to a clinically
desirable level, enabling real-time in-vivo STA imaging.

The thesis investigates a new method to increase the SNR, which employs multi-element sub-
apertures and linearly frequency modulated (FM) signals at each emission. The subaperture
is applied to emulate a high power spherical wave transmitted by a virtual point source posi-
tioned behind the subaperture, and the linear FM signal replaces the conventional short exci-
tation signal to increase the transmitted temporal energy. This approach, named Temporally
encoded Multi-element Synthetic transmit aperture (TMS) imaging, is evaluated in detail for
linear array and convex array imaging applications using simulations, and phantom and in-vivo
experiments.

The thesis contains summaries of four journal articles and four corresponding conference pub-
lications, which comprise the primary contributions of the PhD. The rst two papers give elab-
orated evaluations of TMS imaging for linear array and convex array imaging, respectively.
The results, including initial in-vivo experiments, showed, that TMS imaging can increase the
SNR by as much as 17 dB compared to the traditional imaging techniques, which improves the
in-vivo image quality to a highly competitive level.

An in-vivo evaluation of convex array TMS imaging for abdominal imaging applications is
presented in the third paper, based on a clinical trial with 7 healthy male volunteers. Real-time
movie sequences of 3 seconds duration were acquired and analyzed by experienced medical
doctors using blinded clinical evaluation. The results showed a statistically signi cant im-
provement in image quality of convex array TMS imaging compared to conventional convex
array imaging. Only minor motion artifacts causing subtle image brightness uctuations were
reported in TMS imaging, which did not depreciate the diagnostic value of the images.

The in uence of tissue motion and a method for two-dimensional motion compensation is
investigated in the fourth and nal paper. The method estimates the tissue velocity and motion

Vii



Abstract

direction at each image point by correlating image lines beamformed along a set of motion
directions and selects the direction and velocity corresponding to the highest correlation. Using
these estimates, motion compensation is obtained by tracking the location of each pixel, when
reconstructing the low resolution images. The presented phantom and in-vivo results showed,
that severe tissue motion has a negative in uence on the image quality of STA imaging as
expected, but, most importantly, that the proposed method successfully compensates for the
motion, thus, retaining the image quality of TMS imaging, when scanning moving tissue.

In conclusion, the results of the research presented in this thesis have demonstrated, that TMS
imaging is feasible for real-time in-vivo imaging, and that the obtained image quality is highly
competitive with the techniques applied in current medical ultrasound scanners. Hereby, the
goals of the PhD have been successfully achieved.
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Resumé (Danish)

Syntetisk transmit apertur (STA) billeddannelse kan potentielt forbedre billedkvaliteten af
medicinske ultralydsbilleder til et niveau, der overstiger det, sonaspned de traditionelle
billeddannelsesmetoder.afmuveerende tidspunkt er anvendelsen af STA metoden til klinisk
skanning dog begraenset af et lavt signal-stgj forholdarkaget af anvendelsen af et enkelt
transducer element ved hver udsendelse, og en stagrre fglsomhed overfor veevsbevaegelse, som
fremkommer ved summeringen af de sekventielt optagne lavoplgsningsbilleder. For at gare
STA metoden anvendelig til klinisk skanning i realtid er det derfor ngdvendigt at nde lgsninger

pa disse problemer.

Malet med dette PhD studie har veeret at nde metoder til at overvinde de ovenfor naevnte be-
greensninger og derved forbedre billedkvaliteten af STA metoden til et klinisk gnskeligt niveau,
for herved at tilvejebringe anvendelsen af STA metoden til klinisk skanning i realtid.

Afhandlingen udforsker en ny metode til forggelse signal-stgj forholdet, som anvender et sub-
apertur bestende af multiple elementer og et linezgert frekvensmoduleret (FM) signal ved hver
udsendelse. Subaperturet anvendes til at efterligne en sfeerisk bglge med hgj energi udsendt
af en virtuel punkt kilde placeret bagved subaperturet, og det linesere FM signal erstatter den
konventionelle korte eksitationspuls for at gge den udsendte energi yderligere. Denne metode,
kaldet Temporalt kodet Multi-element Syntetisk transmit apertur (TMS) billeddannelse, bliver
undersggt i detaljer med primaer henbli lineaer array og konveks array transducer applika-
tioner gennem simuleringstudier, samt fantom og in-vivo eksperimenter.

Afhandlingen indeholder sammendrag af re tidsskriftartikler og re tilhgrende konference
publikationer, som udggr de primaere forskningsmaessige bidrag fra PhD'et. De to fagrste artik-
ler giver en udfarlig evaluering af TMS billeddannelsesmetoden ved anvendelse af henholdsvis
lineger array transducere og konveks array transducere. Resultaterne, som omfatter indledende
in-vivo forsgg, viste, at TMS metoden kan gge signal-stgj forholdet med op til 17 dB sammen-
lignet med de konventionelle skanneteknikker, hvilket forbedrede billedkvaliteten in-vivo til et
konkurrencedygtigt niveau.

En Kklinisk evaluering af konveks array TMS billeddannelse til abdominal skanning praesenteres

i den tredje artikel, baseregkliniske afprgvningerg?7 frivillige raske maend. Videosekvenser

med en varighed op ca. 3 sekunder blev optaget i realtid og analyseret af efarne lseger med
ekspertise indenfor ultralydskanning. Resultaterne viste, at konveks array TMS billeddannelse
frembringer en statistisk signi kant forbedring af billedkvaliteten i sammenligning med kon-
ventionel konveks array billeddannelse. Kun minimale bevaegelsesforstyrrelser blev observeret,
som foarsagede diskrete uktationer i billedernes intensitetsniveau, men dissdkgde ikke

den diagnostiske veerdi af billederne negativt.



Resumé (Danish)

Pavirkningen af veevsbeveegelse og en metode til to-dimensional beveegelseskompensation
bliver undersggt i den fjerde og sidste artikel. Metoden estimerer hastigheden og retningen,
hvormed veevet har beveeget sig, ved at korrelere signaler rekonstrueret langs et udvalg af
forskellige beveegelsesretninger ved hvert punkt i billedet, for herefter at veelge den retning og
hastighed, som har den stgrste korrelationsveerdi. Disse estimater anvendes til kompensation
for beveegelsen, hvilket ops ved kontinuert at forfglge den spatiale placering af hver pixel i

de rekonstruerede lavoplgsningsbilleder. De praesenterede fantom og in-vivo resultater viste, at
voldsom veevsbeveegelse har en gdelseggende virkaihgl@dkvaliteten i STA billeddannelse

som forventet, men vigtigst, at den udviklede metode kompenserer for beveegelsen med stor
succes, hvilket derfor bevirker, at billedkvaliteten bliver opretholdt ved TMS billeddannelse,
nar bevaegeligt veev skannes.

Forskningsresultaterne, som er blevet praesenteret i denne afhandling, viser, at TMS billeddan-
nelse er anvendelig til klinisk skanning i realtid, og at denamae billedkvalitet er konkur-
rencedygtig med de nuveerende skanneteknikker. De fremsattenad dette PhD studie er
derfor blevet opaet.
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CHAPTER

ONE

Introduction

Medical ultrasound imaging systems are used by medical doctors every day for diagnosis, in-
spection, and guidance during surgery in a variety of application areas such as fetal imag-
ing, cardiac imaging, blood ow imaging, abdominal imaging, etc. The ultrasound scanner is
used intensively, because it provides realtime imaging with high quality of soft tissue by non-
invasive mean's and, at the same time, it is mobile, inexpensive, and safe for the patient. This
is compared to other medical imaging modalities, such as computerized tomography (CT) and
(nuclear) magnetic resonance imaging (MRI), both of which comprise large expensive systems
that cannot easily be transported to the patient.

Research within ultrasound imaging is progressing continuously. New imaging methods are
constantly being exploited, aiming to extend the application of ultrasound imaging into new
areas, and to improve the quality of the ultrasound images and, thus, their diagnostic value.
Acoustic radiation force imaging [1] and tissue harmonic imaging [2] are examples of recently
developed methods, which utilize the properties of ultrasound imaging to make new types of
ultrasound images. Another method, which has been investigated for almost a decade in ul-
trasound imaging, is synthetic transmit aperture (STA) imaging [3, 4]. This method is based
on principles, originally adapted from synthetic aperture radar (SAR) systems [5, 6, 7], which
are quite different from the imaging methods applied in the traditional ultrasound systems used
today.

In modern medical ultrasound scanners, linear and phased array techniques are used to generate
the displayed images. These techniques build up the images over a number of transmit events by
transmitting focused beams in distinctive directions in the medium. After each transmission,
all or a portion of the transducer elements are used to record the echo signals scattered by
the tissue. For each direction, the received echoes are focused dynamically along the same
direction, and the produced scan lines are stacked together to create the displayed image. This
produces the best possible receive beam pattern in terms spatial resolution, and very often
dynamic amplitude weighting (apodization) of the receive elements is also applied to control
the beam width and sidelobe levels. The overall spatial resolution is compromised by the
single transmit focal point. Thus, the spatial resolution is only optimal at the transmit focal
point. To minimize this effect, compound imaging is often applied, which composes each line
from several transmissions, each having a different transmit focus location [8].

In contrast to the narrow spatial extend of the ultrasound eld transmitted by the traditional
methods, the basic principle in STA imaging is to transmit a spherical wave using a single
transducer element, which propagates in all directions in the medium simultaneously. The

1This excludes intravascular ultrasound imaging, which is a relatively new application area of ultrasound imag-
ing, that performs ultrasound imaging inside blood vessels by utilizing a small catheter based transducer.



Chapter 1. Introduction

Figure 1.1: lllustration of the STA imaging principle. At each transmit event a single ele-
ment is used to generate a spherical wave. The ultrasound pulse propagates in all directions
in the medium simultaneously, and, thus, the recorded echoes contain information about every
scatterer within the interrogated region. By steering and focusing these signals at every im-
age point, a complete image is reconstructed after one emission. This procedure is repeated
for all aperture element, and the resulting images are nally summed to produce the displayed
ultrasound image.

echoes recorded by the transducer elements used for reception contain information about every
scatterer in the illuminated region. Thus, the received signals can be steered and focused at
all image points to form a complete image after one emission. This process is repeated by
exciting all transducer elements one by one, and the reconstructed images are nally summed
to produce the displayed image. Figure 1.1 illustrates this approach.

Conceptually, the reconstruction of each point or pixel in the displayed STA image is performed
by coherently summing for all transmissions the echoes received from a point target located at
the center of each pixel. This is possible, because the origin and shape of the transmitted
wave is known. The origin is determined by the location of the transmitting element, and the
wavefront is spherical due to the small aperture elements. Assuming the speed of sound in the
medium is known, the arrival time of the echo from a given point target for a speci ¢ transmit
and receive element pair can be calculated exactly using the geometric relations illustrated in
Fig. 1.2. By performing this calculation for all transmit-receive element pairs, picking out the
corresponding samples of the recorded echoes, and nally summing these samples, both the
transmit and the receive apertures are focused at the point target location, producing the best
possible focusing. This process is repeated for all points or pixels in the ultrasound image.
Mathematically, this is written as

~

AZ — — 4

M N
SFp)= & & WmlFp)Wn(Fp)Gnm (1.1)

m=1n=1

where S(+p) is the reconstructed imagem(tp) is the apodization for transmit elemem
Wn(fp) is the apodization for receive elemamtgn:m(t) is the recorded echo data, aktdand
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1.1. Synthetic Transmit Aperture Imaging - Why?

Figure 1.2: Geometrical illustration of the reconstruction of STA images. The core principle is
the known origin and shape (spherical) of the emitted wave. Based on this and the knowledge
of the speed of sound, the arrival time of the echo from a given point target can be calculated
exactly. The vectorsp, +n, andrny, denote the location of the image point, the receive element

n, and the transmit element, respectively.

N are the number of transmit and receive elements, respectively. The ¥galenotes the
image point being reconstructed, whileandt, point to the location of receive elemamaind
transmit elementn, respectively.

In practice, the image reconstruction process is performed sequentially as illustrated initially in
Fig. 1.1. The image produced after each emission is generally called a low (lateral) resolution
image, because it is created using a single transmit element. The process of summing the low
resolution images synthesizes the transmit aperture over several transmissions. Hence the name
synthetic transmiaperture imaging

1.1 Synthetic Transmit Aperture Imaging - Why?

STA imaging has some clear advantages compared to the traditional techniques:

1. Full control of both the transmit and receive elds.
2. Data from the entire image area are available continuously.

3. Very high frame rates are feasible.

As indicated by Egn. 1.1, the weighting coef cients applied to the transmit and receive elements
can be chosen arbitrarily. Furthermore, both the transmit and receive apertures are focused at
every image point by compensating for the total distance travelled by the emitted pulse for ev-
ery transmit-receive element pair. This enables the application of dynamic transmit and receive
apodization as well as dynamic transmit and receive focusing, thus, giving full exibility in
controlling the image quality. Conceptually, this corresponds to a traditional ultrasound scan-
ner, which transmits a focused beam for every image point. Thus, if the image contains 100
lines each with 512 image points, the number of transmissions used by the conventional system
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becomes 51200, while, for STA imaging, only 128 emissions are used, if the transmit aper-
ture has 128 elements. Thus, STA imaging is capable of improving both spatial resolution and
contrast resolution compared to conventional imaging.

The application of a spherical wave in STA imaging results in a complete low resolution image
produced after every emission as explained above. Hereby, data within the entire image plane
are available continuously, and frame rates as high as the pulse repetition freqijgncsre
therefore feasible. For an imaging depth of 15 cm and a speed of sound of 1500 m/s, the
maximum fp¢ is %:01% = 5 kHz, resulting in potentially 5000 frames/sec. This opportunity
was noticed by Nikolov and colleagues in [9], who developed a high frame rate STA imaging
approach calledecursive ultrasound imagingin this approach, the displayed STA image is
updated after every emission by adding the new low resolution image to the STA image and
simultaneously subtracting the old low resolution image corresponding to the same emission.
Hereby, a new image is displayed after every emission. Sparse STA imaging [10, 11] is another
approach to high frame rate imaging. Here, STA images are generated using a few transmis-
sions, i.e. a few low resolution images, spaced over the entire transmit aperture to maintain
spatial resolution. To compensate for the larger spacing between the transmit positions, which
in general results in the appearance of grating lobes [12], the apodization functions applied to
the transmit and receive apertures are adjusted using the effective aperture approach to mini-
mize their effect [10, 13]. A clear target in obtaining high frame rates is three-dimensional (3D)
volumetric imaging, which is in high demand due to its high clinical value. For this application,
STA imaging is very feasible.

Therefore, STA imaging holds a great potential of improving the quality of ultrasound images
beyond that produced by the traditional methods.

1.1.1 Limited In-Vivo Application

Unfortunately, there are some problems associated with STA imaging in its current form. Ba-
sically, there are two issues, which limits the in-vivo application of STA imaging:

1. Low signal-to-noise ratio (SNR)

2. Susceptibility to tissue motion

What limits the penetration depth in ultrasound imaging is the frequency & depth dependent
attenuation, which is present in soft human tissue. This attenuation decreases the energy in
the transmitted acoustic pulse as it propagates into the tissue, and the attenuation also increases
with frequency, such that higher frequency systems obtain smaller penetration depth. Due to the
application of a single element at each emission in STA imaging, the emitted acoustic energy
is signi cantly lower than in conventional imaging. Limitations in the front-end electronics

of the scanner and transducer cooling issues typically prohibit an increase of the excitation
voltage, and the receiver can only perform limited ampli cation of the received echoes. Thus,
the energy in the acoustic eld is rapidly attenuated below the noise threshold of the ultrasound
system, resulting in a poor SNR and low penetration depth. This limits the in-vivo application
of STA imaging signi cantly.

Because the displayed STA image is produced by adding low resolution images obtained over
several emissions, the method inherently relies on that this summation is coherent, i.e. the low
resolution images are phase aligned when summed. If the low resolution images are summed

4



1.2. State of The Art

incoherently, the displayed image will become unfocused with a smeared appearance, resulting
in loss in image quality. One factor causing phased misalignment is tissue motion, which is
primarily produced by the beating heart, blood pulsation, respiration, and transducer motion.
The latter is produced by the medical doctor while scanning. The degree of loss in image quality
will depend on how severe the motion is, and therefore it will depend on the anatomical location
being scanned. Compared to the traditional ultrasound scanners, where motion artifacts occur
as distortions of the tissue structures rather than as loss in spatial and contrast resolutions, STA
imaging is clearly more susceptible to motion. In general, it may therefore be necessary to
compensate for tissue motion to fully retain the advantages of STA imaging.

1.2 State of The Art

Synthetic aperture imaging has been investigated for ultrasound imaging since the late 1960
and early 1970 [14, 15]. In the 1970s and 1980s, it was primarily explored for nondestruc-
tive testing (NDT) using a more or less direct implementation of the SAR principle, known
today as monostatic synthetic aperture imaging [16]. With the introduction of transducer ar-
rays in the 1970s, focus was gradually directed towards this application area to pursue real time
implementations [17, 18, 19].

Until the beginning of 1990, the idea of applying the synthetic aperture imaging approach
for medical ultrasound imaging had only been considered occasionally [15, 20]. In 1992,
O'Donnell and Thomas published a method intended for intravascular imaging based on syn-
thetic aperture imaging utilizing a circular aperture [21]. To overcome the problem with low
SNR and impedance matching between the transducer and receiver circuit, the single element
transmission was replaced by simultaneous excitation of a multi-element subaperture. Due to
the circular surface of the transducer, the subaperture generated a spherical wave with limited
angular extend at each emission, thus, permitting synthetic aperture focusing to be applied.
This was the rst direct attempt to apply synthetic aperture imaging for medical ultrasound
imaging. Since then, the application of multi-element subapertures to increase the SNR of syn-
thetic aperture imaging has been investigated using phased array transducers by Karaman and
colleagues for small scale systems [3, 22], by Lockwood and colleagues for sparse synthetic
aperture systems with primary focus on 3D imaging applications [10, 11], and by Nikolov and
colleagues for recursive ultrasound imaging [9]. In all cases, the multi-element subaperture was
used to emulate the radiation pattern of the single element transmission by applying defocusing
delays in such a way, that a spherical wave with limited angular extend was produced. The def-
inition of synthetic transmit aperture (STA) imaging was introduced by Chiao and colleagues
in [4]. This paper also considered the feasibility of applying spatial encoding to enable trans-
mission on several elements simultaneously, while separating the individual transmissions in
the receiver using addition and subtraction of the received signals. A third approach, which uti-
lizes orthogonal Golay codes to increase the SNR, while transmitting simultaneously on several
elements, was also considered by Chiao and Thomas in [23].

The in uence of motion in STA imaging and methods for compensation have been investigated
in several publications [24, 25, 26, 27, 28]. Commonly it is reported, that axial motion is
the dominant factor causing image quality degradation due to the signi cantly higher spatial
frequency in this dimension. The presented motion estimation methods are generally based
on time-domain cross-correlation of reference signals to nd the shift in position in the axial
dimension. Since tissue motion is inherently three dimensional, it is however likely, that to
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retain the advantages of STA imaging, at least two dimensional (2D) motion correction to
compensate successfully for scan plane tissue motion is required. Furthermore, none of the
methods have been evaluated using in-vivo experiments.

To this point, it has therefore not been shown, if in-vivo STA imaging is feasible.

1.3 Scope and Aim of Study

Inspired by the great potential of STA imaging and the previously published research, the goal
of this PhD study is to show, that real-time in-vivo STA imaging is feasible, and not least
demonstrate, that the image quality can be improved to a clinically desirable level, which is
competitive with the current techniques.

The primary target will be B-mode imaging, and since full attention is given to improving the
image quality, sparse implementations for B-mode imaging will not be considered explicitly.

Much effort has been put on the application of phased array transducers in previous research,
but linear and convex array geometries have not been explored directly. To show that STA
imaging is not limited to any speci c aperture geometry, these imaging geometries will be the
main target.

The basis for the PhD study was established during the Master of Science project conducted
by the author in [29]. This project investigated a new method for increasing the SNR in STA
imaging based on the application of multi-element subapertures and linearly frequency modu-
lated (FM) signals or chirps. In particular, each single element transmission was replaced by
a subaperture defocused to emulate a high power virtual point source located behind the sub-
aperture, and the conventional short excitation pulse used to obtain good axial resolution was
replaced by a linear FM signal. The results obtained were very promising, and, thus, the work
was continued in the PhD study.

1.4 Contributions

On the path of achieving these goals a number of journal as well as conference papers have
been written.

Journal Articles

1. Kim L. Gammelmark and Jgrgen A. Jensen, "Multielement Synthetic Transmit Aper-
ture Imaging using Temporal Encoding,” publishedIHEEE Transactions on Medical
Imaging vol. 22, no. 4, pp. 552-563, 2003.

2. Kim L. Gammelmark and Jgrgen A. Jensen, "Synthetic Transmit Aperture Imaging
using Convex Transducer Arrays,” submittediE&E Transactions on Ultrasonics, Fer-
roelectrics, and Frequency Control April 2004.

3. Morten H. Pederserkim L. Gammelmark , and Jagrgen A. Jensen, "In-Vivo Evaluation
of Convex Array Synthetic Aperture Imaging,” submitted.ttrasound in Medicine and
Biologyin July 2004.
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4. Kim L. Gammelmark and Jgrgen A. Jensen, "2D Tissue Motion Compensation of Syn-
thetic Transmit Aperture Images,” submittedlEEE Transactions on Medical Imaging
in August 2004.

Conference Papers

1. Kim L. Gammelmark and Jgrgen A. Jensen, "Multi-Element Synthetic Transmit Aper-
ture Imaging using Temporal Encoding,” presentedSRIE - Progress in biomedical
optics and imagingn San Diego, California, February 2002, pp. 25-36.

2. Kim L. Gammelmark and Jagrgen A. Jensen, "Experimental Study of Convex Coded
Synthetic Transmit Aperture Imaging,” presented atltBieE International Ultrasonics
Symposiunmn Munich, Germany, October 2002, pp. 1573-1576.

3. Kim L. Gammelmark and Jgrgen A. Jensen, "Duplex Synthetic Aperture Imaging with
Tissue Motion Compensation,” presented atlBEE International Ultrasonics Sympo-
siumin Honolulu, Hawaii, October 2003, pp. 552-563.

4. Morten H. Pederseikim L. Gammelmark , and Jgrgen A. Jensen, "Preliminary In-Vivo
Evaluation of Convex Array Synthetic Aperture Imaging,” presente8RIE - Progress
in biomedical optics and imaging San Diego, California, February 2004, pp. 33-43.

All conference papers have been published in the corresponding conference proceedings on the
pages listed above.

Besides the publications listed above, which comprise the primary results from the Ph.D., con-
tributions have been aided to other publications listed below.

Additional Publications

1. J. A. Jensen, O. Holm, L. J. Jensen, H. Bendsen, S. I. Nikolov, B. G. Tomov, P. Munk, M.
Hansen, K. Salomonsen, J. Hansen, K. Gormsen, H. M. PederseK, anGammel-
mark, "Ultrasound Research Scanner for Real-time Synthetic Aperture Image Acqui-
sition”, submitted tdEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Controlin 2003.

2. Anna T. FernandeZim L. Gammelmark , Jeremy J. Dahl, Constance G. Keen, Rod-
erick C. Gauss, and Gregg E. Trahey, "Synthetic Receive Beamforming and Image Ac-
quisition Capabilities Using an 8x128 1.75D Array”, publishedBEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Contrebl. 50, no. 1, pp. 40-57, 2003.

3. Jargen A. Jensen, Svetoslav I. Nikolov, Thanassis MisaridisKkand.. Gammelmark ,
"Equipment and methods for synthetic aperture anatomic and ow imaging”, invited pre-
sentation at théEEE International Ultrasonics SymposiumMiinich, Germany, Octo-
ber 2002, pp. 1518-1527.
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1.5 The Thesis

The thesis consists of four main chapters, one for each journal and conference article pair, a
conclusion with future remarks, and an appendix including all papers. The four chapters are
written as summaries of the respective papers. Therefore, all papers in Appendix A and B
are integral parts of each chapter, and they should be read as well to acquire all details. The
additional publications listed above are placed in Appendix C. When appropriate, references
will be given to these, but they are not directly integrated into the thesis.

Chapter 2 introduces the new method for increasing the SNR in STA imaging mentioned above
in the context of linear array imaging, and its performance is investigated using simulations,
phantom, and in-vivo experiments. The papers summarized in this chapter are placed in Ap-
pendix A.1 and B.1.

Chapter 3 describes the implementation of the method with convex array transducers. New
design considerations related to the more complex geometry are discussed, and the performance
is evaluated using phantom and in-vivo measurements. The papers summarized in this chapter
are placed in Appendix A.2 and B.2.

Chapter 4 presents an in-vivo evaluation of the approach using the convex array implementation
described in Chapter 3 in comparison to conventional convex array imaging. The evaluation
is performed by medical doctors with substantial experience in ultrasound imaging based on
acquired real-time abdominal imaging sequences. The papers summarized in this chapter are
placed in Appendix A.3 and B.4.

Chapter 5 evaluates a new method for two-dimensional tissue motion compensation using both
linear array and convex array transducers. The method is described in detail, and its perfor-
mance is investigated through simulations, phantom, and in-vivo measurements. The papers
summarized in this chapter are placed in Appendix A.4 and B.3.

Finally, the thesis is concluded in Chapter 6, which also considers future directions.



CHAPTER

TWO

Multi-Element Synthetic Transmit
Aperture Imaging using Temporal
Encoding

This chapter contains a summary of the journal article

2 Kim L. Gammelmark and Jgrgen A. Jensen, "Multielement Synthetic Transmit Aper-
ture Imaging using Temporal Encoding,” publishedIHEE Transactions on Medical
Imaging vol. 22, no. 4, pp. 552-563, 2003,

and the conference article

2 Kim L. Gammelmark and Jgrgen A. Jensen, "Multi-Element Synthetic Transmit Aper-
ture Imaging using Temporal Encoding,” presentedSRIE - Progress in biomedical
optics and imagingn San Diego, California, February 2002, pp. 25-36,

which are found in full length in Appendix A.1 and B.1, respectively. The journal paper is an
extended and elaborated version of the conference paper, and, thus, primary focus will be put
on the content of the journal paper (hereinafter referred to as the paper).

2.1 Objective of Study

During the Master of Science project presented in [29], a new approach to increase the SNR of
STA imaging was developed and investigated. The method utilized a multi-element subaperture
at each emission to emulate a spherical wave with limited angular extend, and the conventional
excitation signal was replaced by a linear FM signals. The paper contains an elaborated eval-
uation of this approach, which is calld@mporally encoded Multi-element Synthetic transmit
Aperture(TMS) imaging. The investigations are performed using a linear array transducer, and
the results are compared to conventional linear array imaging.

2.2 Summary of Papers

The application of multi-element subaperture emissions and linear FM signals in STA imaging
introduces changes to both the imaging setup and to the image reconstruction, referred to as

9
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Figure 2.1: lllustration of the setup used when calculating the transmit delays for emulating a
spherical wave emitted from a virtual high power point source positioned behind the subaper-
ture. This is a replica of Fig. 3 in [30].

Figure 2.2: lllustration of the relationship between the virtual point source location and the
angular extend of the emulated spherical wave transmitted by the subaperture.

STA beamforming in the paper. To emulate the spherical wave emanating from the single
element applied conventionally, a virtual point source is positioned behind the center of the
subaperture, as illustrated in Fig. 2.1. Based on the location of the virtual point source and the
subaperture element coordinates, the defocusing defaysre calculated by

IR(N)Ji 1,
R —
whereR(n) is the vector from the virtual point source to elemeant is the vector from the
virtual point source to the subaperture center, argdthe speed of sound. Conceptually, these
delays are equal to the difference in arrival time of a spherical wave emitted by the virtual point
source relative to the subaperture center. The position of the virtual point source determines the
angular extend, over which the transmitted wavefront is spherical, as shown in Fig. 2.2. This
relationship is not clearly described in the paper, and, thus, it is included here for clarity. Based
on Fig. 2.2, the angular extend of the spherical wavefeoist
M D )l
a = arctan — ; (2.2)
21F]

1Eqn. 2.1 is a slightly modi ed version of Egn. 4 in the paper.

10
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Figure 2.3: Top left: Modi ed linear FM signal with a 7 MHz center frequency and 7 MHz
bandwidth. A Tukey window with a duration of 10% has been applied. Top right. Modi ed
compression Iter using a Chebychev window with 70 dB relative sidelobe attenuation. Bot-
tom: Compression output for the conventional FM signal (dashed) and the modi ed FM signal
(solid). The effect of a linear array transducer has been introduced in the compression outputs.
This is a replica of Fig. 4 in [30].

whereD is the size of the subaperture. The limited angular extend determines the minimum
the transmit F-number, that can be applied when using dynamic apodization. The benet of
applying the multi-element emissions is an increase in transmitted energy proportional to the
number of subaperture elements.

The linear FM signal was introduced to obtain a further increase in transmitted energy. As
mentioned in the paper, these waveforms have been investigated intensively for decades in
radar imaging, and for ultrasound imaging since 1979. The implementation was therefore rela-
tively straight forward. One particular challenge in obtaining a successful application of linear
FM signals in ultrasound imaging is, however, the reduction of the temporal sidelobes, which
are produced by the matched lItering used to compress the linear FM signal. In ultrasound
imaging, the dynamic range in the images is typically on the order of 60 dB, and the temporal
sidelobe levels therefore need to be below this limit to prevent image artifacts such as ghost
objects. This optimization problem has been investigated heavily by Misaridis and colleagues
in a series of publications [31, 32, 33, 34]. The sidelobes can be reduced by applying amplitude
weighting on the linear FM signal and the corresponding compression lter. In particular, as
described in [31], the ripples in the Fourier spectrum of the linear FM signal, which give rise to
distant temporal sidelobes, are reduced by attenuating the edges of the linear FM signal. The
sidelobes close to the compression peak are reduced by applying weighting on the compression

11
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Iter. The weighting scheme applied in this paper, as well as in all other publications presented
in this thesis, is identical to the one proposed by Misaridis in [31]. The applied linear FM sig-
nal, corresponding compression lIter, and the compression output is shown in Fig. 2.3. As seen
the weighting scheme has reduced the temporal sidelobes below -60 dB, which is acceptable
for in-vivo imaging.

The combination of multi-element STA imaging with linear FM signals produces TMS imag-
ing. In the paper, its performance is compared to conventional linear array imaging in terms of
image quality, comprising spatial resolution, contrast resolution, and SNR. A simpli ed model
for the improvement in SNR was developed, which gives an intuitive understanding of the pa-
rameters affecting the performance. This model indicates, that a signi cant increase in SNR
and thus penetration depth can be expected in TMS imaging. Further details are found in the
paper.

Experiments were performed with an 8.5 MHz linear array transducer with 128 elements. TMS
imaging was implemented using a 33 element subaperture and the Bfear FM signal

shown in Fig. 2.3. The virtual source was positioned behind the center of the subaperture at a
distance equal to the size of the subaperture. With reference to Eqn. 2.2, this corresponds to an
angular extend of approximately 306 emissions were used for each B-mode image, and 128
elements were applied on receive. Linear array imaging used for comparison was setup using
64 transmit elements, 128 receive elements, and a 2 cycle sinusoidal pulse. The number of lines
per B-mode image varied from 132 to 165 depending on the applied transmit focus location.
For TMS imaging, dynamic transmit and receive focusing was used as well as dynamic transmit
and receive apodization utilizing a modi ed Hamming window and F-number=2. The linear
array imaging data were beamformed using dynamic receive focusing and apodization identical
to that applied for TMS imaging. Please consult the paper for further details.

The simulations using Field Il [35, 36] and measurements with the RASMUS system [37](see
appendix C.1) are described in detail in the paper. A few key ndings are though included here.
The overall performance of TMS imaging in relation to linear array imaging can basically be

evaluated from Fig. 2.4, which shows the B-mode images of a tissue mimicking wire phan-
tom. The dynamic range is 50 dB. An increase in penetration depth of approximately 3 cm
is obtained, and it is noticed, that the spatial resolution is comparable until 50 mm due to the
application of dynamic apodization with F-number=2.

The spatial resolution performance is evaluated in Fig. 2.5. The simulation data are obtained
from a wire phantom with axial spacing of 5 mm between the wires, while the measurement
data are obtained from the wires in Fig. 2.4. The latter explains the shortened curve for linear
array imaging due to lack of data. The improvement in lateral resolution due to the much better
control of the transmit eld in TMS imaging is clearly noticed, especially for the simulation
data, since more data are available here. The axial resolutions have equal performance. Com-
paring the simulation and measurement results, the lateral resolution is approximately equal,
but the measured axial resolution is approximately twice that obtained in the simulations. Two
reasons for this difference may be a lower transducer bandwidth than assumed and/or the wire
thickness is not small enough compared to the wavelength.

The SNR improvement in TMS imaging is plottet in Fig. 2.6. The dashed line is the SNR
in water, and the solid line is the speckle SNR obtained from the tissue mimicking phantom
in Fig. 2.4. The SNR is higher in TMS imaging for all depth, and it increases approximately
linearly from 4 dB and 15 dB after the linear array focus due to the application of dynamic
transmit focusing.

12
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Figure 2.4: Measured linear array image (left) and TMS image (right) on a multi-target phan-
tom with 0.5 dB/[cm MHZz] attenuation. The scanned section contains twisted nylon wires
spaced axially by 1 cm throughout the imaged region. The dynamic range in the images is 50
dB. Thisis Fig. 11 in [30].

2.3 In uence of Virtual Source Location

In Chapter 3, results of applying TMS imaging using convex transducer arrays are presented.
During this study, it was observed, that the images obtained in both simulations and measure-
ments had a smeared, unfocused appearance. This effect became worse as the subaperture size
increased, and to nd a solution, wavefront simulations conducted in [29] were reevaluated. It
was discovered, that the spherical wave produced by the subaperture had its origin at the loca-
tion of the virtual point source, and not at the zero phase center of the subaperture as originally
assumed. Thus, when performing the image reconstruction described in Chapter 1 and in the
paper, this means that the vectgr must point to the virtual source location and not to the
center of the subaperture. Furthermore, the time zero reference point needs to be adjusted to
the virtual source location for each emission. This is obtained by adding the temporal distance
between the virtual point source and the subaperture center to the start time of the recorded
echo data. With reference to Fig. 2.1, the new start time of the RF data is

Tsnew= Ts+ J%; (2.3)
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Figure 2.5: Simulated and measured -6 dB lateral (top) and axial (bottom) resolution for linear

array imaging (dashed) and TMS imaging (solid), respectively. These are Figs. 7 and 12 in
[30].

Figure 2.6: Calculated SNR improvement obtained by TMS imaging in water (dashed) and in
the tissue mimicking phantom (solid). This is Fig. 13 in [30].

whereTs is the original start time in seconds, afighey IS the adjusted start time. In general,
each emission can have different virtual source locations, and the start time must therefore be
adjusted for each emission individually.

Since the spherical wave has its origin at the virtual source location, an error in the arrival
time calculation used in Eqn. 1.1 is introduced. This error is signi cant close to the transducer
due to the large curvature of the wavefront, but it reduces with depth as the curvature becomes
increasingly at and the difference between the assumed and true wavefronts decreases.
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Figure 2.7: Results of a point spread function (PSF) measurements showing the effect of taking
into account the location of the virtual point source. The left image shows the PSF with no
compensation, and the image to the right shows the PSF with compensation. The dynamic range
in both images is 60 dB. Clearly, the compensation has a pronounced effect on the sidelobe
levels, which are signi cantly reduced after compensation.

The result of a point spread function (PSF) measurement with and without compensation for the
virtual source location is shown in Fig. 2.7. The PSF without compensation is shown to the left,
and the PSF with compensation is shown to the right. The dynamic range in the images is 60
dB. As seen, the sidelobe levels have been reduced signi cantly, which improves the contrast
resolution, but there is no signi cant difference in spatial resolution between the two PSFs. At
ranges closer to the transducer, improvements in lateral resolution are expected though. These
results explain why, the in uence of the virtual source was not observed earlier. Although the
sidelobes are higher in the uncompensated case, the PSF still has an harmonious appearance.
In convex array imaging, the effects are, however, much more pronounced due to the more
complex geometry, which will be shown in Chapter 3.

The effects are further illustrated in Fig. 2.8, which shows B-mode images of the Carotid artery
without (left) and with (right) virtual source compensation. The dynamic range in the image

is 40 dB. A signi cant improvement in contrast resolution is observed, and the boarders of the
structures are better de ned, indicating improved spatial resolution.
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Figure 2.8: B-mode images of the Carotid artery using TMS imaging without (left) and with
(right) virtual source compensation. The dynamic range is 40 dB. A signi cant improvement in
image contrast is seen, and the better de ned structures indicate an enhanced spatial resolution.

2.4 Updated Results

The in uence of the virtual source location was discovered after the publication of the journal
article (and the conference paper) summarized in this chapter. Therefore, this section presents
updated results from the paper using the virtual source location in the image reconstruction.
Only a selection of the measurement results are included, since these are the most interesting
to observe, but also to limit the extend. All gures contain results of TMS imaging only, unless
noted otherwise.

Figures 2.7 and 2.8 showed, that compensation for the virtual source location produced a sig-
ni cant reduction in sidelobe levels. This effect is also observed in Fig. 2.9, which shows the
results for the wire phantom containing water. The B-mode image and axial projection shown
in the left part of the gure is the original result without virtual source compensation, while the
right part shows the results after compensation. The dynamic range in the B-mode images is
60 dB. The axial projections show no appreciable change in temporal sidelobe levels, but the
lateral resolution and sidelobes have been improved, especially in the near eld as expected.
The improvement in sidelobe levels is further elaborated in Fig. 2.10, which shows the lateral
projections of the PSFs at 30 mm and 70 mm in Fig. 2.9.

The results from the tissue mimicking wire phantom are shown in Fig. 2.11 with the uncompen-
sated B-mode image to the left and the corrected image to the right. The dynamic range is both
images is 50 dB. The enhanced lateral resolution is clearly observed. The spatial resolution
is evaluated further in Fig. 2.12, which shows the -6 dB lateral (top) and axial (bottom) reso-
lutions calculated from the wires in the tissue mimicking phantom. This gure is an updated
version of the right part in Fig. 2.5.
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Figure 2.9: Updated results for the wire phantom containing water shown in Fig. 9 in [30].
The B-mode image and axial projection shown in the left part of the gure is the original result
without virtual source compensation, while the right part shows the results after compensation.
Improvements in near eld resolution as well as lower sidelobe levels throughout the image are
clearly observed. The dynamic range in the B-mode images is 60 dB.

Figure 2.10: Lateral projections of the PSFs at 30 mm and 70 mm in Fig. 2.9 using TMS
imaging. The dashed curve is the original result with no compensation, and the solid curve is
the result with virtual source compensation. As expected, the improvement in sidelobe levels
as well as lateral resolution is most signi cant at 30 mm.
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Figure 2.11: Updated results from the tissue mimicking wire phantom shown in Fig. 11 in [30].
The B-mode image shown to the left is the original image without compensation for the virtual
point source location, while the image shown to the right is the result after compensation. The
improvement in spatial resolution after compensation is easily observed in the upper part of the
image. The dynamic range is 50 dB.

The effect of the virtual source compensation on the SNR is plotted in Fig. 2.13. The curves
show the improvement in speckle (solid) and water (dashed) SNR after compensation relative to
TMS imaging without compensation. Up to 6 dB higher SNR is obtained after correction, and

it is noticed, that the improvement decreases with depth. This decrease is due to the gradually
smaller phase error introduced in the beamformer by assuming the origin of the spherical wave
IS at the center of the subaperture.

In conclusion, the results obtained in this study have shown, that the TMS imaging approach
produces a signi cant improvement in the image quality of STA imaging, which makes TMS
imaging competitive with conventional linear array imaging. Furthermore, it was shown, that
applying the virtual source location in the image reconstruction has a signi cant in uence on
the obtained image quality.
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Figure 2.12: Updated version of Fig. 12 in [30] showing lateral (top) and axial (bottom) reso-
lutions for linear array imaging (dashed) and compensated TMS imaging (solid) based on the
tissue mimicking wire phantom. For TMS imaging, the results are calculated from the right
image in Fig. 2.11, while the results for linear array imaging are takes directly from [30]. As
expected, the performance of TMS imaging has been improved in the near eld.

Figure 2.13: Curves showing the improvement in SNR of TMS imaging obtained after com-
pensation relative to the uncompensated result. The dashed curve shows the improvement for
the water phantom, and the solid curve is the result for the tissue mimicking phantom. Notice,
that the improvement decreases with depth, which is in accordance with relative size of the
error between the assumed and true wavefronts as explained earlier.
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CHAPTER

THREE

Synthetic Transmit Aperture Imaging
using Convex Transducer Arrays

This chapter contains a summary of the journal article

2 Kim L. Gammelmark and Jgrgen A. Jensen, "Synthetic Transmit Aperture Imaging
using Convex Transducer Arrays,” submittediE&E Transactions on Ultrasonics, Fer-
roelectrics, and Frequency Contrisl April 2004

and the conference article

2 Kim L. Gammelmark and Jgrgen A. Jensen, "Experimental Study of Convex Coded
Synthetic Transmit Aperture Imaging,” presented atlBEE International Ultrasonics
Symposiunn Minich, Germany, October 2002, pp. 1573-1576,

which are found in full length in Appendix A.2 and B.2, respectively. The journal paper con-
tains improved and elaborated results compared to the conference paper, and, thus, primary
focus will be put on the content of the journal paper (hereinafter referred to as the paper).

3.1 Objective of Study

In Chapter 2, results of performing TMS imaging with linear array transducer geometries were
presented. Linear arrays typically have high center frequencies, which makes them highly suit-
able for short depth applications, such as breast imaging and scanning of the carotid artery,
due to the limited penetration depth and, especially, the eld of view. Although the penetration
depth was increased using TMS imaging, linear arrays are not particularly suitable for abdom-
inal imaging, since beam steering with these arrays will produce unwanted grating lobes in the
image. For this reason, the application of TMS imaging with convex array transducers was
investigated, and the results of this study are summarized below.

3.2 Summary of Papers

Convex array transducers are highly suitable for abdominal imaging due to their large eld of
view and often low frequency range, which enables large penetration depths. This is essential, if
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(a) Conventional application where the virtual (b) Angled transmission where the virtual point
point source is placed behind the center of the sub- source is placed such that the spherical wave propa-
aperture to produce a symmetric spherical wave. gates at an anglg

Figure 3.1: lllustration of two methods for applying multi-element STA imaging to convex
arrays. This is Fig. 3 in [38].

useful abdominal imaging is to be obtained, because the anatomical structures, e.g. the kidneys,
the liver, and portal vein branches, have large dimensions.

The paper contains a thorough introduction to TMS imaging, which is similar to that given in
Chapter 2, but in the context of convex array transducers. Application of TMS imaging with
convex arrays is not straight forward due to the more complex aperture geometry compared to
linear arrays. New design considerations regarding both the transmission scheme and image
reconstruction algorithm are therefore required.

The conventional implementation of multi-element defocused transmissions is illustrated in
Fig. 3.1(a) for a convex aperture geometry. When transmitting from the outer parts of the con-
vex array, the conventional implementation will cause a signi cant part of the wave to propa-
gate away from the image region, which hereby is unutilized. Therefore, it is advantageous to
change the propagation direction of the wavefront towards the region, where the image is re-
constructed. Angled transmissions are obtained by moving the virtual point source to the side
as illustrated in Fig. 3.1(b). The maximum propagation angle, that can be obtained, is in u-
enced by the directivity of the subaperture elements, and any propagation angle can therefore
not be selected. Further details about this topic are found in the paper.

In Section 2.3, the impact of the virtual source location was described. Here, it was explained,
that the spherical wave produced by the subaperture at each emission originates from the vir-
tual point source location and not at the zero phase center of the subaperture. The penalty of
neglecting this, when reconstructing the B-mode images, is errors in the arrival time calcula-
tion, resulting in unfocused images with signi cantly higher sidelobe levels. As mentioned,
this phenomena was discovered during the implementation of TMS imaging with convex array,
due to the more complex geometry. An example of not taking into account the true origin of
the emitted spherical wave is shown in Fig. 3.2, where the B-mode image without correction is
displayed to the left and the B-mode image with correction is shown to the right. The image
quality is highly affected by the phase errors introduced by assuming the origin to be at the
center of each subaperture. The effect, being an unfocused, smeared appearance, is most pro-
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Figure 3.2: B-mode images showing the effect of compensation for the virtual source location.
The dynamic range is 45 dB. This is a full view of Fig. 4 in [38].

nounced at low depths due to the larger impact of the phase errors at low ranges. Furthermore,
it is noticed, that the image quality degrades with larger image angles, which is caused by the
geometry. In the corrected image, the image quality has been fully reestablished, including an
increase in penetration depth due to better focusing.

The performance of convex array TMS imaging is evaluated through measurements using the

RASMUS research scanner [37](see appendix C.1), and the results are compared to conven-
tional convex array imaging applied in current scanners. A selection of these results are pre-

sented below, and a detailed evaluation is found in the paper.

The convex array transducer applied for the measurements was a commercial 5.5 MHz trans-
ducer with 192 elements of which only the central 128 elements were accessible by the RAS-
MUS system. TMS imaging was implemented using 33 subaperture elements apsl ln2ar

FM signal with amplitude weighting to reduce the temporal sidelobes. For each emissions, the
transmitted wavefront was angled to propagate downwards parallel atkie as explained
above. The weighting scheme applied on the linear FM signal was the same as that applied
for linear array TMS imaging. The number of emissions was 96, and 128 receive elements
were applied. The B-mode images were processed using mismatched Itering to compress
the linear FM signal, dynamic focusing, and dynamic apodization keeping the F-number=2.
Conventional convex array imaging was performed using a 64 element transmit aperture and
128 receive element, and a 1.5 cycle sinusoid weighted with a Hanning window was applied
as excitation signal. The transmit focal range was set to 70 mm, and the number of scanned
lines was 142. The recorded echo data for each line were processed using matched Itering to
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Figure 3.3: B-mode images of a tissue mimicking phantom containing anechoic cylinders
placed in angled columns with diameters0ob; 1;2;4; 8 mm from left to right. The dynamic
range is 35 dB due to a relatively low scattering strength in the phantom. This is Fig. 7 in [38].

increase the SNR, dynamic receive focusing, and dynamic apodization with the F-number=2.

The contrast resolution was evaluated by scanning a tissue mimicking phantom containing
anechoic cysts of various sizes. Figure 3.3 shows the results. The conventional B-mode image
is shown left, and the TMS image is displayed to the right. The dynamic range is only 35
dB due to a relatively low scattering strength of the material used in the phantom, but this
does not directly affect the validity of the results. The penetration depth has been increased by
approximately 2 cm, and the contrast resolution has been improved, which is especially noticed
at depths beyond 100 mm.

The SNR was evaluated by scanning a tissue mimicking phantom containing only random
scattering. The result is plottet in Fig. 3.4 showing the improvement in SNR of TMS imaging
relative to convex array imaging as a function of depth. The SNR performance is approximately
equal until 60 mm, which is the location of the acoustic focal point of conventinal imaging. This
is most likely due to the application of dynamic apodization in transmit and on receive for TMS
imaging. After 60 mm, the performance of TMS imaging increases rapidly, and at a depth of
120 mm the SNR has been improved by 14 dB.

Phantom measurements are important when evaluating a new imaging approach, because phan-
toms provide a controllable environment in which common errors can be corrected, and the
method can be optimized. The real challenge is, however, in-vivo application, because this
environment cannot in general be controlled. Furthermore, in-vivo imaging is the targeted ap-
plication area, and, thus, it is natural to perform in-vivo experiments. The results of an in-vivo
scanning performed by an experienced medical doctor are shown in Fig. 3.5. The B-mode
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Figure 3.4: The calculated improvement in speckle SNR from a homogeneous phantom con-
taining only randomly distributed scatterers. The SNR of TMS imaging relative to conventional
convex array imaging improves rapidly after 60 mm and peaks at 120 mm with a 14 dB increase
in SNR. The attenuation was 0.5 dB/[MHz,cm]. This is Fig. 9 in [38].

images show transverse sections of the right liver lobe containing hepatic vein branches, cross
sections of portal vein branches, and the diaphragm in the lower part of the images. The dy-

Figure 3.5: The images show transverse sections of the right liver lobe containing hepatic vein
branches, cross sections of portal vein branches, and the diaphragm in the lower part of the
images. This is Fig. 10 in [38].
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namic range is 50 dB. The images are obtained from the exact same anatomical location using
the real-time capability of the RASMUS scanner, thus, enabling direct comparison. The im-
provement in lateral resolution is clearly noticed throughout the image. The large hepatic vein
branch in the center of the image is better de ned in the TMS image, which indicates im-
provements in both contrast resolution and penetration depth. In general, the TMS image has a
sharper appearance with better de ned structures, which also indicates improved image quality.

In conclusion, this study has shown, that TMS imaging can be successfully implemented with
convex array transducers, and the obtained image quality is highly competitive with traditional
convex array imaging on all parameters.
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CHAPTER

FOUR

In-Vivo Evaluation of Synthetic Transmit
Aperture Imaging

This chapter contains a summary of the journal article

2 Morten H. PederserKim L. Gammelmark , and Jgrgen A. Jensen, "In-Vivo Evaluation
of Convex Array Synthetic Aperture Imaging,” submitted.ttrasound in Medicine and
Biologyin July 2004

and the conference article

2 Morten H. Pederseikim L. Gammelmark , and Jgrgen A. Jensen, "Preliminary In-Vivo
Evaluation of Convex Array Synthetic Aperture Imaging,” presente8RIE - Progress
in biomedical optics and imaging San Diego, California, February 2004, pp. 33-43,

which are found in full length in Appendix A.3 and B.4, respectively. These papers comprise
the same material, and thus focus will be put on the content of both papers.

4.1 Objective of Study

STA imaging has been investigated extensively using simulation studies and phantom experi-
ments, but an evaluation of its clinical potential has previously not been conducted. The purpose
of this study is therefore to evaluate the viability of convex array TMS imaging for real-time
in-vivo imaging. Traditional convex array imaging is used for comparison, and the evaluation
is performed by medical doctors specialized in ultrasound imaging.

4.2 Summary of Papers

This study investigates the in-vivo performance of TMS imaging by conducting a clinical trial

on healthy volunteers and letting experienced medical doctors evaluate the results. The paper
compares convex array TMS imaging with conventional convex array imaging. Seven healthy
male volunteers were scanned at two abdominal locations each, yielding 14 independent ac-
quisitions. For each acquisition, a real-time movie sequence with a duration of approximately
3 seconds was recorded using the RASMUS system [37](see appendix C.1). The two imaging
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Chapter 4. In-Vivo Evaluation of Synthetic Transmit Aperture Imaging

Figure 4.1. Snapshot of a TMS movie sequence used for penetration depth estimation. The
image shows a transverse section of the right liver lobe containing hepatic vein branches, cross
sections of portal vein branches, and the diaphragm in the lower part of the image. This is
Fig. 4(a) in [39].

techniques, conventional and TMS imaging, were interleaved frame-by-frame during the acqui-
sition, such that images of the exact same anatomical location were obtained simultaneously to
enable direct comparison. The acquisition setup and processing strategies applied were identi-
cal to those used in previous investigations of convex array TMS imaging presented in Chapter
3 and [38]. These are therefore not repeated here.

The in-vivo movies were evaluated by medical doctors with signi cant experience in ultra-
sound imaging, but with no prior knowledge of TMS imaging or STA imaging in general. Two
hypotheses were tested:

1. TMS imaging has no effect on penetration depth.

2. TMS imaging has no effect on image quality (spatial resolution and image contrast).

To evaluate the penetration depth, the movies were presented one-by-one with no indication
of imaging method (blinded), and the doctor was asked to indicate the penetration depth, at
which the image quality was degraded signi cantly. A snapshot of such a movie is shown in
Fig. 4.1 for TMS imaging. The differences between the selected depths for paired movie se-
guences (conventional and TMS imaging of the same view) were calculated for each examiner,
and the resulting values were analyzed statistically using paired t-test (Student's one sample
t-test). It was found, that TMS imaging provided a small but statistically signi cant increase in
penetration depth of approximately 0.5 cm.

The image quality was evaluated by presenting each examiner with paired movie sequences
(conventional and TMS imaging of the same view) displayed side-by-side in random order,

but with no indication of imaging methods. The same movie sequence was presented twice,
but with opposite left-right placement to remove any preferences of the examiners. For each
movie, the examiner was asked to compare the image quality of the two sequences in terms of
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Figure 4.2: Explanation of VAS shown to medical doctors before scoring images. The lower
scale was used to read scored values. This is Fig. 5(b) in [39].

Figure 4.3: Longitudinal section of right liver lobe showing cross sections of hepatic vein
branches, longitudinal section of a portal a vein branch (upper left part), the kidney, and di-
aphragm at the bottom. This is Fig. 8(a) in [39].

spatial resolution and image contrast, and rate his or her preference on a visual analog scale
shown in Fig. 4.2. The scores were analyzed using Wilcoxon signed rank test, and the result
showed a statistically highly signi cant preference for TMS imaging, which indicates a signif-
icantly better image quality in TMS imaging compared to conventional convex array imaging.

A snapshot from a paired movie sequence, as it was presented to the examiners is shown in
Fig. 4.3. Conventional imaging is shown to the left in this case and TMS imaging to the right.
The improvement in lateral resolution is clearly noticed, and the TMS image generally has a
sharper appearance with better de ned structures. This is especially observed at the kidney
boarder and its interior.

During playback of the movies it was observed, that tissue motion appeared differently in
TMS imaging. The individual structures seemed to be moving more independently from the
surrounding tissue, thus, representing more closely natural anatomical motion. Some ashing
artifacts were observed, when signi cant tissue motion was present, but these were subtle and
reported not to have a visual in uence on the image quality.
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In conclusion, this study has rst of all shown, that tissue motion is not a major problem in STA
imaging. It produces some weak uctuations in the image intensity, but these do not depreciate
the image quality. Secondly, the study showed, that TMS imaging is feasible for real-time
in-vivo imaging applications with image quality better than conventional imaging.
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CHAPTER

FIVE

Tissue Motion Compensation of
Synthetic Aperture Images

This chapter contains a summary of the journal article

2 Kim L. Gammelmark and Jgrgen A. Jensen, "2D Tissue Motion Compensation of Syn-
thetic Transmit Aperture Images,” submittedl EEE Transactions on Medical Imaging
in August 2004

and the conference article

2 Kim L. Gammelmark and Jagrgen A. Jensen, "Duplex Synthetic Aperture Imaging with
Tissue Motion Compensation,” presented atBEE International Ultrasonics Sympo-
siumin Honolulu, Hawaii, October 2003, pp. 552-563,

which are found in full length in Appendix A.4 and B.3, respectively. Both papers investigate
the same method for 2D tissue motion compensation, but for linear array TMS imaging in the
conference paper and for convex array TMS imaging in the journal paper. Results from both
papers will be presented, but primary focus will be put on the journal paper, because it contains
a more elaborated evaluation. Unless otherwise noted, the gures displayed in this chapter are
therefore taken from the journal paper.

5.1 Objective of Study

STA imaging is by nature more sensitive to motion during data acquisition, because the dis-
played image is created by summing low resolution images obtained from several consecutive
transmit events. If the scatterers or transducer have moved during the acquisition interval, the
low resolution images will not be phased aligned, resulting in incoherently summation. This
produces unfocused images with a smeared appearance and thus loss in image quality, if the
motion is severe.

The in-vivo evaluation of convex array TMS imaging presented in Chapter 4 showed no par-
ticular susceptibility to tissue motion. Subtle image brightness uctuations ( ashing) were
reported, but these artifacts did not depreciate the image quality considerably. The abdominal
measurements performed in this study only included natural tissue motion produced by the pa-
tient due to the beating heart. Transducer motion produced by the sonographer under normal
clinical conditions was excluded, and severe tissue motion was therefore not present in these
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Chapter 5. Tissue Motion Compensation of Synthetic Aperture Images

measurements. The study presented in this chapter investigates the in uence of tissue motion
on TMS imaging in more detail by evaluating a new method for 2D motion compensation. The
results of this study are summarized below.

5.2 Summary of Papers

In traditional imaging, tissue motion produces distortions in the anatomical structures rather
than direct loss in image quality. This makes these techniques less susceptible to motion com-
pared to STA imaging. Previously investigated methods for tissue motion estimation in STA
imaging have focused on compensation for axial tissue motion due to the signi cantly higher
spatial frequency in this dimension [24, 25, 26, 27, 28, 40]. Compensating for the axial motion
component is however not suf cient, if 2D motion is present, because the lateral resolution
and image contrast will be degraded in the resulting image. Since tissue motion is inherently
three dimensional, axial motion will only in rare cases be present alone in-vivo. Successful
compensation for scan plane motion therefore requires at least 2D motion correction to retain
the advantages of TMS imaging or STA imaging in general.

The motion compensation method investigated in this study is a 2D model based on a synthetic
aperture ow method presented previously by Jensen and Nikolov in [41, 42]. The tissue
velocity and motion direction is estimated at selected locations within the image area, and then
applies these estimates to track the position of the scatterers, when reconstructing the individual
low resolution images. The method is therefore composed by two parts; an algorithm for
estimating the tissue motion, and the compensation scheme used in the image reconstruction.

The estimation method utilizes the high correlation that exists between high resolution images
acquired using the same emission sequence and receive aperture setup [41]. The motion is
found at a given image point by estimating the tissue velocity for a set of motion directions
(angles), and then selecting the direction and velocity corresponding to the angle, where the
normalized correlation is highest. For the sake of simplicity, the method is illustrated in Fig. 5.1
using high resolution images with two emissions. For a given estimation point, the recorded
echo signals from each emission are processed to obtain a set of directional lines along selected
angles. The lines corresponding to the same angle are summed for consecutive emissions, here
[m;m+ 1], [m+ 1;m+ 2], [m+ 2;m+ 3],:::, to form high resolution directional linegy(n; 1),

O+ 1(N; 1), 9me 2(N; 1) 22, wheren is the sample number, arnds the line number. The direc-

tional linesgm(n;1) andgm+2(n;1) are obtained using the exact same emission sequence. As
explained by Jensen and Nikolov in [41], the distortion will therefore be the same in these sig-
nals, if the tissue velocity was constant during the acquisition. By correlating the corresponding
signals ingm(n; 1) andgm: 2(n; 1), the tissue velocity is found for all angles, and the direction of

the motion and its velocity is then selected for the angle, at which the normalized correlation is
highest. The same is true fgrw 1(n;1) andgm+3(n;1), and forgm+2(n;1) andgm+ 4(n; 1), etc.

Thus, the estimation procedure is repeated continuously. Under the assumption that the tissue
velocity and direction is constant during the acquisition, the correlation functions are averaged
prior to the velocity estimation to improve the velocity estimates [43].

Instead of using two emissions per high resolution imageemissions, denoted E-mode
emissions, are generally applied, and the sequence is repaigtimes. This produces
MNseqi (2M i 1) correlations, which are averaged to improve the velocity estimate. Mo-
tion estimation is only required at discrete tissue locations, due to the elasticity property of soft
tissue, which tend to make the tissue move with the same velocity in approximately the same
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Figure 5.1: lllustration of the tissue velocity estimation approach using two repeating emis-
sions. For each emission and each estimation point a set of low resolution lines are beam-
formed for selected angles. These lines are summed angle by angle for consecutive emissions,
[m;m+ 1], [m+ 1;m+ 2], [m+ 2;m+ 3],:::, to form high resolution linegm(n;1), gm+ 1(N;1),
gm+2(;1),:::. The lines from identical emissions sets are then correlated to nd the direction

of the motion and the velocity.

direction within a certain region. The density of the estimation points will therefore depend on
the anatomical location being scanned. To remove false estimates and to smooth the estimates
according to this elasticity property, the estimates were ltered using a 2D vector based median
Iter, which adjusts the estimated velocity and direction at each point by calculating the median
velocity and angle using the neighboring estimates.

Motion compensation is obtained by interleaving the estimation sequence with the normal B-
mode emissions in TMS imaging in a 1-to-1 ratio, enabling continuous B-mode imaging and
motion estimation. The velocity and direction estimates are used to compensate the low res-
olution B-mode images by recalculating the location of the image points to be reconstructed
as illustrated in Fig. 5.2. Besides this pixel tracking, reconstruction of the B-mode images is
performed using the usual strategies described in the previous chapters.

The performance of the method was evaluated by simulations using Field Il [35, 36] and mea-
surements with the RASMUS system [37](see appendix C.1). In the journal paper, convex
array TMS imaging is investigated, and the conference paper investigates linear array TMS
imaging. The acquisition setup and general processing strategies applied in both cases were the
same as those described previously in Chapters 3 and 2, respectively.

In a simulation of convex array TMS imaging, tissue motion with a velocity of 15 cm/s and a

45 degree angle was applied to a tissue mimicking target with anechoic cysts. The estimation
sequence was implemented with 8 E-mode emissions repeated 12 times, resulting in 96 emis-
sions in total. These emissions were interleaved with the 96 B-mode emissions as explained
above. The motion was estimated at 2 mm range intervals along image lines separated by 1
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Figure 5.2: lllustration of the tracking principle used to compensate the low resolution B-mode
images. The vectorsy, ¥, and+;(m) denote the locations of transmit element receive
elementn, and the tracked pixel for emission respectively.

Figure 5.3: Results of the velocity and direction estimation in the simulation. The top gure
shows the relative bia§ 1 SD of the velocity estimates in percent deviation from the true
velocity, and the bottom gure shows the relative bgad SD of the motion direction estimates
(ai,,) In percent deviation from the true motion angle. The gures are obtained by calculating
the bias and SD for each image line, andxkeis is therefore image angle.

degree in angle. For each of these lines, the relative bias and standard deviation (SD) was cal-
culated, and the results are plotted in Fig. 5.3. The Bidls SD of the velocity estimates in
percent deviation from the true velocity is shown in the top gure, while the Bials SD of

the direction estimates is shown in the bottom gure. The velocity is estimated with a relative
bias of approximately -1.3%, and the SD is in average less than 0.2%. The motion direction is
estimated with an average SD of 0.3%, and the bias is decreasing linearly from -1;. 7B8at

to -3.2% atl3*. These results show, that the method is capable of accurately estimating the
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Figure 5.4: B-mode images of the simulated cyst phantom. Left: Uncompensated, Middle:
Reference (stationary phantom). Right: Compensated. The dynamic range is 60 dB.

velocity and direction of the tissue motion. Sections of the reconstructed B-mode images are
shown in Fig. 5.4. The motion has severely affected the image quality in the uncompensated
image, where the cysts are no longer visual. After motion compensation, the image quality has
been successfully regained, and, compared to the reference image, the correction is seen to be
close to perfect.

Figure 5.5 shows the result of a measurement for linear array TMS imaging. The measurement
was performed on a tissue mimicking phantom containing anechoic cysts, and arti cial mo-
tion was imposed using a three-dimensional high precision positioning system by moving the
transducer a xed distance between each emission. For this measurement a tissue velocity of
10.6 cm/s at an angle @&8" was selected, partly due to the resolution of the positioning sys-
tem. The estimation sequence was implemented using 8 E-mode emissions repeated 12 times,
and the motion was estimated for every 2 mm both axially and laterally. Neglecting the false
estimates from inside the cysts, the relative bias and SD of the velocity estimates was -3.24%
and 5.63% averaged over all estimates, while the motion direction was estimated with relative
bias of -0.14% and a SD of 1.81%. The B-mode images show, that the image quality has been
successfully restored after motion compensation. The difference in contrast resolution between
the reference and corrected images is 0.61% for the 4 mm cyst at 40 mm.

A similar measurement was performed for convex array TMS imaging with a tissue velocity
of 5 cm/s at &8 angle. Here, the estimation sequence was implemented using 16 E-mode
emissions repeated 6 times due to the lower velocity, and the motion was estimated at 2 mm
range intervals along image lines separated by 1 degree in angle as in the simulation above.
The resulting B-mode images displayed in Fig. 5.6 show again, that the motion compensation
achieves successful restoration of the image quality with a 3.5 % average improvement in con-
trast resolution for the 4 mm cysts (middle column) relative to the reference image. It is likely,
however, that this difference is caused by slight variations in the speckle brightness between
the two images, since the reference image is the golden standard.

To evaluate the in-vivo feasibility of the approach, a healthy volunteer was scanned abdominally
using the convex array implementation. A sequence of 33 images were acquired in real-time,
corresponding to approximately 2.5 seconds of data, and transducer motion was introduced by
the medical doctor during the acquisition. This was done to simulate a real clinical scanning sit-
uation. The highest tissue velocity was expected to be around 5 cm/s, and, thus, the estimation
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Figure 5.5: B-mode images of a tissue mimicking cyst phantom with imposed tissue motion
of 10.6 cm/s at &8 angle. This result is obtained using linear array TMS imaging. Left:
Uncompensated, Middle: Reference (stationary phantom). Right: Compensated. The dynamic
range is 50 dB. This is Fig. 4 in the conference paper [44].

Figure 5.6: B-mode images of the scanned tissue mimicking cyst phantom with imposed tis-
sue motion of 5 cm/s at 88" angle. Left: Uncompensated, Middle: Reference (stationary
phantom). Right: Compensated. The dynamic range is 45 dB.
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Figure 5.7: Abdominal B-mode images before (left) and after (right) motion compensation at
an acquisition point with low tissue motion. The images show a longitudinal section of the right
liver lobe containing a cross section view of the hepatic vein (right part), longitudinal section
of a portal vein branch (top central part), the kidney, and diaphragm at the lower right corner.
The dynamic range is 50 dB.

sequence was implemented using 16 E-mode emissions repeated 6 times within each B-mode
sequence containing 96 emissions (see Chapter 3 for details). The motion was estimated at 4
mm range intervals along image lines separated by 1.5 degree in angle. The uncompensated
and compensated B-mode images corresponding to the instance with the largest tissue veloc-
ity are displayed in Fig. 5.7 with a dynamic range of 50 dB. The images show a longitudinal
section of the right liver lobe containing a cross section view of the hepatic vein (right part),
longitudinal section of a portal vein branch (top central part), the kidney, and diaphragm at
the lower right corner. The largest tissue velocity was estimated to 6.6 cm/s, and severe loss
in image quality is seen in the uncompensated image. The hepatic vein is barely visible, and
the interior of the kidney has been smeared. In the compensated image, the image quality has
been fully regained, which clearly demonstrated the capability of the motion compensation ap-
proach. Furthermore, it was observed during playback of the entire movie sequence, that the
ashing artifacts reported in the in-vivo study of convex array TMS imaging had been removed

in the compensated sequence, which demonstrated, that these artifacts were indeed caused by
tissue motion.

In conclusion, this study has shown, that severe tissue motion does have a signi cant in uence
on TMS imaging, or STA imaging in general. Using the proposed method, the motion artifacts
can however be successfully eliminated, resulting in full restoration of the image quality.
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CHAPTER

SIX

Conclusions

The goal of this Ph.D. study has been to improve the image quality of STA imaging to a clin-
ically desirable level, and to show that real-time STA imaging is feasible in-vivo. Based on
the research results presented in this thesis, it can be concluded, that these goals have been
successfully reached.

A new method to increase the SNR in STA imaging was investigated, which employs multi-
element subapertures and linearly frequency modulated (FM) signals at each emission. The
subaperture was applied as a replacement of the conventional single transmit element to em-
ulate a high power spherical wave transmitted by a virtual point source positioned behind the
subaperture, and the linear FM signal replaced the conventional short excitation signal to in-
crease the temporal energy. This approach, nareetporally encoded Multi-element Synthetic
transmit aperture (TMS) imagingvas evaluated in detail for linear array and convex array
imaging applications using simulations, and phantom and in-vivo experiments.

The application of TMS imaging for linear array geometries was investigated in Chapter 2.
A detailed description of the approach was given, and it was shown, that using a 33 element
subaperture and a 28 linear FM signal an increase in SNR of up to 17 dB could be obtained
compared to conventional linear array imaging. The image quality was hereby improved on
all parameters, comprising spatial resolution, image contrast, and penetration depth, due to the
advantage of dynamic transmit-receive focusing and dynamic transmit-receive apodization in
TMS imaging. It was explained, that the spherical wave produced by the subaperture at each
emission originates from the virtual source location. This observation was shown to produce
further improvements in image quality of TMS imaging. Furthermore, initial in-vivo experi-
ments were conducted, which indicated, that TMS imaging is feasible for in-vivo imaging.

Convex array TMS imaging was presented in Chapter 3. New design considerations regarding
the implementation of TMS imaging were presented, which were necessary due to the more
complex aperture geometry. As for the linear array implementation, the results showed a sig-
ni cant increase in SNR of up to 14 dB relative to conventional convex array imaging, and
phantom and in-vivo measurements showed great improvements in image quality.

An in-vivo evaluation of convex array TMS imaging for real-time abdominal imaging applica-
tions was presented in Chapter 4. The evaluation was performed as a clinical trial on 7 healthy
male volunteers, and movie sequences of 3 seconds duration were acquired in real-time and
analyzed by experienced medical doctors using blinded clinical evaluation. The evaluation
showed a statistically signi cant improvement in image quality of convex array TMS imaging
compared to conventional convex array imaging. Minor motion artifacts observed as subtle
image brightness uctuations were reported in TMS imaging, but these did not depreciate the
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diagnostic value of the images.

A method for two-dimensional motion compensation was investigated in Chapter 5. The
method was designed to estimate the velocity and direction of the tissue motion by correlat-
ing image lines beamformed along a range of motion directions and then select the direction
and velocity corresponding to the highest correlation. By applying these estimates, motion
compensation was introduced by tracking the location of each image pixel during the recon-
struction of the low resolution images. Results of phantom experiments and real-time in-vivo
measurements showed, that severe tissue motion deteriorates the image quality of STA imaging
as expected, but, most importantly, that the proposed method successfully compensated for the
motion, hereby retaining the image quality of TMS imaging, when scanning moving tissue.

Thus, this thesis has demonstrated, that TMS imaging is feasible for real-time in-vivo imaging
with an image quality that is highly competitive with the techniques applied in current medical
ultrasound scanners.

6.1 Future Directions

In this thesis, the in-vivo performance of the motion compensation approach was only evaluated
using a single measurement. A natural next step would therefore be an in-vivo evaluation of
convex array TMS imaging with tissue motion compensation equivalent to the clinical trial
conducted for (regular) convex array TMS imaging. The outcome of this evaluation would be
very interesting, because it would challenge any remaining doubts, that TMS imaging cannot
be applied for real-time imaging under normal clinical conditions, and, provided success which
seems likely, hopefully remove these.

As mentioned in Chapter 5, the motion compensation approach is based on a method for per-
forming synthetic aperture blood ow imaging presented by Jensen and Nikolov in [41]. TMS
imaging with motion compensation can therefore be applied for synthetic aperture ow imag-
ing as well using its present implementation design or with only a few minor changes to the
emission sequences. Thus, data obtained from an in-vivo study of TMS imaging with motion
compensation can also be applied for an in-vivo study of synthetic aperture ow.

Although relatively straight forward, the implementation of TMS imaging with phased array
transducers was not considered in this PhD study. Therefore, this is also an area, which should
be explored in the future. Applying phased arrays enables in-vivo evaluation of TMS imaging
for cardiac imaging, which is probably the most challenging application area in medical ultra-
sound imaging, due to the anatomical location of the heart, and the high degree of motion it
involves.
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A.1l. Multielement Synthetic Transmit Aperture Imaging using Temporal Encoding

A.1 Multielement Synthetic Transmit Aperture Imaging using
Temporal Encoding

This article was published IlEEE Transactions on Medical Imagingol. 22, no. 4, pp. 552-
563, 2003.

Unfortunately, the Press at the IEEE has accidently misplaced a sentence in the paper. On page
561, left column, and last paragraph, the text starting W¥tr the water SNR ..."and ending

4 lines down in the right column with....improvement of TMS imagingis supposed to be
placed above the paragraph on page 562, left column, startingAtithe linear array...”. On

behalf of the IEEE, | apologize for the inconvenience.
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Multielement Synthetic Transmit Aperture Imaging
Using Temporal Encoding

Kim Lagkke GammelmarkStudent Member, IEEERNd Jgrgen Arendt Jense®enior Member, IEEE

Abstract—A new method to increase the signal-to-noise ratio rarefraction pressure [3], whilB,.3 and/,,. s depend both
(SNR) of syr_lyhetic transmit aperture imaging is investige_lted. The on pulse shape and duration [2].
approach utilizes multiple elements to emulate a spherical wave, The peak pressure in the tissue is proportional to the peak

and the conventional short excitation pulse is replaced by a linear . o . . .
frequency-modulated (FM) signal. The approach is evaluated in amplitude of the excitation pulse. For the conventional imaging

terms of image quality parameters in comparison to linear array ~techniques likdinear array imagingthe peak amplitude of the
imaging. Field Il simulations using an 8.5-MHz linear array trans- ~ short excitation pulses used can, therefore, not be increased to
ducer with 128 elements show an improvement in lateral resolution gyercome the loss in penetration depth, when high frequencies
of up to 30% and up to 10.75% improvement in contrastresolution - 56 ysed. This is because the,. s limit is reached much ear-

for the new approach. Measurements are performed using our ex- . e .
perimental multichannel ultrasound scanning system, RASMUS. lier than thel,p. 3 limit for these systems due to the transmit

The designed linear FM signal obtains temporal sidelobes below focusing. For short pulse systems in general, kg, 5 limit
—55 dB, and SNR investigations show improvements of 4-12 dB. is very often reached much earlier than g, 5 limit, which

A 30 mm (=45%) increase in penetration depth is obtained on a |imits the amplitude of the excitation pulse. Thus, to increase the
multitarget phantom with 0.5 dB/[cm MHZz] attenuation. Further- penetration depth, the temporal energy and, tiis, 5, must
more, in vivo images of the abdomen are presented, which demon- . L . . ! A
strate the clinical application of the new approach. bg increased. This is done by increasing the_ duration of the trans-
] ) ) mitted pulse. For this purpose, the conventional pulse cannot be
Index Terms—Experimental ultrasound scanning system, Field ;5o since the axial resolution is inversely proportional to the
11, linear FM signals, multielement defocusing, synthetic transmit bandwidth (aft tched filteri Th ¢ ft
aperture ultrasound imaging. andwi (g er matched fi erlng). us, some type of tem-
poral encoding is necessary. This requirement is satisfied by
linear frequency-modulated (FM) signals [4], [5], which have
. INTRODUCTION been used in radar systems for decades, because of their com-

NE OF the main problems in ultrasound imaging is tharession ability. These signals have recently been applied in

O tradeoff between penetration depth and spatial resolutidftrasound scanners [6]-[10], and they have shown good per-
The resolution is improved as the frequency increases, but thef@fmance in terms of increased penetration depth, while main-
tenuation in soft tissue also increases with increasing frequen@ning the spatial resolution.
Thus, to increase the penetration depth while the resolution iscenerally, linear array imaging systems obtain a good spa-
maintained, the transmitted energy must be increased. This &gh resolution due to the application of dynamic receive fo-
be done by increasing the amplitude and/or the duration of tSing. The resolution can, however, be improved by increasing
excitation pulse. the number of transmit foci. This is often done in modern ultra-

The United States Food and Drug Administration (US FDAg)ound scanners at the expense of a reduction in the frame rate
has introduced preamendments upper limits on the acoudf@Portional to the number of foci. One way to obtain high spa-
output of an ultrasound scanner [1], to avoid damage to tk@l resolution, while keeping the frame rate high, is to use the
tissue and pain to the patient. These limits concern the nf¥nthetic transmit aperture (STA) imagitgghnique [11]. The
chanical index (MI), the derated spatial-peak-temporal-avera§i§€rent nature of this technique makes it possible to generate
intensity (pta.3), and the derated spatial-peak-pulse-averad8a9€es with dynamic transmit and receive focusing using only

intensity (ppa.3) [1], [2]. MI is proportional to derated peak & few transmissions. Therefore, STA imaging offers very high
frame rates, which makes it suitable for real-time three-dimen-
. . . . sional (3-D) volumetric imaging. A problem in STA imaging is,
Manuscript received August 9, 2002; revised November 4, 2002. This work . . . .
was supported in part by the Danish Science Foundation under Grant 9708@Wever' the low signal-to-noise ratio (SNR), due to the appli-
and Grant 9700563, in part by Technical University of Denmark under Ph.pation of a single transmit element. This means that the pene-

Grant 11-3160-55173, and in part by B-K Medical A/S, Herlev, Denmark. Thgation depth obtained by STA imaging is much lower than that
Associate Editor responsible for coordinating the review of this paper and recb ined by li . . hich sianifi v limits i
ommending its publication was M. Insarfesterisk indicates corresponding au- obtained by linear array imaging, which significantly limits its

thor. clinical application. However, if the SNR can be increased to
*K. L. Gammelmark is with the Center for Fast Ultrasound Imaging, @rsteghat of linear array imaging, images with better image quality
DTU, Building 348, Technical University of Denmark, 2800 Kgs. Lyngby, b d. whil ¢ L high f = hi
Denmark (e-mail: Kig@oersted.dtu.dk). can be genergte , W |e_ma|nta|n|ng a high frame rate. For this
J. A. Jensen is with the Center for Fast Ultrasound Imaging, @rs@8U, ~ purpose the linear FM signal can be applied with great advan-
Technical University of Denmark, 2800 Kgs. Lyngby, Denmark. tage. Also, previous research has shown [11], [12] that the appli-
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cation of multielement subapertures in STA imaging to produce

1The thermal index (T1) has not been included in the analysis in this pape@ spherical wave transmission yields spatial resolution results
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very close to the single element transmission, and also increases
the SNR proportionally to the number of elements used in the
subaperture. Another potential problem in STAimaging is tissue
motion. Although this issue is not considered in this paper, an
example of its influence in abdominal imaging is given in Sec-
tion V using measure¢h vivo tissue velocities. The example
shows, that the effects of tissue motion on the image quality are
minor, and this is supported by presented abdoniimeilvoim-
ages.
This paper investigates the combination of these two methods
to increase the SNR of STA imaging. The approach utilizes
a multielement subaperture to produce a spherical wave with
high power, and the conventional short excitation signal is re-
placed by a linear FM signal. Initially, the principles of clas-
sical STA imaging is presented in Section Il along with STA
beamforming. Section Il describes the new approach in de-
tail and gives measures of the expected increase in SNR. S8g- 1. Illustration of the conventional STA imaging principle. At each
tion IV presents simulation results using Field I, and Section Wansmission event a single elemenp is fired, and_ the echoes from the medium
presents phantom arid vivo measurement results of the abﬁ]re coIIected_ using all elements in the receiving aperture. For each of
. . . ese transmission events a complete image is beamformed, and these are
domen using our experimental multichannel ultrasound scafibsequently summed to form the final high resolution image.
ning system, RASMUS [13]. All results are compared to corre-
sponding linear array imaging results. The paper is concluded
in Section VI.

Il. SYNTHETIC TRANSMIT APERTUREIMAGING

In conventional STA imaging a single element is used at each
transmission to produce a spherical wave that interrogates a
large region of the medium (see Fig. 1). The echoes resulting
from scattering in the medium are recorded using all elements
in the aperture, and the procedure is repeated until a desired
number of elements have been used for transmission. For each
transmission the echoes received by each element in the aper-
ture contain information about all scatterers in the interrogated
region. Since no focusing has been applied on transmit, and the
exact origin of the spherical wave is known, the receive aperture
can be steered in any direction and focused at any point withig. 2. iiustration of STA beamforming from a spatial view point. The time
this region. Therefore, every point in the image can be forme@elay used for picking out the correct sample, in order to obtain transmit and
independent of each other, and afll mage is obtained for evdFEve f2e1sn0 &t e lstiated mage pobt, = determined by e absol
transmission event with low lateral resolution due to the single respectively.
transmit element. Taking into account the full path length be-
tween the transmitting element and the receive elements, whewhen transmitting with element, then the low resolution
calculating the beamforming delays (as illustrated in Fig. 2), thm@age,s,, (7 ), for transmit elementr is calculated by

individual low resolution images are both dynamically focused N dy (7))
on receive, and adjusted to obtain dynamic focusing on transmit S (Tp) = Z Wi (7p) G, n < m’"c £ ) 1)
in the same operation. Dynamic focusing on transmit is then n=1

obtained subsequently by coherently summing the low resoldberew, (73, is the apodization values for receive element
tion images which forms the final high resolution image as il iS the sound speed, aid is the number of receive channels.

lustrated in Fig. 1. The total distancel,,,,(7,) from the transmitting element to
the image point and back to the receiving element is given by
A. STA Beamforming Ao, (Tp) = |Fp — Ton| + |70 — 7] 2
This section describes how STA beamforming is performedhere the individual distances are defined in Fig. 2. This dis-
and the flexibility in a STA beamformer. tance describes the time at which the scattered signal from the

Fig. 2 shows the concept of STA beamforming from a spatiahage point is received at elementvhen transmitting with el-
point of view. The image point to be beamformed is describenentm. Keeping the transmit element fixed,, ,,(7,) deter-
by the vector,, and the vectors,, and, designate the posi- mines which samples should be picked out of the received sig-
tion of transmit element: and receive element, respectively. nals in order to obtain a receive focus at the image point. How-
Letting gm, » (t) represent the received echo signal on elemeeter, keeping the receive element fixed and letting the transmit
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element moved,,, »(7,) also determines the time shift between
the received signals from different transmissions and, thus, the
shift between the low resolution images. Therefore, when ap-
plying d,,,. .(7,) in (1) both dynamic receive focusing is ob-
tained ands,,, (7)) is adjusted such that dynamic transmit fo-
cusing is obtained, when the low resolution images are subse-
quently summed. Thus, the final high resolution imagig?,),

with both dynamic transmit and receive focusing, is obtained
by summing the low resolution images (neglecting motion com-
pensation). In particular

M

S(Fp) = E Win (Fp)s”rn (Fp) (3) Fig. 3. lllustration of the setup used when calculating the transmit delays for
B} emulating a spherical wave emitted from a virtual high power point source
m= positioned behind the subaperture.
wherew,, (7, ) is the apodization value for transmit elememnt
In gener_al, the_ time at which the sample is to be plcke_d out fl] with respect to application in hand-held scanners, and by
the received signalg,, (t), does not correspond to an intege .
’ . R ' ockwood and coworkers [16] with the purpose of 3-D ultra-
sample number. Therefore, interpolation is needed to find the ; . :
. o X sound imaging. Both groups show that by properly delaying the
correct sample value. If interpolation is not used, a high sam-,. . . T
. . ) o . individual elements in the subaperture, good approximation to
pling frequency is necessary in order to limit the increase In ; ; 1 o .
. . -~ a spherical wave can be obtained along with a significant im-
sidelobe and grating lobe levels, due to the phase quam'zat'orrc}vement in SNR
[14]. An alternative to using interpolation, which can be hard” )

ware demanding, is to use phase rotation in the digital beam-The defocusing delay for each subaperture element can be

former as suggested by O'Donnell and coworkers in [15] calculated as illustrated in Fig. 3. The position of a virtual point

; . source is selected behind the center of the subaperture with a
The advantage of the above beamforming scheme is that only, ST !

. . N q certain axial distance selected, e.g., as a fraction of the subaper-
one interpolation operation is needed to obt&{,) compared

. . L ture size. Given the subaperture elements coordinates and the
to normally two, when transmit and receive focusing is sepa-

rated. This is both cost and time efficient and reduces interp((ﬁEznter of_the subaperture, the defocusing delefpr a specific
lation artifacts. element is then calculated by

The transmit and receive apodization values can be used to ‘ﬁ‘ 7
generate any type of dynamic aperture and dynamic apodization _
function in order to obtain the desired beam shape. The dynamic c
aperture is typically selected to grow linearly, while keeping a - . .
constant F-number. This ensures a constant beam width umtﬂereR IS th_e vector from the V|rtu§1I point source to the el-
the aperture is fully opened. The shape of the dynamic apodi%@bem' a:nd-* IS thte vector from the virtual point source to the
tion function determines the tradeoff between sidelobe leveldPaPErture center.

and lateral resolution. Note that any point in the image can EeThe position of the virtual point source, which produces the

beamformed independently of all other image points using t st emulation of the spherical wave, is not straight forward to
above scheme calculate, because it depends on the interference between the

waves from the individual subaperture elements and their ra-
diation patterns. If the virtual source is moved away from the
subaperture, the beam will become increasingly flat and narrow,
and at some point yield a nearly plane wave for the given sub-

The objective of this paper is to investigate a new approaeperture. The virtual element cannot be moved too close to the
to increase the SNR of conventional STA imaging. It is calleslibaperture either, because the difference between the transmit
temporally encoded multieleme&TA (TMS) imaging, and delays becomes too large to obtain a coherent wavefront. There-
it is based on the combination of multielement STA imaginfpre, the proper location of the virtual point source should be
with linear FM waveforms. These two techniques are describiwvestigated through simulations. These results are presented in
briefly in the following. Section IV.

(4)

[ll. TEMPORALLY ENCODED MULTIELEMENT (TMS)
STA IMAGING

A. Multielement STA Imaging B. Temporal Encoding Using Linear FM Signals

The major drawback of STA imaging is the low SNR. Since Linear FM signals have been used in radars for decades
a single element is used at each transmission the SNR is vieegause of their distinctive feature of serving as both a long
low compared to, e.g., linear array imaging, which significantlgmitted and a short compressed pulse simultaneously. In med-
limits its clinical application. To overcome this, a subapertuiieal ultrasound imaging, one of the first frameworks for using
consisting of multiple grouped elements can be used to emulateled signals to improve the penetration-resolution problem
the radiation pattern of a (virtual) high power point source, i.enas described by Takeuchi in 1979 [6]. Since then several
a spherical wave, and hereby increase the SNR. This concapthors have investigated different approaches and schemes to
is calledmultielement synthetic transmit aperture imagiagd fully utilize their capabilities and improve their performance
it has previously been investigated by Karaman and coworkéesg., [7], [10], and [17]-[19]).



GAMMELMARK AND JENSEN: MULTIELEMENT SYNTHETIC TRANSMIT APERTURE IMAGING USING TEMPORAL ENCODING 555

Fig. 4. Top left: Modified linear FM signal with a 7-MHz center frequency and 7-MHz bandwidth. A Tukey window with a duration of 10% has been applied.
Top right: Modified compression filter using a Chebychev window with 70 dB relative sidelobe attenuation. Bottom: Compression output for ttieradividn
signal (dashed) and the modified FM signal (solid). The effect of a linear array transducer has been introduced in the compression outputs.

The conventional linear FM signal is described in [4] as  increasing the bandwidth. This is advantageous when using high
B , bandwidth transducers.
p(t) = bcos <27r |:fct + = t2D [t < ES (%) An example of the compression result in (8) is shown as the
) _ ) ) dashed curve in Fig. 4 (bottom). The influence of an 8.5-MHz
whereb is the amplitude . is the center frequencyj; is the |inear array transducer has been introduced, and the parameters
frequency sweep (the bandwidth), andis the duration of the for p(t) andh,, (t) aref. = 7 MHz, B, ~ 7 MHz, andr, = 20

27T,

signal. The matched filter to(t) in (5) is given by us. As seen the temporal sidelobes are aroun dB, which
Bom (£) = p(—t) is not sufficient for medical imaging. To reduce the sidelobes,
B . previous research has shown that this can effectively be done by
=bcos <27r [fct — Z—StQD [t] < Es (6) applying amplitude weighting on the linear FM signal and com-
Ts pression filter [8], [19], [20]. In this study, a Tukey window with
Assumingp(t) is the waveform received from a point target, the 10% duration is applied on the linear FM signal, and a Cheby-
compressed radio-frequency signal becomes [4] chev window with 70 dB relative sidelobe attenuation is applied
9(t) = p(t) * hon(t) on the compression filtdr,,, (¢). The modified linear FM signal

. and compression filter are shown in the left and right parts of
b27, sin (W D TL (1 - L—|)> Fig. 4, respectively. The same parameters as given above have
=75 DL cos (2mfct)  (7) peen used. The compression output is shown as the solid curve
i in bottom figure. As seen the temporal sidelobes have been re-
where D = 7,B; is the time-bandwidth product{| < 75, duced below-60 dB, which is adequate for clinical imaging.
and higher frequency terms have been neglected. Considering
only the envelope o§(t), this has approximately the shape of Signal-to-Noise-Ratio
a sinc-function. Assumingd is large (generally above 20 as
mentioned by Blinchikoff and Zverev [4]), the envelope;6f),
g(t), becomes a sinc-function

The (peak) SNR after matched filtering is proportional to the
energy in the received signal [4]. Also, the peak compression
output is proportional to the energy in the linear FM signal as
2. Sin (wDTi) seenin (8). Thus, the analysis can be simplified by only consid-
Ts—t57 lt| <75.  (8) ering the energy, when comparing the SNRs obtained by linear

nD = . . . .
s array imaging and TMS imaging.
The2/n =~ —4 dB width of this function isft = 1/B;, which The noise in the system includes both analog electronics noise
shows that the temporal (axial) resolution can be improved pyoduced in the front-end of the system, and the quantization

9(t) = lg()| =
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noise generated by the analog-to-digital converters (ADC) oesults inM = 96 transmissions. Using (13) and a linear array
each channel. These noise sources are assumed to be whitdraading setup olNy, = 64, Nr, = Np, = 128, and a 2 cycle
uncorrelated between channels. The quantization noise powigusoid excitation at 7 MHz, it is found thag ~ 54.2 ~ 17.3
is determined by the resolution of the ADC, and it is indepemB. This indicates that a significant increase in SNR is to be
dent of the input signal and the imaging technique. Therefoexpected.
the influence of the quantization noise can be discarded undein general, the energy in the waveform received from a point
the assumption, that the input signal fills a significant part aérget is not directly related to the duration of the transmitted
the ADC input range, which is generally achieved in practicplulse. Rather, it depends on both the duration and the shape.
systems. Thus, only the analog electronics noise is considefidae approximation used to obtain (9) and (10) holds if the re-
in the analysis. ceived waveform has a rectangular envelope, but under normal
Itis assumed, that the received signals from each channel epaditions this is not obtained due to the finite bandwidth of the
perfectly phase aligned. In this case there is no difference liemnsducer. Also, as mentioned previously, amplitude weighting
tween transmitting with the same aperturetimes or withM  is applied on the linear FM signal and compression filter for tem-
different apertures with the same size. Thus, the beamformer gamal sidelobe reduction. Therefore, the actual improvement in
be regarded as simply averaging the received channel sign8NR may differ slightly from result above, because these fac-
Furthermore, attenuation and diffraction effects are not includeats have not been included in the model for simplicity. Their
in this analysis, and it is assumed that no amplitude weightingiigluence is investigated further in the next section.
applied to the transmitted waveforms and receive filters. Using
these assumptions a simple model for the improvement in SNR
can be established. For linear array imaging, the energy in the
received signal for a single elemeht;, from a point target  Simulations are done using Field Il [21], [22] to compare the
at the acoustic focus can be approximated by the numberpefiformance of TMS imaging to linear array imaging on a the-
transmit element®/, squared times the duration of the transeretical basis in terms of spatial and contrast resolution.
mitted pulser; The transducer model used is a 128-element linear array aper-
5 ture with a center frequency of 8.5 MHz and a relative band-
Eg, ~ Np, 7. () width of 60%. The pitch is 0.208 mm and the element height is

As shown experimentally by Karaman and coworkers [11], th4e%5 mm. The tra_nsducer has an elevation Iens_, with a focal point
25 mm. The impulse response of the receive elements is set

amplitude of the wavefront created by the defocused subapgr

tre consising oy elements is proportonaltg/Nr. . Thus, i b2 e e B e et for the
the energy in the received signal for a single elem@épt for 9

. - measurements in Section V. Thus, the impulse response of the
TMS imaging is transmit aperture is set to a Dirac delta function. In this way, the
Ep. ~ Nr.7s (10) Simulation model resembles the true situation more accurately.
For linear array imaging a 64-element aperture is used for
wherer, is the duration of the transmitted FM signal. As mentransmission and all 128 elements are used in receive. A two-
tioned above the beamformer is considered as simply averagygle sinusoid at 7 MHz weighted with a Hanning window is
the individual channel signals. Denoting the number of receiused as excitation signal, and no transmit apodization is ap-
channels for linear array imaginyr, , the SNR in the linear plied. The received signals are filtered using a matched filter,
array image is proportional to and beamformed using dynamic receive focusing with updated
2 delay curves for every second sample. The number of lines in
SNRp, ~ Nr, N7, 7 1D the image and their spacing is calculated from the highest spa-
since the noise is white and uncorrelated between channgilg. frequency of the point spread function (PSF) to satisfy the
From the description of STA beamforming, (3) in combinatiogpatial Nyquist theorem. This results in images with line counts
with (1) states that in TMS imaging averaging is done aVet,  between 132 and 165 for transmit foci at 50 and 40 mm, respec-
receive channels antl/ transmit events. Thus, the SNR in theively.
TMS image is proportional to TMS imaging is done using a 33 element subaperture and 128
SNRp, ~ MNg Ny, 7,. (12) receive elements, which results in 96 emissions. The excitation
. . ) signal is the linear FM signal displayed in Fig. 4 (top, left). It
The ratio between (12) and (11) gives the improvemientn 55 3 duration of 2@is, a center frequency of 7 MHz, and a
SNR bandwidth of approximately 7 MHz. The FM signal has been
_ SNRp, MNz, Ng, 7, 13 weighted with a Tukey window to reduce the temporal side-
~ SNRg, NZ Ng, 7 (13)  Iobes. The corresponding compression filter is also shown in
§ Fig. 4 (top, right). A Chebychev window has been applied to
This assumes that the noise is stationary and described by riéuce the temporal sidelobes in the compression output. The
same probability density function for both systems. If a bett@osition of the virtual point source is chosen such that the dis-
SNR is to be obtained by TMS imaging, this ratio needs to llance to the subaperture is equal to the size of the subaperture.
greater than 1. This has been determined through wavefront simulations [23].
In this study, a subaperture dfy, = 33 elements will be A Tukey like window function is applied on the subaperture to
used. The applied FM signal has a durationrpf= 20 us, reduce the influence of edge waves on the PSF. The resulting
and the transducer has 128 transmit and receive elements, wit&# is shown in Fig. 5 (top), and the corresponding PSF when

IV. SIMULATIONS

Ip
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I,pa.3 are taken at the spatial location, where the derated pulse
intensity integral P11 3) is maximum, whilel,, 3 is taken at

the spatial location of its global maximum [2]. For both linear
array and TMS imaging this will occur on-axis of the trans-
ducer, but at different depths. For TMS imagifRg. 3, max and
Ispta.3, max OCCUr at the acoustic focus of the elevation lens at
17 mm. For linear array imaging' /1 3 max Occurs at the lat-
eral acoustic focus at 38 mm (geometric focal point at 40 mm),
while Igpia.3, max OCCUrs at the acoustic focus of the elevation
lens at 17 mm. To ease the comparison, the amplitudes of both
excitation signals have been set equal and scaled such that linear
array imaging reaches ttig, .3 limit. In this case the obtained
values are for linear array imagin@sppa.s = 190 Wicm?,
Isptas = 62.7 mW/cn?, MI = 1.07, and for TMS imaging:
Iippa.s = 35.9 WIC?, Ipea 3 = 1749.2 mW/en?, MI = 0.45.

As seen, Ml and,,..3 are lower for TMS imaging due to the
linear array transmit focus, ard,:. 3 for TMS imaging is sig-
nificantly higher than linear array imaging. Compared to the US
FDA limits, however [, s for TMS imaging is a factor of 2.4
larger than the FDA limit, while both Ml anél,,, 3 are signif-
icantly below the limits. Since the acoustic output of a scanner
must comply with all the limits, the excitation voltage for TMS
imaging needs to be reduced by a factor &4 ~ 1.55 com-
pared to the linear array excitation voltage in order to satisfy the
requirements. This reduction will affect all the output measures.
Alternatively, the duration of the linear FM signal can be re-
duced by a factor of 2.4, which will only affe¢f..s. It should

be noted, that nonlinear effects are not included in this analysis
as well as measurement noise, hydrophone effects, etc. Also,
this analysis assumes that it is possible to apply excitation volt-
ages in the scanner to reach thg,. s FDA limit, which will
depend on the front-end electronics and transducer, and, thus,

Fig. 5. PSFs obtained when using a defocused 33 element subaperture {thg limit might not be reachable in linear array imaging. This is

and a single transmit element (bottom). The virtual point source for the mylgy, stigated in further detail in Section V.
element subaperture is placed behind the center of aperture at a distance equ% h in Secti 1I-C that ianifi ti t
to the size of the subaperture itself. The distance between the contours is 12 dB. was shown in section 1ii- at a significant improvemen

Notice the slightly wider multi element PSF, which indicates a slight degradatiéi SNR for TMS imaging is to be expected using the imaging
in lateral resolution compared to the single element transmission. setup described above. The model proposed model does, how-
ever, not account for the deviation from a rectangular envelope
using a single transmit elementis shown in the bottom part of tbéthe excitations and matched filters, and it does not include
figure. As seen, the two PSFs are very similar, but the multielgre influence of the transducer impulse response and acoustical
ment PSF is a bit wider in the lateral direction, which indicateseffects, e.g., diffraction. Thus, a Field Il simulation is used to
slightly degraded lateral resolution. STA Beamforming is dorteke these factors into account and get a closer estimate. The
with dynamic transmit and receive focusing as explained prexcitation voltages are set equal for both methods in the anal-
viously in Section II-A, and the received echo signals on eaghis. If, however, the scaling of 1.55 was used, the results pre-
channel are compressed prior to beamformation. For both lineanted below would be reduced b§log1.552 ~ 3.81 dB.
array imaging and TMS imaging, a dynamic receive apertureTfie simulation is done by calculating the received echo re-
used with an expanding modified Hamming window with edgsponse from a set of wires displaced in the axial dimension.
levels at—12 dB. The aperture opens at an F-number of 2.  The wires are located on-axis of the transducer at 20—90 mm
with 5-mm spacing. The line corresponding to the position of
A. Acoustic Output and SNR Simulations the wires is then beamformed for both linear array imaging and
When comparing two imaging techniques it is important thdtMS imaging. The ratio between the peak responses for TMS
both their acoustic outputs are within the official limits. The Ugind linear array imaging is then taken for each wire, and the re-
FDA has set pre-Amendments upper limits on the acoustic ogt!ts are plotted in Fig. 6. The dashed curve is the result, when
puts which may occur in the human body. These &g, 3 < N0 amplitude weighting of the excitation signals, matched fil-
720 mW/cn?, Iopa.s < 190 W/en?, andMI < 1.9 [1]. The ters, and receive apertures (no fixed or dynamic apodization)
measurement of these parameters are done following the guideg used. In this case the difference between the SNR model
lines set by the American Institute of Ultrasound in Medicingescribed in Section 1lI-C and the simulation is the influence
(AIUM) [2]. A simulation can, however, be done following theof the transducer and the acoustics. The linear array data are
same guidelines to give a theoretical measure of the acous@gmformed using dynamic receive focusing, and the TMS data
output. The US FDA limits are global maximum values. M| an@re beamformed using dynamic transmit and receive focusing.
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Fig. 6. Simulated SNR improvement results with (solid) and without (dashed)

the application of amplitude weighting on the excitation pulses, matched filters,

and the receive apertures (no dynamic aperture and expanding apodization

function). The solid curve with circles is for the case when both weighting and

attenuation is used. The attenuation is 0.5 dB/[cm MHz]. Fig. 7. (top) Lateral and (bottom) axial 6 dB) resolution for linear array
imaging (dashed) and TMS imaging (solid), respectively. The results are

. . . L obtained from a simulated wire phantom with 5-mm spacing between the
The improvement in SNR at 40 mm is 19 dB, which is close igjres. The transmit focal length for linear array imaging was set to 50 mm.

the 17.3 dB predicted by the model. This result shows that the

model is useful to gain a simple understanding of the paramg-4 mm, and they are separated by 10 mm in depth and 5 mm
ters, which affect the SNR. It is noted that away from the "ne"f’éterally. All cysts have an amplitude ef40 dB compared to
array focus the improvement increases, which is due to the gRa surrounding speckle. The linear array transmit focus was
plication of dynamic transmit focusing in TMS imaging. The,gain set to 50 mm, and no attenuation effects are included. The
solid curve is the result using amplitude weighting of the exciagyts are shown in Fig. 8. To enhance the visualization of the
tation signals and matched filters are used, and when dynamigits each image has been divided into two parts as seen. The
apodization is applied in the beamforming. At 40 mm the iMgft nart of the figure shows the results from 25 mm to 65 mm,
provementin SNR has decreased to 17.7 dB, which again is vapy the right part shows the results from 65 mm to 105 mm.
close to the SNR model. The solid curve with circles shows th&e |atter clearly shows the improvement in lateral resolution
case when both weighting and attenuation is applied. The attgfy- 1S imaging as described in the previous section. This has
uation is 0.5 dB/[cm MHz]. It can be seen that the attenuatiopositive effect on the contrast resolution which is improved
does not have a significant effect until after 60 mm, where thg, T\ms imaging at depths beyond 70 mm. From the images in
|mpr0\{ement starts to decrease compared to the case with nQgt- et part of the figure no conspicuous difference in image
tenuation. quality is seen.

As a measure of the contrast resolution (CR), the following
equation is used:

To investigate the spatial resolution performance, a wire 7
phantom is simulated with wires located at 20 mm to 120 mm CR=1- == (14)
with 5 mm spacing. The transmit focal point for linear array I

imaging was set to 50 mm. Fig. 7 shows thé dB lateral (top) wherel, is the intensity inside the cyst, ard is the intensity
and axial resolutions (bottom) as a function of depth for lineg the speckle within a region of the same size as the cyst and
array imaging (dashed) and TMS imaging (solid), respectivelyt the same depth. This equation gives results between zero and
The lateral resolution is approximately constant until thgne where one corresponds to perfect contrast resolution.
aperture is fully opened at 53 mm. Beyond this depth the lateralwhen calculating CR, the original size of the cyst in used and
performance of TMS imaging is better due dynamic transmipt the size of the dark region displayed in the images. This is
focusing. At 120 mm the lateral resolution has improved byone to take into account both the influence of the lateral resolu-
approximately 30%. The performance of the axial resolutioign and the sidelobes and grating lobes. The calculated CRs are
is seen to be close, but the compression mechanism of 8ignmarized in Table I. For each imaging method the numbers
linear FM signal is more stable with depth. have been averaged for each depth. In general, these numbers
show an overall improvement in contrast resolution for TMS
imaging. The lowestimprovementis about 1% and it is obtained
The contrast resolution is evaluated by simulating a cyf&ir the cyst at 60 mm. This is also the first cyst for which the
phantom containing sixteen anechoic cysts placed in tweceive aperture is fully opened. Beyond this depth the contrast
columns with a start depth at 30 mm. The cysts have a diamatesolution improves and at 100 mm the improvement is 10.75%.

B. Spatial Resolution

C. Contrast Resolution
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Fig. 8. Images of the simulated cyst phantom. The images have been divided into two parts with the region 25 mm to 65 mm displayed in the left part of the
figure, and the region 65 mm to 105 mm is shown to the right. In both parts of the figure, the linear array image is shown to the left and the TMS image to the
right. No attenuation effects are included in the simulation.

TABLE | measurement setups for linear array imaging and TMS imaging

CALCULATED CONTRASTS FOR THESIMULATED CYST PHANTOMS are the same as those used for the simulations. This has been
chosen to enable direct comparison between the measurements
and the simulations. The filters used for matched filtering and
compression of the received signals have been normalized
equally for both methods to enable a fair comparison, and
the beamforming of the measured data is also done as for the
simulated data.

A. Acoustic Output Measurements

According to the acoustic output simulations presented in
Section IV, the excitation voltage used in TMS imaging needs
to be reduced a factor of 1.55 compared to the linear array exci-
tation voltage to comply with the FDA limits. This analysis as-
sumed that the excitation voltage could be increased to reach the
Above 60 mm the contrast resolution has also improved. Thislfé’f’a'3 FDA limit. Howeverz m_th(_e RASMUS system, this mlghf[
also expected due to the dynamic transmit focusing. not be ac_h|evable due to limitations of the_front-gnd ek_ectromcs
and heating of the transducer. Also, the simulations did not ac-
count for several practical effects, such as the nonlinear effects,
the influence of the hydrophone, noise, etc., which also will
influence the output quantities. Therefore, the acoustic output
The measurements are performed using the experimergiabuld be measured to obtain a direct relation to the FDA re-
multichannel ultrasound scanning system, RASMUS [13juirements.
The system has 128 individually programmable transmittersDue to current limitations of our measurement setup only
capable of sending arbitrary coded waveforms with a precisitdi and /5.3 have been measured. The measurements were
of 12 bits at 40 MHz. Sixty-four receive channels can bdone in a water tank according to the guidelines in [2] for both
simultaneously sampled at 12 bits and 40 MHz, and the 2 tdidear array and TMS imaging?/! 3 ,,.x Was found on-axis
multiplexing in the system enables acquisition of 128 channdts both methods, but at 17 mm for TMS imaging and at 40 mm
in real-time over two transmissions. The RASMUS systeffor linear array imaging (geometric focal point at 40 mm). For
is remotely accessible and programmed through a developegar array imaging the measured quantities wafé:= 0.12
Matlab/C-library interface. The system is build using a slightlgnd I;pp. 3 = 10.0 W/en?, and TMS imagingMI = 0.10
modified commercial front-end, which is limited to a supplyand I,,,..3 = 1.94 W/cn?. As seen all quantities are signif-
voltage of+100 V. In practice, however:-50 V or 100 Vpp icantly below the FDA limits. In particulaty,. 3 for linear
is used. Thus, the system represents a commercially availadleay imaging is 19 times less than the FDA limit. Thus, the
scanner. excitation voltage in the RASMUS system can be increased
The transducer used for the measurements has the safi® ~ 4.4 times for linear array imaging, assuming a linear re-
parameters as the transducer used for the simulations. Also, lt#t®n between the excitation voltage and the pressure, to reach

V. MEASUREMENTS
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Fig. 9. Measured B-mode images and axial projections of a scanned wire phantom using linear array imaging (left) and TMS imaging (right). The phantom
contains four laterally and axially spaced copper wires and water, and the dynamic range in the B-mode image is 60 dB. As seen in the projectidriM®age for
imaging, the applied linear FM signal and compression filter yields temporal sidelobes b&swB.

the FDA limit. This results in an excitation voltage of approx-
imately £220 V, which significantly exceeds the limitations
of the front-end and the transducer. The companion excitation
voltage for TMS imaging would bé+220 V)/1.55 ~ +142

V, which likewise exceeds the limitation in the front-end. If the
excitation voltage is increased #100 V, the acoustic output
for TMS imaging will still be below the FDA limit. Keeping
the excitation voltages equal for both methods, therefore, does
not violate the basis for a fair comparison. Thus, the excitation
voltage is+50 V for all measurements. It should be mentioned,
however, that if the power supply voltage could be increased be-
yond=+142 V, the excitation voltages would have to be different
for TMS and linear array imaging to comply with the FDA reg-
ulations and to make the comparison fair.

B. Phantom Measurements

The linear FM signal used in both the simulations and mea-
surements has been designed to obtain temporal sidelobe lexglsio. Lateral projection of the PSFs at depth 70 mm in Fig. 9. The dashed
at approximately-60 dB. To evaluate this, a wire phantom conline is linear array imaging and the solid line is TMS imaging.
taining four wires in water has been scanned. Fig. 9 shows the
B-mode images and axial projections for linear array imaging obtained by taking the maximum of each line within the re-
(left) and TMS imaging (right). The axial projections are obgion containing the PSF. The reduction in sidelobe levels is up
tained by taking the maximum at each depth in the images. Tioel5 dB.
dynamic range in the B-mode images is 60 dB. As seen the temThe spatial resolution and SNR performance of TMS imaging
poral sidelobes have been reduced to approximaté&ly dB, is evaluated in the presence of attenuation using a multitarget
which is adequate for clinical imaging. Also, it is noticed, thgbhantom with 0.5 dB/[cm MHz] attenuation. Fig. 11 shows the
the lateral sidelobe levels are lower both above and below tieear array image (left) and TMS image (right) of a scanned
linear array transmit focus. This observation is inspected maegion containing twisted nylon wires spaced axially by 1 cm.
closely in Fig. 10, which shows the lateral projections of the PSFhe dynamic range is 50 dB in both images. The penetration
at depth 70 mm in both B-mode images. The lateral projectiaiepth has been increased roughly 3 cm using TMS imaging.
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Fig. 12. Lateral (top) and axial (bottom) resolution curves for linear array
imaging (dashed) and TMS imaging (solid). The curves have been obtained by
calculating the spatial resolutions for each wire in Fig. 11.

Fig. 11. Measured linear array image (left) and TMS image (right) on a
multitarget phantom with 0.5 dB/[cm MHZz] attenuation. The scanned section
contains twisted nylon wires spaced axially by 1 cm throughout the imaged
region. The dynamic range in the images is 50 dB.

The linear array image has a very low SNR after 70 mm, and
the wires are not visible in this region. No apparent noise is
present in the TMS image, and the wires are, thus, fully visible
throughout the imaged region.
The—6 dB lateral and axial resolutions are evaluated for each
wire in both images in Fig. 11. The results are shown in Fig. 12,
where the lateral resolution is displayed in the top figure and the
axial resolution in the bottom figure. TMS imaging has a better
lateral performance at distances after the linear array transmif 13. Calculated SNR improvement obtained by TMS imaging in water
focus due to dynamic transmit focusing. Compared to the sifdashed) and in a tissue mimicking phantom (solid).
ulation results in Fig. 7, it is noted that the lateral resolutions
follow the same trends, but it is a bit higher in the measuremergsnefficiency of the measurement system. Therefore, the devi-
due to the presence of attenuation. The axial resolution is betigion between the simulation and the measurement result should
for TMS imaging throughout the imaged region. This shows thbe looked upon as a place of possible improvement of TMS
the linear FM signal has a better axial performance in the présraging.The improvementin SNR obtained by TMS imaging in
ence of attenuation than the conventional short excitation pulgeter and for a tissue mimicking phantom is shown in Fig. 13.
The axial resolution for linear array imaging can, however, behe SNR for water was obtained using the wire phantom data
improved by applying a shorter excitation pulse instead of tfi®m Fig. 9. For each image and depth the power was calcu-
two cycles pulse used in this study. This will though result ifated resulting in two signal power vectors. The noise power
less transmitted energy and, thus, lower penetration and SN the system generated by each imaging method was obtained
Forthe water SNR the linear array transmit focus was set to B scanning a water bath with no reflections. For each imaging
mm, and at this depth the SNR improvement is 8 dB. This resuttethod the power of the resulting noise images was calculated,
does not compare exactly to the SNR model proposed earliesulting in a noise power vector. Taking the ratio between the
and the simulations, which showed an improvement of approsignal power vectors and the noise power vectors yields the SNR
mately 18 dB. There are, however, many factors which cannotfee each imaging method, and the difference between these SNR
included in a model and in the simulations. One of these factarsrves at the wire locations is the SNR improvement shown as
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Fig. 14. In-vivoimages of the abdomen using linear array imaging (left) anBlig. 15. Same as Fig. 14 but of a different abdominal location. The dynamic
TMS imaging (right). The dynamic range in the image is 50 dB. range in the image is 40 dB.

the dashed curve in Fig. 13. Since only one image was used#¢ performed in one long sequence. Thus, data from exactly
calculating the signal power vector, this vector contains noigée same abdominal position are obtained at the same time,
Therefore, the noise power was subtracted from the signal powdtich enables direct comparison of the images. Figs. 14 and

vector before taking the ratio. Thus, for a given depth 15 show the results of two scannings at different abdominal
locations. The dynamic range is 50 dB in Fig. 14 and 40 dB in

SNR = Psignal — Pnoise (15) Fig. 15, and the linear array and TMS images are shown to the

Proise left and right, respectively. The TMS images have both better

whereP,g,.1 is the signal power, an#,.i.. is the noise power. Spatial resolution and contrast resolution.
The SNR improvement in the tissue mimicking phantom was When comparing the linear array and TMS images there are
obtained using the parts of Fig. 11 not containing wires and tA@ Visible motion artifacts. This may seem surprising since TMS
generated noise vectors from the water bath. The SNR improl@aging in theory is more sensitive to tissue motion, because a
ment was evaluated at each depth throughout the image, anda@@plete image is formed at each transmission event and the
result is shown as the solid curve in Fig. 13. A low-pass filtdfnages are summed in the end as explained in Section II. As
has been applied on the curve to make it more smooth. reported by Trahey and Nock [24], axial tissue motion is the
At the linear array focal point in the phantom (40 mm) théominant factor in image quality degradation. Thus, in the fol-
improvement in SNR is about 4 dB, but it is significantly largelowing example only axial motion is considered. Using a pulse
before and after the focus. At 80 mm, an improvement of ¥§petition frequencyf,, s) of 5 kHz, the TMS imaging system
dB is obtained and at approximately 90 mm, the SNR of lineflescribed here will have a frame ratez of approximately 25
array imaging is so low that the correct values can no longégmes/s, due to the 96 emissions and the 2-to-1 multiplexing.
be obtained. In general, the SNR follows the same trend as ffehlaikjer and coworkers [25] have reported measured tissue

simulations, but the curve has been shifted downwards. velocities around the Hepatic vein of 10 mm/s over a cardiac
cycle. Using this velocity as the axial velocity of a tissue re-
C. In-Vivo Measurements gion, the total displacemenrtz of the tissue from the first to the

. . . . last transmission, i.e., the whole frame, is
To demonstrate the clinical feasibility of TMS imaging,

in vivo measurements on the abdomen of a 27-year-old male 5, - %= _ 10 mm/s _ 400 umiframe  (16)
were performed. The measurement setups for both linear array FR 25 frames/s

imaging and TMS imaging are the same as those used for fft@ds is compared to an acoustic wavelengtbf 220 ym, as-
phantom measurements with the linear array transmit focGlming a sound speed of 1540 m/s and a center frequency of 7
depth set to 50 mm. The RASMUS system is setup in aiHz. Thus, the tissue moves approximately during the ac-
interleaved mode such that the linear array and TMS scannirggssition of a full high resolution TMS image. This motion will
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occur gradually over the whole acquisition, if the velocity is as- [6]
sumed constant. The displacement between two low resolution
images is, therefore, aboutgn, which is less than 2% of the
wavelength, and the correlation between the images is, there-
fore, high. Also, the axial resolution is observed to be approxi-
mately3\ in Fig. 12. Therefore, it can be concluded that tissue (8]
motion in this case will not have a significant influence on the
image quality of the TMS image, which is also supported by the
abdominain vivoimages, that show no visual motion artifacts. [°]

(10]

VI. CONCLUSION [11]
In this paper a new approach to increase the SNR of STA
imaging has been investigated. The approach combines muf?!
tielement STA imaging with the application of linear FM sig- [13]

nals, and it is called TMS imaging. Several simulations using
Field Il and phantom anith vivomeasurements were performed
to investigate the performance of TMS imaging compared tg; 4,
linear array imaging. The overall performance of TMS imaging
is better than linear array imaging. The simulations showed an
improvement in lateral resolution of up to 30% at a depth oft
120 mm, and general improvements in contrast resolution of up
to approximately 11% were obtained. The phantom measure-
ments showed an increase in penetration depth of 3 cm on[?e]
tissue-mimicking phantom with 0.5 dB/[cm MHZz] attenuation.
This corresponds to an increase of approximately 45%. The cor-
responding increase in SNR was 4-12 dB. irhévo measure-
ments of the abdomen showed better contrast and spatial redd’!
lution for TMS imaging and no visual distortion of the images
due to tissue motion. (18]
This paper has shown that the SNR of STA imaging can be
increased to exceed that obtained by linear array imaging. Theg
result is images with overall better image quality obtained using
fewer transmission events than linear array imaging. 20]
[21]
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Synthetic Transmit Aperture Imaging using
Convex Transducer Arrays
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Abstract

Studies of synthetic transmit aperture (STA) imaging has primarily been performed using phased and linear
array transducers. This paper investigates the feasibility of performing STA imaging using convex array transducers.
The convex array geometry is more complicated than the linear array geometries, which introduces new design
considerations regarding transmission scheme and image reconstruction. The paper describes these considerations
in detail, and it revisits methods for improving the signal-to-noise ratio. Experimental phantom and in-vivo results
obtained using the RASMUS research scanner and a commercial 5.5 MHz convex array transducer are presented to
evaluate the performance and feasibility of STA convex array imaging in comparison to conventional convex array
imaging. The SNR of STA imaging was increased by applying multi-element apertures and a linear FM signal at
each transmission. The results showed improvements in spatial resolution, and the contrast resolution was improved
by up to 42.7%. An improvement of 14 dB in SNR was obtained after the conventional imaging focal point, and
in-vivo images of the abdomen and right kidney showed a signi cant overall improvement in image quality of STA
imaging in terms of sharper images with better contrast and structure de nitions. Two in-vivo movie sequences of
2.5 sec duration were also acquired and showed no visual artifacts from tissue motion.

I. INTRODUCTION

In modern medical ultrasound scanners, linear and phased array techniques are used to generate the displayed
images. These techniques build up the images over a number of transmit events by transmitting focused beams in
distinctive directions in the medium. For each direction the received echoes are focused along the same direction,
and the produced scan lines are stacked together to create the displayed image. These techniques are intuitive and
easy to implement, and they achieve good penetration because of the high peak intensity produced at the transmit
focal point.

The frame rate obtained by modern systems is dependent on the number of lines required for adequate spatial
sampling of the medium. In general, this number depends on the spatial resolution in the transverse direction (lateral
or angular) and the size of the image. The number of lines can thus become high, resulting in low frame rates.

The received echoes are focused dynamically along the transmit direction, which produces the best possible
receive beam pattern. The overall spatial resolution is, however, compromised by the single transmit focal point.
Thus, the spatial resolution is only optimal at the transmit focal point. To minimize this effect, compound imaging is
often applied, which composes each line from several transmissions, each having a different transmit focus location.
This, however, reduces the frame rate by the number of transmit zones.

Synthetic transmit aperture (STA) imaging is a technique which relies on principles quite the reverse of the
conventional techniques. Here, each transmit event produces an unfocused wave, which propagates in all directions
in the medium, and the recorded echoes for all transmit events are processed in such a way that both the receive
aperture and (synthesized) transmit aperture are focused at every image point. This produces ultrasound images
with improvements in both spatial resolution and image contrast.

Traditionally, STA imaging has been considered for phased array applications [1] and recently linear array imag-
ing [2]. However, few studies on the application of STA imaging using convex array transducers has been published
[3]. Convex array transducers are generally used for abdominal imaging because of their large eld of view and
good penetration depth. Extending STA imaging to convex apertures requires some new design considerations,
because of the more complicated aperture geometry.

This study investigates STA imaging using convex transducer arrays in comparison to conventional convex array
imaging. The purpose is to show, that although the convex aperture geometry may not be the ideal geometry for STA
imaging, these can be integrated successfully to produce high abdominal image quality. A detailed introduction
to STA imaging is given in Section Il, which also describes the impacts on image reconstruction of the convex
aperture geometry. The experimental setup is described in Section Ill, and the results in terms of signal-to-noise
ratio, spatial- and contrast resolution, and in-vivo image quality are presented in Section IV. A discussion of these
results are given in Section V, and the paper is concluded in Section VI.

Kim L. Gammelmark (klg@oersted.dtu.dk) and Jgrgen A. Jensen (jaj@oersted.dtu.dk) are both from the Center for Fast Ultrasound Imaging,
@Drsted DTU, Building 348, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
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Fig. 1. lllustration of the conventional STA imaging principle. At each transmission event a single element is red, and the echoes from the
medium are collected using all elements in the receiving aperture. For each of these transmission events a complete image is beamformed, and
these are subsequently summed to form the nal high resolution image.

II. SYNTHETIC TRANSMIT APERTUREIMAGING

Synthetic aperture imaging is a method, which has been investigated for medical ultrasound imaging applications
since early 1970 [4], [5]. The technigue was originally developed for radar systems (synthetic aperture radar) in
the 1950's with the purpose of improving the lateral/azimuthal resolution of side-looking radars. In ultrasound
imaging, the same monostatic approach was initially investigated, and later extended to array transducers when
these emerged in the 1980's.

The concept of synthetic transmit aperture (STA) imaging is explained in Fig. 1. At each transmit event a single
element is excited, which transmits a spherical wave, that spreads out in all directions in the tissue. The echoes are
recorded using all elements in the receive aperture, and this transmit-receive process is repeated until all or a desired
number of elements in the array have been excited.

Reconstruction of each pixel in the ultrasound image is performed by coherently summing the echoes received
from a point target located at the center of each pixel for all transmissions. This is possible because the origin
and shape of the transmitted wave is known. The origin is determined by the location of the transmitting element,
and the wavefront is spherical due to the small aperture elements. Assuming the speed of sound in the medium is
known, the arrival time of the echo from a given point target for a speci ¢ transmit and receive element pair can be
calculated exactly using the geometric relations illustrated in Fig. 2. Performing this calculation for all transmit-
receive element pairs, picking out the corresponding samples of the recorded echoes, and nally summing these
samples, both the transmit and the receive apertures are focused at the point target location, producing an optimally
focused image point. This process is repeated for all points or pixels in the ultrasound image. Mathematically, the
reconstruction is performed by

lJ.j"f'n i 'F'pj + jfp i tm]
C

1)

S(tp) = Wi (¥p)Wn (Fp) Gnim
m=1 n=1

whereS(+;) is the reconstructed image; (+m ; ¥p) is the dynamic apodization for transmit elememtag (+n; tp)

is the dynamic apodization for receive elemeng),., (t) is the recorded echo data, avidandN are the number of

transmit and receive elements, respectively. Note, that the image points are independent from each other, enabling
parallel processing.

In practice, the image reconstruction process is performed sequentially. After each emission event a complete
ultrasound image is formed by focusing the receive aperture at all image points based on the transmit element
location (Fig. 1). The produced image is called a low (lateral) resolution image, because the image is created using
a single transmit element. This is repeated after each emission, and the individual low resolution images are nally
summed to produce the displayed high resolution image. In this way, the transmit aperture is synthesized over
several transmissions, and the ultrasound image is build up sequentially.
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Fig. 2. Geometrical illustration of STA beamforming. The core principle is the known origin and shape (spherical) of the emitted wave. Based
on this and the knowledge of the speed of sound, the arrival time of the echo from a given point target can be calculated exactly.

Clinical implementation of STA imaging has primarily been limited by a low signal-to-noise ratio (SNR). The
low SNR is obtained because the energy produced by the single transmit element is limited, which again is caused
by hardware and transducer heating limitations. This results in low penetration depth, and thus limited in-vivo
application. Another issue is the in uence of tissue motion on STA imaging. Tissue motion causes the scatterers
to move between consecutive rings, resulting in incoherent summation of the low resolution images. For high
tissue velocities this will produce an unfocused, smeared image with poor image quality, and STA imaging is thus
more susceptible to motion than conventional imaging. Although the in uence of tissue motion and compensation
thereof is out of the scope of this study, we will revisit this subject brie y in the discussion in Section V.

The SNR can be improved by increasing the transmitted energy. This can be done in several ways, which will
affect either the peak intensity (the peak pressure) or the temporal intensity in the tissue.

A. Increasing Peak Intensity

Producing a higher peak intensity means increasing the peak pressure. This can be obtained by increasing the
amplitude of the transmitted signal, but hardware limitations in the front-end and to some extend problems with
internal heating in the transducer generally excludes this solution. A more suitable strategy is to use more elements
at each emission to emulate the spherical wave transmitted by the single element. This technique was rst applied
by O'Donnell and Thomas [6] in a catheter based ultrasound system using a circular aperture, and later extended
to plane apertures by Karaman and coworkers [1]. The approach is to use a subaperture with proper time delays to
produce a defocused wave with a limited spherical wave extend. The delays are calculated geometrically based on
the position of a virtual point source positioned behind the subaperture as illustrated in Fig. 3(a) and the element
coordinates. In particular, the delg{n) of element is

amy = AL @
c

whered(n) is the distance between the virtual point source and elements the distance between the virtual
point source and the subaperture center,@isdhe speed of sound.

The position of the virtual point source determines the angular ex®@onker which the transmitted wavefront
is spherical. This determines the beam characteristics of the virtual point source or rather virtual transmit element.
The angular sensitivity of each virtual element in the synthesized transmit aperture can therefore be controlled
by changing the location of the associated virtual point sources. This is advantageous because the energy can
be concentrated within a controllable bargl®), which increases the peak wavefront pressure and thus SNR. It
however puts a limit on the minimum transmit f-number applicable when reconstructing the ultrasound image.

When transmitting from the outer parts of the convex array, the geometry will cause a signi cant part of the
wave to propagate outside the region to be imaged. Therefore, it may be advantageous to change the propagation
direction of the wavefront towards the region where the image is reconstructed. Angled transmissions are obtained
by moving the virtual point source to the side as illustrated in Fig. 3(b). The maximum propagation angle that can
be obtained is in uenced by the directivity of the subaperture elements, and any propagation angle can thus not be
selected.
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(a) Conventional application where the virtual point sourcgb)sAngled transmission where the virtual point source is placed
placed behind the center of the subaperture to produce asych-that the spherical wave propagates at an angle
metric spherical wave.

Fig. 3. lllustration of two methods for applying multi-element STA imaging to convex arrays.

With reference to Fig. 3(b), the locatigry; z,) of the virtual point source is, in general, calculated by

z, _  Zi rtcosu T 3)

Xp Xoi r¢sinp
wherer is calculated by
lJsinAi tan ®(cosA j 1)ﬂ .

r=R tan®cosjlji sinjyj “)

andA is half the angular size of the subapertyrés the propagation direction of the spherical wavefront, Bnd
is the radius of the convex aperture. Note, tRandA are always positive, and that the coordinate system used
here moves with the subaperture across the array. Also, the subaperture elements are assumed to be point sources
for simplicity. The directivity of the elements will have an in uence on shape of the wavefront. The actual angular
extend of the spherical wavefront will, thus, differ slightly from the speci ed value, which can be studied through
simulations, e.g. using Field Il [7], [8].

The increase in the wavefront pressure is dependent on the number of elements used in the subaperture and the
chosen spherical wave extend. raman and coworkers [1] has shown, that for an angula®extdiad the
wavefront pressure is proportional ta\ , whereN is the number of subaperture elements. Wlatecreases e.g.
to 27+, this number inBreases by approximaté%a In general, however, it can be assumed, that the wavefront
pressure increases withN relative to the single element transmission.

B. Increasing Temporal Intensity

Increasing the temporal intensity means transmitting a longer waveform. For this purpose linear frequency mod-
ulated (FM) signals have proven to be very advantageous, because they can act as both a long and a short signal
simultaneously. When the linear FM signal is transmitted it has a long duration and large bandwidth, while pulse
compression techniques (matched ltering) are used upon reception to compress the signal to a short duration.
Thus, linear FM signals enables the possibility of transmitting more (temporal) energy, while maintaining temporal
or axial resolution. The lateral resolution is not affected by the use of linear FM signals.

Several studies of applying linear FM signals in medical ultrasound imaging have been published (e.g. [9], [10],
[11], [12]), which have resulted in improved penetration while maintaining spatial resolution. The gain in SNR
relative to a conventional short excitation puls&iSNR = 1—5 whereT; is the duration of the linear FM signal,

T, is the duration of the pulse, and both waveforms are assumed to have a square envelope.

In a recent study [2] we explored the feasibility of combining multi-element defocusing with linear FM signals
in STA imaging. The results showed that this approach produces a signi cant increase in SNR, leading to an image
quality of STA imaging highly feasible for in-vivo application. The same approach, denoted TMS irhaiging
applied in this study to increase the SNR of STA imaging, but with the new design considerations given above.

1Temporally encoded Mti-element $nthetic transmit aperture imaging
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IIl. EXPERIMENTAL SETUP

The purpose of this study is, as mentioned previously, to compare convex TMS imaging with conventional convex
array imaging in terms of image quality. The evaluation is based on both phantom and in-vivo experiments, and the
equipment and imaging modes and processing strategies are described below.

A. Equipment

The measurements were performed using the experimental multi-channel ultrasound scannindRgyStdiS
[13]. The system has 128 individually programmable transmitters capable of sending arbitrary coded waveforms
with a precision of 12 bits at 40 MHz. Sixty-four receive channels can be sampled simultaneously at 12 bits and
40 MHz, and the 2-to-1 multiplexing in the system enables acquisition of 128 channels in real-time over two trans-
missions. The system has 16 Ghytes of storage memory in the receivers, which enables the acquisition of several
seconds of RF data. The transmission voltagg 36V, and RASMUS is remotely accessible and programmable
through a developed Matlab/C-library interface.

The transducer used for the measurements was a commercial 5.5 MHz convex array transducer with 192 elements
and, pitch. The bandwidth of the elements is 60% relative to the center frequency, and the convex radius of the
aperture is 41 mm. The height of the elements is 8 mm, and the array has a lens in the elevation dimension with
a xed focus at 40 mm. Due to the limitation of the RASMUS system, only the central 128 elements of the array
were used.

B. Imaging Modes

Conventional imaging was implemented using a 64 elements transmit aperture focused at 70 mm, and each
element was excited by a 1.5 cycle sinusoid weighted by a Hanning window. All 128 elements in the aperture
were used on receive to record the echoes from the tissue using the multiplexors. Thus, two transmissions were
performed for each beam. The number of beams are determined by the spatial Nyquist theorem, which requires that
the spatial sampling rate is at least twice the highest lateral spatial frequency. This can be determinedpeieg
theory [14], and it is found that the angular separatipivetween the beams is

A !
+u- arcsin —x>4¢—— 5
H 1+ B Duy (®)

where, is the wavelengthB, is the relative -6dB bandwidth, ardes; is the size of the effective aperture,
which is determined by the convolution of the transmit and receive apertures [15]. The angular size of the image is
limited to approx26 degrees, and the number of beams in each image should then be at least 105. To ensure proper
sampling, the actual number of beams is increased to 142, resulting in 284 emissions per frame.

TMS imaging was implemented using a 33 element aperture and' @ Bpered linear FM signal. The center
of the transmit aperture was stepped one element at a time, resulting in 96 transmit positions, and all 128 elements
were used on receive to record the echoes. Due to the application of the multiplexors, a total of 192 emissions
was used for each frame. At each emission the wavefront was directed to propagate paralleta@ithewith
reference to Fig. 3(b), this means that for each emission the propagationiangteset equal to the angle of the
transmit aperture center, but with opposite sign. The beam spread@mgile decreased linearly from 40 degrees
for the rst emission to 30 degrees for the center emission, and then increased linearly to 40 degrees for the last
emission. This was done to increase the energy transmitted into the image area, and thus increase SNR as explained
previously. The linear FM signal had a center frequency of 5.5 MHz and a relative bandwidth of approx. 95%. The
signal envelope was weighted by a Tukey window to reduce the ripples in its Fourier spectrum and thus attenuate
the distant temporal sidelobes in the compression result[11].

C. Data Acquisition

Data acquisition was done in real-time. Initially, the RF data were stored in the internal memory of RASMUS,
and subsequently transferred to a Linux cluster network for off-line processing.

To enable direct comparison of the imaging methods, the frames of both methods were interleaved, when data
were recorded. This means that one frame of conventional imaging was followed directly by one frame of TMS
imaging. This was especially important during the in-vivo scannings to obtain images of the exact same anatomical
slice. The depth of all scans was 16 cm, resulting in an interleaved frame rate of approx. 12 frames/sec.
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D. Data Processing

The processing was done off-line on a 40 cpu Linux cluster using Matlab. To reduce the number of calculations,
a pixel based processing strategy was applied in both imaging methods. The method reduces the number of points
to be processed along each line by utilizing the complex RF channel data. This lowers the requirement to the spatial
sampling distanceR from

iR' . 5
41+ 8B ©
to
*R- > 7
ZBreI ( )

where, is the wavelength, anB, is the relative -6 dB bandwidth. For a relative bandwidth of say 50% this
results in a reduction of a factor of 6 in the number of range image points to be beamformed.

For conventional imaging, the RF channel data were bandpass Itered using a matched lIter and Hilbert trans-
formed to form the complex RF data. The beamforming scheme described above was then applied to process the
required number of image points along each line using dynamic focusing and dynamic apodization keeping the
F-number 2. The expanding apodization function was a modi ed Hamming window with the edge levels raised
to-12 dB.

The TMS data were Itered using a mismatch baseband Iter to compress the linear FM signal and recover
the range resolution. The mismatch Iter was designed based on the transmitted linear FM signal by applying a
Chebychev window with a relative sidelobe reduction of 70 dB[11]. This was done to reduce the temporal sidelobes
below -60dB. For each emission a complete image was reconstructed using the method described in Section II. It
was chosen to use the same image format as that obtained in conventional imaging to enable direct comparison
of the results. Thus, 142 lines were reconstructed in each low resolution image although any image geometry and
number of image points can be chosen. The pixel based processing method was applied, and dynamic apodization
was applied on both the receive aperture and the synthesized transmit aperture using the same apodization window
as for conventional imaging. Each image point was perfectly focused corresponding to dynamic transmit and receive
focusing as explained in Section Il

When using convex array geometries it is important to take into account the relation between the image point
location and the sensitivity of the aperture elements. In fact, all elements may not contribute coherent information
when processing a given image point, speci cally if the image point is located outside the sensitivity regions of
some elements de ned by their acceptance angles. For a given image line, the minimunR¢gpat which
aperture elemeritcan be enabled in the beamformer is given by

sin®

“sin@ij ()i W)
whereR. is the radius of the convex apertu@is the acceptance angle of the elements) is the angular position
of element, andpuis the angle of the image line to be processed. The numerical signs are introduced to account for
the symmetry property of the aperture.

In this study, the acceptance angle of the receive aperture elements wa§ 56t twhile the acceptance for the
virtual sources in TMS imaging was set8@0* for all sources, although it ranged betweHFh and30°.

1) In uence of Virtual Element LocationAnother factor, which needs to be taken into account when processing
the TMS data, is the location of the virtual sources. The wavefront of the limited spherical wave produced at each
emission will have its origin at the virtual source and not at the zero phase center of the subaperture used to generate
the wavefront. With reference to Fig. 2 this means thapoints to the virtual source location and not to the center
of the transmit aperture. Furthermore, the RF data must be adjusted to compensate for the distance between the
virtual source and the rst transmitting element in the subaperture for the correction to be fully implemented. This
is speci cally important when using convex arrays due to the geometry.

Figure 4 shows the effect of not taking into account the location of the virtual source. Obviously, neglecting the
actual origin of the limited spherical wavefront results in phase errors, which defocuses the reconstruction of the
point target.

R(i)= R

(8)

IV. RESULTS

The experimental results are shown below. In all gures the conventional image is shown to the left and the TMS
image is shown to the right, unless indicated otherwise.
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Fig. 4. Effect of compensation for the virtual source location.

A. Spatial Resolution

Spatial resolution determines the ability to differentiate point targets in the image, and it generally divided into
range (axial) and angular (lateral) resolution. The range resolution is inversely proportional to the bandwidth of the
transmitted waveform (after matched lItration), while the angular resolution depends on frequency, bandwidth, and
aperture size.

The spatial resolution is evaluated using a tissue mimicking phantom containing thin, twisted nylon wires by
calculating the -6 dB axial and lateral widths of each wire. The B-mode images are shown in Fig. 5, and the
attenuation is 0.5 dB/[cm MHz]. A clear improvement in lateral resolution is observed, and the penetration depth
has also been increased. The noise becomes dominant in the conventional image after approximately 100 mm, while
no noise seems present in the TMS image, indicating improvement in SNR. Evaluation of SNR is revisited later in
this section.

The spatial resolutions were measured for the column of wires located at lateral ppsition. The results are
plotted in Fig. 6. As expected the lateral resolution in TMS imaging is generally better than conventional imaging
due to the perfect focusing of the transmit aperture. The axial resolution is, however, better for conventional
imaging. This is surprising, and it indicates that the design of the linear FM signal and corresponding compression

Iter has not been performed carefully enough. The design thus needs to be revised. One possible and obvious
reason could be, that the transducer bandwidth is not utilized fully. The source of this would be either the bandwidth
of the transmitted linear FM signal or the bandwidth of the compression Iter (or both), which may be less than the
transducer bandwidth.

B. Contrast Resolution

The contrast resolution is a measure of the detectability of small and low scattering structures from the back-
ground texture (speckle) in the image. It is generally dependent on pulse-echo beam characteristics, such as the
ratio of mainlobe to sidelobes energy and spatial resolution, but it is also affected by the SNR.
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Fig. 5. Images of a multi target tissue mimicking phantom containing twisted nylon wires with 0.5 dB/[cm MHz] attenuation. A clear
improvement in penetration depth and speckle size is observed.

Fig. 6. Lateral (top) and axial (bottom) resolution measured as the -6 dB widths of the wires in Fig. 5 positioned at lateral distance -7mm.
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Fig. 7. Images of a tissue mimicking phantom containing anechoic cylinders placed in angled columns with dian@ebefls 2f4; 8 mm
from left to right.

The contrast resolution was characterized by scanning a tissue mimicking phantom containing anechoic cysts
of different sizes. In the resulting image the interior of these cysts should ideally be black, i.e. no scatter energy
should be present. By calculating the intensity inside these cysts relative to the intensity of the surrounding speckle,
a measure of the detectability is thus obtained. Based on this, the contrast redORtisalculated by

CR=1j le ©)
I's
wherel . is the intensity inside the cysts, ahglis the intensity of the surrounding speckle within a region of equal
size.

In Fig. 7 the images of a tissue mimicking phantom containing 5 columns of anechoic cylinders with diameters of
0:5; 1; 2; 4, 8 mm (from left to right) are shown. A clear improvement in contrast resolution is observed, especially
at depths beyond 80 mm, and an increase in penetration of approximately 2 cm has been obtained. Fig. 8 shows
an expanded view of the lower part of Fig. 7 to further illustrate the improvement. The cysts at 105 mm are barely
visible in the conventional image, but easily detected in the TMS image.

Tables | and Il presents the calculated contrast resolutions for the 4 mm and 8 mm cysts. These numbers support
the visual ndings in Figs. 7 and 8, and they show that the contrast resolution of TMS imaging improves signi -
cantly after 80 mm. In particular, the difference between the 4 mm cysts at 100 mm is approximately 33%, which
demonstrates the advantage of dynamic transmit focusing obtained in TMS imaging.

C. Signal-to-Noise Ratio

The change in SNR with depth can be used to measure the penetration depth. The SNR is calculated from the

beamformed data by taking the ratio of the signal energy and the noise power spectral density assuming that matched
Itering of the RF data has been utilized. The SNR is measured in two ways; either the point SNR, which can be
obtained e.g. using wire targets, or the speckle SNR obtained from pure speckle generating targets.

Here, the speckle SNR was measured by scanning a homogeneous phantom solely containing randomly dis-
tributed scatterers. To separate the signal and noise components, 25 frames were acquired. By averaging these
images a noise free image was obtained, which represented the pure signal image. This image was subtracted from
the original images producing 25 new images containing only noise. The nal noise power image was then obtained
by taking the mean, square value of these noise images. The SNR is then calculated by the ratio of the squared signal
image and the noise power image, producing an image of the SNR.
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Fig. 8. Expanded (1:1) view of a selected area in Fig. 7 to illustrate the improvement in contrast resolution.

Depth Conventional TMS Improvementin %

40 mm 0.95 0.99 3.3
60 mm 0.96 0.99 2.6
80 mm 0.90 0.99 9.1
100 mm 0.69 0.92 32.8
120 mm - 0.82 -
TABLE |

CALCULATED CONTRAST RESOLUTIONS FOR THE4 MM CYSTS SHOWN INFIG. 7.

Depth Conventional TMS Improvementin %

50 mm 0.99 1.00 0.9
70 mm 0.97 1.00 2.6
90 mm 0.90 0.98 8.7
110 mm 0.67 0.95 42.7
130 mm - 0.79 -
TABLE Il

CALCULATED CONTRAST RESOLUTIONS FOR THEB MM CYSTS SHOWN INFIG. 7.
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Fig. 9. The calculated improvement in speckle SNR from a homogeneous phantom containing only randomly distributed scatterers. The SNR
of TMS imaging relative to conventional imaging improves rapidly after 60 mm and peaks at 120 mm with a 14 dB increase in SNR. The
attenuation was 0.5 dB/[MHz,cm].

Mathematically, the SNR at image poirt was calculated by

h i
P 2
&7 N2 Sn(%p)
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SNR(#p) = (10)

whereN is the number of image§ (+p) is imagen, andé(fp) is the mean image.

The improvement in SNR of TMS imaging relative to conventional imaging is displayed in Fig. 9. The result is
plotted as the average SNR improvement for each depth, and the curve has been lItered using a lowpass lter to
produce a more smooth appearance. It is noted that the SNR of TMS imaging improves rapidly after the geometric
focal point of conventional imaging at 60 mm, reaching a maximum of 14 dB at 120 mm. At 130 mm the SNR
starts to decay and reaches 0 dB at approximately 170 mm.

D. Acoustic Output

Prior to conducting the in-vivo measurements the acoustic outputs of the ultrasound scanner were measured for
the two imaging modes. The measured intensities need to satisfy preamendments upper limits regulated by the
United States Food and Drug Administration (FDA) [16], which have been introduced as safety guides to avoid
damage to the tissue and pain to the patient. These limits concern the mechanical indek;9Mthe derated
spatial-peak-temporal-average intensifya -3 - 720 mW=cm?, and the derated spatial-peak-pulse-average inten-

Sity lsppa:3 - 190 W=cm? [16].

The acoustic outputs were measured in a water tank using a high precision 3-dimensional positioning system and
a miniature PVDF hydrophone (Force Technology, Denmark, model: MH28-4) by following the guidelines given
by the American Institute of Ultrasound in Medicine (AIUM) [17]. The levels obtained are listed in Table Ill. These
values are considerably lower than the FDA limits and in-vivo scanning is therefore safe using the present imaging
modes.

The calculation oflsy.3 Was based on the interleaved implementation of the methods with a scan repetition
frequency (frame rate) of 12 frames/sec.

E. In-Vivo Image Quality

Two in-vivo acquisition sequences each containing 30 frames (2.5 sec. scan duration) at abdominal locations
on two healthy male volunteers were scanned by an experienced sonographer to evaluate the feasibility of TMS
imaging in-vivo. At each scanning the patient was asked to hold his breath to remove respiratory motion and
improve the anatomic visibility. No other motion compensation was applied.

The images in Fig. 10 are two snapshots of the processed movie sequence from the rst scanning. They show
transverse sections of the right liver lobe containing hepatic vein branches, cross sections of portal vein branches,
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Conventional TMS Unit

| sppa: 3 26.28 7.93  W=cn?

| spta: 3 3.66 72.94 mW=cm?

Ml 0.41 0.27 -
TABLE Il

ULTRASOUND INTENSITIES AND MECHANICAL INDEX (MI) USED IN CONVENTIONAL AND TMS IMAGING RESPECTIVELY. THE VALUES
ARE DERATED IN-SITU VALUES,AND THEY HAVE BEEN MEASURED ACCORDING TO THE GUIDELINES GIVEN BYAIUM.

Fig. 10. The images show transverse sections of the right liver lobe containing hepatic vein branches, cross sections of portal vein branches,
and the diaphragm in the lower part of the images.

and the diaphragm in the lower part of the images. Note, the improvement in vessel contrast in the TMS image,
which is obtained due to the improvements in both contrast resolution and spatial resolution.

The images in Fig. 11 are snapshots from the second scanning. These show a longitudinal section of the right
liver lobe showing cross sections of hepatic vein branches, longitudinal section of a portal vein branch (upper left
part), the kidney, and the diaphragm at the bottom. The improvement in spatial resolution is clearly observable, and
the boarder of the kidney and its inside structures are better de ned.

The movie sequences were used to evaluate real-time feasibility. These included tissue motion from heart beating,
resulting in organ and vessel wall motion. No motion artifacts were observed, which indicates that tissue motion is
not a signi cant problem in abdominal STA imaging. Furthermore, it was noticed, that when breathing motion was
removed the motion of the structures in TMS imaging was more independent. This was observed especially for the
kidney, which appeared as an independent organ rather than bounded to the surrounding tissue as in conventional
imaging. In other words, the motion in TMS imaging is more realistic, because TMS imaging takes a shapshot
image of the tissue.

V. DISCUSSION

TMS imaging holds several advantages over conventional imaging, such as higher frame rates, better focusing,
and continuous blood ow imaging. The frame rate of TMS imaging is directly proportional to the number of
emissions applied to build the high resolution image, and it is therefore independent of the image format, neglecting
real-time implementation issues. Thus, the frame rate can be increased by simply reducing the number of emissions,
at the expense of SNR and to some extend presence of grating lobes depending on the spacing between the virtual
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Fig. 11. Longitudinal section of right liver lobe showing cross sections of hepatic vein branches, longitudinal section of a portal vein branch
(upper left part), the kidney, and diaphragm at the bottom.

sources. This could be bene cial e.g. when imaging a region with signi cant tissue motion or for 3D imaging. As
explained in Section Il both the transmit and receive apertures are focused in the best possible manner at every im-
age point, corresponding to dynamic transmit and receive focusing in a conventional imaging system. Synthesizing
the transmit aperture provides the freedom of better control of the transmit beam pattern using dynamic apodization
algorithms, which is bene cial in terms of improving the contrast resolution and more generally the image appear-
ance. Recently, it has also been shown, that STA imaging can be applied to perform accurate blood ow imaging
continuously at all ow angles including pure transverse ow [18], [19], [20].

It may seem surprising that the in-vivo images and movie sequences did not show any visible effects of tissue
motion on the TMS image quality, especially since the method is more susceptible to motion as explained previously.
Several authors have reported that axial tissue motion is the dominant factor in image degradation [21], [22], due
to the much higher spatial frequency in this dimension. As a worst case scenario, to avoid incoherent summation
of the low resolution images, the axial tissue displacement should be less-thawer the acquisition of a whole
frame. The tissue velocity; should therefore be limited to

20 M (1D
wherecis the speed of sountly; is the pulse repetition frequendy, is the center frequency, and is the number

of transmissions. Based on the imaging parameters used for this study and a scan depth of 16 cm, the dgmand on
becomes

t

1540 520 1
2 55¢10° 96
Schlaikjer and coworkers [23] have reported abdominal tissue velocities of up to 10 mm/sec over a cardiac cycle
around the Hepatic vein. Considering this estimate as the average abdominal tissue velocity, the TMS images
should have shown some motion artifacts. There are however several reasons why this is not the case. First of
all, the above calculation is valid only for a narrow band pulse, which means that complete cancellation will only
occur at the center frequency. The system is, however, highly broadband to obtain good range resolution, and thus
a speci c tissue velocity will only affect a small frequency range. Secondly and more importantly, the calculation
was based solely on axial motion, which rarely occurs in-vivo. Tissue motion is commonly 3-dimensional, and this
means that it is the 3-dimensional characteristics of the point spread function, which determines the effects. A more
detailed analysis of the in uence of tissue motion and methods for compensation is out of the scope of this study,
but it is the topic of ongoing research [24], [25]. Based on the results presented here, it is concluded that tissue
motion does not objectively seem to have a signi cant in uence on the image quality of abdominal TMS imaging.

Vi 7mm=sec (12)
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VI. CONCLUSION

This paper presented a feasibility study of performing STA imaging using convex array transducers. STA imaging
was implemented using a previously published method called TMS imaging to increase the SNR to a clinically
satisfactory level. This method was described in details and some essential design considerations introduced by the
more complex geometry of the convex aperture was presented and solved.

An experimental evaluation of convex TMS imaging was performed through both phantom and in-vivo measure-
ments using the RASMUS research scanner, and the results were compared to a conventional application of the
convex array in a commercial scanner using focused beams.

The phantom results showed clear improvements in image quality in terms of both spatial resolution, contrast
resolution and signal-to-noise ratio (SNR). In particular, the contrast resolution was improved for TMS imaging by
more than 30% after the focal depth of conventional imaging, and an increase of up to 14 dB in SNR was obtained,
which translated into better image contrast and a 2 cm increase in penetration depth approximately.

In-vivo movie sequences with a 2.5 sec. duration of the abdomen and right kidney were acquired and evaluated.
Image snapshots of these movies were presented and they showed the same improvements obtained in the phantom
measurements, thus supporting these results. No visual tissue motion artifacts were present in the images, and this
observation was also supported by the evaluation of the movie clips. Furthermore, it was noticed, that the motion
of the structures in the TMS imaging sequences due to heart beating and vessel pulsation was more independent of
each other. In particular, the kidney seemed to be moving independent of the surrounding tissue, which was noticed
especially around its borders.

In conclusion, this paper has shown that application of TMS imaging with convex array transducers is possible
and in-vivo TMS imaging seems feasible.
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A.3 In-Vivo Evaluation of Convex Array Synthetic Aperture Imag-
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In-vivo Evaluation of Convex Array Synthetic Aperture Imaging
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Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
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Abstract Simulation and phantom studies of STA imaging have
been published with good results (Karaman et al. 1995;
. o . Gammelmark and Jensen 2002, 2003b). The viability of the
This paper presents an in-vivo study of STA imag- ) o
ing in comparison to conventional imaging, evaluating technique in-vivo is, however, ye.t to be pro,"e”’ f'md doubts
whether STA imaging is feasible in-vivo, and whether ~have been uttered, stating that tissue motion will probably
the image quality obtained is comparable to traditional ~Make the coherent summation of temporally separated sig-
scanned imaging in terms of penetration depth, spatial nals break down.
resolution, contrast resolution, and artifacts. In this study an implementation of STA imaging us-
Acquisition was performed using our research scan-  ing multi element defocused circular wave emissions and
ner RASMUS and a 5.5 MHz convex array transducer.  linearly frequency modulated signals (Gammelmark and
STA imaging was acquired using circular wave emula-  jensen 2002) will be tested in a clinical setting on healthy
tion by 33-element subapertures and & 8inear FM volunteers. The method is investigated for abdominal imag-
signal as excitation pulse. For conventional imaging a 4 \;sing a convex array transducer, and it is compared to
6‘.‘ element aperture was us.ed.m transmit and receive conventional convex array imaging measured under the ex-
with a 1.5 cycle sinusoid excitation pulse. i . .
. . N act same conditions at the same time and anatomical loca-
Conventional and STA images were acquired inter- i - .
leaved ensuring that the exact same anatomical location “9”- This is ensqred by our experlmental ultrasound scan-
was scanned. Image sequences were recorded in real- NiNG system, which can produce simultaneous ultrasound
time and processed off-line. Seven male volunteers acquisitions of the exact same location using two or more
were scanned abdominally, and resulting images were different techniques. Images will be rated by blinded eval-
compared by three medical doctors using randomized uation by ultrasound specialists (medical doctors).
blinded presentation. Penetration and image quality The following two null hypotheses are tested:
were scored and evaluated statistically. Results showed
slightly but signi cantly (0.48 cm, p=0.008) increased
penetration using STA. Image quality was also highly
signi cantly (P<0.001) increased. Results show that
in-vivo ultrasound imaging using STA is feasible for ~ Additionally, this paper gives a short technical introduction
abdominal imaging without severe motion artifacts. to STA imaging.

1. STA imaging has no effect on penetration depth.

2. STA imaging has no effect on image quality.

Synthetic Transmit Aperture Imaging

Introduction The traditional ultrasound scanning method transmits sound
Conventional ultrasound scanning emits focused beamgrnione direction at a time, hence the term scanning. The sig-
one direction at a time, sequentially building up an imagmls received by multiple receive elements of the transducer
of consecutive scan lines. This is a technically intuitivere used to reconstruct part of an image corresponding to
and easy implementable solution to ultrasound imaging, ithe scan line. In the following, linear arrays will be used for

posed by the limits of analog electronics at the birth of mesimplicity. Since each transducer element transmits a more
ical ultrasound in the 1950's. The emergence of array et@-less circular wave in the image plane, a line shaped emis-
ment transducers has introduced dynamic receive focusisign eld is approximated by delaying the emissions from

which yields an optimal lateral focus at all depths in theach element individually, so that the wavefronts arrive si-

image for this method. Synthetic transmit aperture (STA)ultaneously at a desired focal point. Hereby the energy is
imaging, a technique originally adapted from radar, offefgcused in the focal point, and also, although to lesser de-
the same optimal resolution at all depths in transmit as wgike, along the scan line as shown in Fig. 1(a), where the
as receive, with the potential of increasing the overall sgateral elements emit earlier than central elements. Assum-
tial and contrast resolution. ing a constant sound speed, the travel time between points
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is given as the geometric distance divided by the speed of
sound. To compensate for a longer distance a delay is im-
posed on elements closer to the focal point. The emission
delays @) of each transmit element | located a+ is:

ar(ry= OO Xl

where(Xr ; zr ) is the position of the focal poingis speed

of sound, andkr is the lateral position of the transmit el-
ements (Fig. 2). To reconstruct the line in the image, it is
assumeﬁ, that energy is transmitted along the scan line only
(the lineLF in Fig. 3) de ned by the center of emission and
the focal point. To reconstruct an image line, signals from
all receive elements are delayed and summed dynamically
during reception, i.e. the focal point moves along the scan
line during reception, as shown in Fig. 1(b). The focused
scan line signal (z) as a function of deptej is:

A [
¥ Uilpje jbRj

IL(Xg;2) = Sy ——mMm (2)
c
n=1
where
jLPj = z
. . q 2
JE’RnJ = (XF i Xr(N)"+ 22

(a) Transmit focus in conventional system, where the geometrical
ands;, (t) is the Signal received by element m.Ng is the circular wayefronts frgm each element only intersects perfgctly in
. . " the transmit focal point (dashed line at depth 5). Three different
number of receive elements; is the lateral position of the points in time are shown.
focal point, P is the image poin{xr;zp), andxgr(n) is
the lateral position of the element (Fig. 3). To achieve a full
image withN | lines, one must perforiN_ emissions.
In synthetic transmit aperture imaging a different ap-
proach is taken. Here a single element is used at each
transmission to generate a circular (i.e. defocused) wave
in the image plane, which ideally spreads out in all di-
rections. This way a single well-de ned wavefront prop-
agates through the medium. To reconstruct the image point
P = I (xp;zp), the signal valusy (t) is taken at the time:

L) ®

where

irpi= P2

j’:’Rj: P (xi xr)2+ z2:

The signal at the timeis the integral of the scattering sig-
nal along an ellipse de ned by the transmit element located
atT = (x7;0) and the receive element Bt= ( xg;0) as
focal points, ana ¢t as major axis (see Fig. 4). By combin-
ing the signals from multiple receive elements, intersecting
ellipses extracts the information from a single point (Fig. 5).
In this way a full image can be obtained from a single trans-
mission event:

A . | (b) In dynamic receive focus, the signal delays used for sum-

v Xr ]il‘ Pxz ]+ jfix;z Rnj . ming, are adjusted during reception, so perfect receive focusing is

I (x;2) = Sn c ! (4) achieved along the scan line, i.e. the circles, that represents the po-
n=1 sitions contributing to the received signal at a given time instance,

intersect perfectly

Figure 1: Conventional transmit and receive focus.
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Figure 4: Ellipse with major axis equalling¢t for a given trans-
Figure 2: The geometry of transmission from a single eleriientmission and reception element, that describes the source of the
located a(xr ; 0). The focal point is located a{X ; zr )). scattering information summed in the received signal at time

compared to the single line of an image one obtains for each
transmission in conventional scanning. By adding the result
of several 1) transmissions with different transmission

elements:
|

A
%t %r . s . ) .
I (X, Z) — Sn;m Jlf‘m PX,ZJ -:; JgX,Z Rn] , (5)

m=1 n=1

one obtains even better focusing yielding a higher resolu-
tion. In Fig. 6 the difference between focusing in a conven-
tional system and STA is shown using three (for simplicity)

transmit and receive elements.

Figure 5: Focusing is obtained by intersecting the ellipses of for
each receive element at the point of interest. Eleven receive ele-
ments (red dots) are used with a single transmission element (red).
Three different gures, with different transmission elements are
shown.

Figure 3: Assumed scan line parallel withaxis de ned by focal
point (F ) used for reconstructing image in conventional scannin@ent location (Fig. 7). The produced image is called a low
(lateral) resolution image, because the image is created us-
To perform the acquisition, the scattered echoes ﬂﬂg a single transmit element. This is repeated after each
recorded using all elements in the receive aperture with&mission, and the individual low resolution images are -
any beam formation during reception. The transmit-receigally summed to produce the displayed high resolution im-
procedure is repeated until all elements in the transmit apa@e. In this way, the transmit aperture is synthesized over
ture have been used for transmission. Calculation of imagfveral transmissions, and the ultrasound image is build up
points are independent from each other, which enables g@quentially. Hence the term synthetic aperture imaging.
allel processing. In practice, the image reconstruction pro-Since a single element is applied at each transmission, the
cess is performed sequentially. After each emission eventitted energy is low, which results in a low signal-to-noise
a complete ultrasound image is formed by focusing the ratio (SNR) and, thus, low penetration. To increase the SNR
ceive aperture at all image points based on the transmit elececent study of STA imaging (Gammelmark and Jensen
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Material and Methods

Seven healthy male volunteers were scanned in supine po-
sition by an experienced sonographer. Mean age was 32.5
(from 26.5 to 43.5) years, mean weight 82 (from 70 to 96)
kg and mean body mass index (BMI) was 25.2 (23.7 to
28.1).

Equipment

The measurements were performed using the experimen-

tal multi-channel ultrasound scanning system RASMUS

(Jensen et al. 1999). The system has 128 individually pro-
(a) In a conventional system the () In an STA system, the el- grammable tr_ansmitter§ gapable of _sending arbitrary_coded
ellipses for each transmit-receive lipses intersect perfectly in all Waveforms with a precision of 12 bits at 40 MHz. Sixty-
element pair only intersect per-  points in the image. four receive channels can be sampled simultaneously at 12
fectly in the transmit focal point. bits and 40 MHz, and the 2-to-1 multiplexing in the system

enables acquisition of 128 channels in real-time over two

Figure 6: Intersection of geometrical representation of signal safinsmissions. The system has 16 Gbytes of storage mem-

les in conventional and STA imaging in m with three trans- . . .
ples in conventional a ds aging in a system with t eet"’lésrylnthe receivers, which enables the acquisition of several
mit and receive elements

seconds of real-time RF data, and it is remotely accessible
and programmable through a developed Matlab/C-library
interface. The front-end in RASMUS is build by slightly
modifying a commercial front-end. The analog electronics
in the system is, thus, comparable to a commercially avail-
able ultrasound scanner.

The transducer used for this study was a commercial
5.5 MHz convex array transducer with 192 elements and
., pitch. The bandwidth of the elements is 60% relative to
the center frequency, and the convex radius of the aperture
is 41 mm. The height of the elements is 8 mm, and the array
has a lens in the elevation dimension with a xed focus at
40 mm. Due to the limitation of the RASMUS system, only
the central 128 elements of the array are accessible.

Imaging Setup

For conventional imaging a 64 elements transmit and re-
ceive aperture was used with a xed focus at 70 mm. A
1.5 cycle sinusoid with a center frequency of 5.5 MHz and
Hanning apodization was used as excitation. The number of
lines in each frame was determined by the spatial Nyquist
Figure 7: Schematic illustration of STA imaging. At each emisheorem. For the present imaging setup and the above con-
sion event a spherical wave is transmitted from a single elemegéx array geometry, this resulted in 195 lines per frame.
and the echoes are rec_orgled by all receive aperture_eler_nents. _Tt}for STA imaging a 33 element subaperture was used to
echoes from each emission are focused at eac.h pixel in the iulate the high power spherical wave transmission, and
age producing low resolution 'Mages, and these IMages are naiﬁ(’.‘elements equally spaced over the full 128 element aper-
summed coherently to form the displayed high resolution image. . .
ture were used on receive. The transmit aperture was moved
one element after each transmission producing a total of 96
emissions for each frame. A 2Gs linear FM signal with a
center frequency of 5.5 MHz and 90% bandwidth was used
2003b) has shown, that the combination of multi-elemeas excitation signal. The FM signal had been weighted with
subapertures, used at each emission to increase the ingefiukey window to reduce the temporal sidelobes (Mis-
sity of the emitted spherical wave (O'Donnell and Thomaidis and Jensen 1999). As explained previously, this com-
1992; Karaman et al. 1995), with linear FM signals (Migsination was used to increase the SNR of STA imaging.
aridis and Jensen 1999) can be used to increase the SNR @he imaging modes were interleaved such that one frame
STA imaging beyond that of conventional images. from one mode followed directly after the other. Hereby,
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images from exactly the same in-vivo view were obtained, Conventional STA Unit
cach soan was 1316 am. andthe merieaved frame ratewas w3 2628 793 weond
' I spta: 3 3.66 72.94 szcmZ

set to 12 frames/sec, i.e. 12 conventional and 12 synthetic
frames per second. Mi 0.41 0.27 -

The excitation voltage was the same for both conven-

tional and STA imaging& 50 V), and it was not ChangedTable 1:. Ultrasound |nt§nsm_es and meghanlcal index (M) used in
. . conventional and STA imaging respectively. The values are der-
during acquisition.

ated in-situ values.

Acoustic Output

Prior to conducting in-vivo experiments, the acoustic out- . . .
. The STA data were processed using dynamic transmit

puts of the ultrasound scanner were measured for the imag- . ) . . .
and receive focusing as described earlier. A designed com-

ing modes under investigation. The measured intensities” . .
g 9 ession lter with a center frequency of 5.5 MHz and

. .. I

need to satisfy preamendments upper limits regulated (y% bandwidth was used to lter the RF data and per-
the United States Food and Drug Administration (FDf rm the pulse compression. The Iter was weighted with a
1997), which have been introduced as safety guides puise P ’ >19
avoid damage to the tissue and pain to the patient Thesﬂebychev window to reduce the near and distant temporal
limits concern the mechanical index. Ml 1:9. the ae- su:?elobes in the compression output (Misaridis and Jensen
rated spatial-peak-temporal-average ' intenéig,)g _ 1999; Gammelmark and Jensen 2003b). Dynamic apodiza-

. . pa:3 tion was applied in both transmit and receive using a mod-
190W=cm?, and the derated spatial-peak-pulse-average |it Hamming window with -12 dB edge levels, and both
tensitylspa:3 - 720 mW=cm? (FDA 1997). '

F-numbers were kept constant at 2 until the apertures were

. The "_"COUStiC_O_UtpUtS yvere r.neasured. i.n a water tank Hﬁry opened. The number of beamformed image lines was
'”9 .a high precision 3-dimensional position system andﬂ?e same as the number of scanned lines in conventional
miniature PVDF hydrophone (Force Technology, Denmarit‘naging, i.e. 195 beams. Note, however, that any number

model: MH28-4) by following the guidelines given by,s soap jines or image points could have been beamformed
the American Institute of Ultrasound in Medicine (AIUI\/Ifor STA imaging, from the acquired data

1998). The levels obtained for both imaging methods a8 when both sets of data were beamformed the element

listed in T.ab.le L T*.‘es? values gre 90n5|derably lower t.hgé]nsitivity (O'Donnell and Thomas 1992) was taken into
the FDA limits and in-vivo scanning is therefore safe usi

. . "&count. The angular sensitivity of each aperture element
the present imaging modes.

Acquisition

Two different locations (Fig. 8) were scanned in each per-
son. Both upper abdominal views of the liver in some
cases including the right kidney. Hereby, two acquisi-
tions, with the two imaging techniques were made in seven
volunteers yielding 28 cine-loop sequences (14 paired se-
quences), each of approximately 3 seconds duration.

A scout image to initially locate the transducer was ob-
tained using the transducer on a commercial scanner (B-
K Medical, Hawk 2102) immediately before the acquisi-
tion. The volunteer was asked to hold his breath and an
interleaved sequence of 3 seconds (36 frames) duration was
recorded. The acquired RF data were then transferred to a
computer cluster for subsequent off-line processing.

Data Processing

The conventional data were beamformed using dynamic

receive focusing. The RF signals were Itered using a

matched Iter, and dynamic apodization using a modi ed

Hamming window with -12 dB edge levels was applied, (a) Sub-costal sagittal view  (b) Sub-xiphoid transverse view

which kept the receive f-number=2 until the receive aper-
ture was fully opened. Figure 8: Two typical scanning locations
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was set ta8 50 degrees (corresponding to the -6 dB sensinage Assessment
tivity limit), and an element was not applied in the beam-
former until the image point to be beamformed occurrddiree medical doctors (ultrasound specialists) evaluated the

inside its acceptance angle. movie clips. None of the three were involved in the project,
) . nor had they any prior knowledge about the details of syn-
Automatic TGC Post-Correction thetic aperture imaging, or seen any of the images before-

Before scan-line conversion, the TGC was corrected &&nd. Evaluations were done blinded and independently of
cording to depth to obtain homegenous images suitable @&ch other.

comparison. The automatic correction method is describegenetration depth comparisamere done by presenting
by Pedersen et al (2003). The method automatically sithe 28 sequences, as shown in Fig. 10(a), in random order
ulates the TGC adjustments performed by a sonographgfeach doctor without any information on the type of tech-
eliminating the possible bias from human intervention. nique used. He was asked: "At what depth [cm] does the
After envelope detection and log-compression the mgage quality decrease signi cantly?”, to estimate the per-
dian value of all lines for all depths in the rst recordedeived penetration depth. The differences between depths in
frame was found. The resulting curve was tted (cubimatching image pairs (conventional and STA) were used for
spline) to eight control points found from the average valtiee statistical analysis to avoid the bias from different exam-
of the median curve in eight evenly distributed along theers, who undoubtedly have different opinions on how to
depth axis. The resulting tted curve was then subtractedswer the posed question.

from aI_I Iin_esdin _aIIe(;ramdes. In_ Fig. 9 anf exadmple of the Image quality comparisonf conventional and STA im-
correction is depicted. A dynamic range of 50 dB was ”S%es were performed by displaying matching pairs side-by-
Movie Generation side in random order and with random left-right placement

. . . . of the conventional image. This resulted in 28 presentations
Scan line conversion and movie generation were done

A . of'the 14 pairs. The doctors were asked to score which of
MATLAB (MathWorks Inc., Natick, Mass., USA). Movies P . . :
o ) T he two presented images (movies) was better on a visual
consisting of 3 s recordings, swinging forwards and back- .
: . . L analog scale (Altman 1997) (VAS), see Fig. 11(a). Before
wards, to avoid annoying temporal discontinuities, we

{fie scoring the VAS scale was explained using Fig. 11(b).
created with both single and paired images. In the sin g g b ) g Fig. 11(b)
iy e gure instructs the doctor on how to interpret the scale

image movies only conventional or synthetic acqwsmonsn . . . .
. . . when performing the evaluation. To avoid categorized data
were shown. In paired movies both conventional and syn-

o . . : and get a smoother distribution, this explanatory scale is not
thetic images were shown side-by-side. Two versions ? g P y

) i . . .~ shown during the actual evaluation (scoring).
the paired movies were made, with the conventional image

to the left and to the right respectively. The movies were
compressed using the loss-less Huffyuv CODEC v2.tol
generate Windows AVI les.

lpy Ben Rudiak-Gould, Berkeley University, USAht{p:
/lweb.archive.org/web/20020202101504/http:
Ilwww.math.berkeley.edu/ > benrg/huffyuv.html

(a) Visual Analog Scale (VAS) used to compare left and right image.

Figure 9: Automatic TGC post-correction of logarithmic enve-

lope. The left graph shows the maximum and minimum log-dB

values as a function of depth. Between the maximum and minie) Explanation of VAS shown to medical doctors before scoring im-
mum curves the tted median curve and the control point leveldges. The lower scale was used to read scored values.

(horizontal bars) are shown. The right graph shows the min, max,

and median values after TGC correction. Figure 11: Visual analog scale for image quality comparison
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(a) Synthetic aperture image / movie clip used for (b) Image of movie with both conventional (left) and STA (right) images for comparison.
penetration depth estimation.

Figure 10: Single and double image presentation. The presented images are transverse sections of the right liver lobe containing hepatic
vein branches, cross sections of portal vein branches, and the diaphragm in the lower part of the images. The depth indications are in
cm.

Statistical Analysis Results

The statistical data analysis languadeiRs used for statis- The STA images were generally good and undoubtedly ap-
tical computations. Student's (one sample) t-test was ugdigable in clinical imaging. Examples are shown in Fig. 10
on the resulting differences jpenetration depthassuming and Fig. 14.

normal distribution supported by Fig. 12. Two-sided tes{§y features

were used. ) ) )
Synthetic aperture images clearly had a more uniform lat-

Since each evaluating doctor most likely has his own igeg| resolution than the conventional, undoubtedly due to
terpretation of the visual analog scale and show differgqk, optimal focusing at all depths, which resulted in sharper
degrees of attraction to the center point (Fig. 13) in sidg;a4es with more well-de ned structure borders. Addition-
by-sideimage quality comparisonsio assumptions of Nor-5y “movement during acquisition seemed to be rendered

mal distributed data were made. Consequently, WilcOXQfterently compared to conventional images. Moving or-
signed rank test with continuity correction was used on tBﬁns seems to be moving moee blog i.e. without the

VAS results. The P values of the pooled data from all thr&g, -ing that occurs in conventional ultrasound imaging.
examiners were corrected for multiple comparison using %gis remains to be evaluated further though.
Bonferroni method (Altman 1997). ’

Limitations and Artifacts

An artifact appeared just above strong specular re ec-
tors (the diaphragm) in a few images, due to saturation
(Fig. 10(a)). The harmonic components introduced hereby
result in an extra 'match’ when performing the matched I-
tering producing a bright spot above the re ector. The arti-
fact is described and shown in Pedersen et. al (2003).

A subtle, but clearly noticeable, ashing artifact was seen
in some of the STA images during movement. It was not
visible in the individual images, only during movie play-
back. It had no visible in uence on image quality, and was
not mentioned by the evaluating doctors.

2http://www.r-project.org/

Penetration

The differences in penetration depths between the two tech-
Figure 12: Histograms and normality plots of perceived penetiaiques are shown in Table 2 and the distribution is depicted
tion depth differencesdgra i dconv: ). The normality plot sup- in Fig. 12. As seen, there is only a slight but signi cant
ports the assumption of normally distributed data. (P=0.008) difference in penetration depth; STA images on
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Figure 13: Distribution of answers to image comparisons. Positive values mean that the STA image is better. Data are shown for the
three doctors (S1-S3) individually.

(a) Longitudinal section of right liver lobe showing cross sections of hepatic vein branches, longitudinal section of a portal
a vein branch (upper left part), the kidney, and diaphragm at the bottom.

(b) Longitudinal section through right liver lobe including the right kidney. A hepatic vein branch is seen as a dark
excavation in the liver.

Figure 14: Some examples of the produced in-vivo images. Left part is the conventional and right is the STA image.
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average had 0.48 cm more penetration. The rst exam- Conventional STA  Difference P value
iner, though, did not perceive any signi cant difference in Examiner (cm) (cm) (cm)
penetration depth. The utilized signals and intensities wereg, 8.86 9.04 0.18 0.477
deliberately chosen to match penetration ability in conven-g» 8.21 8.79 0.57 0.076
tional and STA imaging within the given safety limits. This s3 9.36 10.04 0.68 0.012

shows that STA imaging is fully capable of producmg im0 led 8.81 9.29 0.48 0.008
ages to at least the same depth as conventional ultrasound

imaging. Table 2: Results of answers to “At what depth [cm] does the image
Image Quality quality decrease signi cantly?”

The distributions and results of the image quality scoring
are shown in Fig. 13 and Table 3, respectively. All three Sonographer  Difference P value
examiners scored a signi cant better image quality in STA (VAS)

images yielding a highly signi cant (®0.001) image qual- S1 10.75 0.0011
ity improvement based on the pooled answers. The mean S2 10'.6 0'_014
VAS score from all three examiners is not calculated, since S3 3.64 0.0025
it really makes no sense to do that. Also, one should be care-
ful to interpret the absolute VAS averages of each examiner,

in he values heavil nd on th rsons interpreta-
since the values heavily depend on that persons interp q'tﬁ)le 3: Mean VAS differences between conventional and STA

tion of the scale. images for each examiner. Positive values mean STA is better.

Pooled < 0:001

Discussion

The results signi cantly show, that synthetic transmit aper-
ture imaging can be used in medical ultrasound. We belieg
thisis the rst published study that make a clinical compargSynthetic aperture ultrasound imaging has been demon-
son of conventional and synthetic aperture ultrasound ima&@grated and evaluated in-vivo. The clinical evaluation
ing. The worry, that tissue motion would make cohereshowed improved image quality in side-by-side comparison
summation of samples, and thereby image formation, ifa- conventional ultrasound imaging. This nding is very
possible, can be discarded for these abdominal images. Maportant to future real-time three-dimensional imaging
tion does introduce minor ash artifacts, though, which weethods based on synthetic aperture techniques (Nikolov
expect to be able to remove by motion compensation in &t-al. 2003; Hazard and Lockwood 1999). Especially two-
ture works (Gammelmark and Jensen 2003a). The synthaiigl three-dimensional vectorial ow estimation methods
aperture technique heavily depend on coded (chirp) excitdensen and Nikolov 2003), which heavily depend on the
tion to obtain suf cient signal-to-noise ratio and thereforgigh acquisition rate delivered by STA imaging.

exhibits the same minor artifacts in our current implemen-
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2D Tissue Motion Compensation of Synthetic
Transmit Aperture Images

Kim Lgkke GammelmarkStudent Member, IEEEBNd Jgrgen Arendt Jenseenior Member, IEEE

Abstract

Synthetic Transmit Aperture (STA) Imaging is by nature more susceptible to tissue motion than traditional scan-
ning techniques, due to the summation of low resolution images to create the displayed high resolution image. Meth-
ods for motion estimation and correction of STA images, which have previously been investigated, have primarily
been concerned about axial motion. Lateral motion will, however, degrade the lateral resolution and contrast reso-
lution, and, thus, two dimensional (2D) motion compensation is necessary to retain the advantages of STA imaging.
This paper presents a method for 2D tissue motion correction in STA imaging. The method utilizes the high cor-
relation that exists between high resolution images recorded using the same emission sequence. The velocity and
direction of the motion is found at selected image points by cross-correlating short high resolution lines beamformed
along selected angles. For each point the angle with the highest correlation coef cient gives the direction of the
motion, and for this direction the velocity is calculated. The method is interleaved with the regular B-mode emissions
in STA imaging, and the motion compensation is performed by tracking each pixel in the reconstructed image using
the estimated velocity and direction. The method was primarily evaluated using phantom and in-vivo experiments.
The phantom results generally showed that the direction and velocity can be estimated with low bias and standard
deviation for both high and low tissue velocities, resulting in almost perfect recovery of the image quality. For a tissue
velocity of 15 cm/s at a 45 degrees angle, the velocity was estimated with a relative bias and standard deviation of
-6.9% and 5.4%, while the motion direction was estimated with a relative bias and standard deviation of -8.4% and
6.6%, respectively. The contrast resolution in the corrected image was -0.65% lower than the reference image. The
in-vivo experiment performed abdominally, with transducer motion produced by the sonographer, demonstrated that
severe tissue motion is indeed a problem in STA imaging, and that the presented method is capable of perfect motion
compensation producing a signi cant increase in image quality.

I. INTRODUCTION

Traditional medical ultrasound images are measured by sequentially transmitting a focused ultrasound beam in
different directions in the tissue and simultaneously steering and focusing the receive eld in the same directions.
This produces a set of scan lines, which are stacked together to generate the displayed image.

Synthetic Transmit Aperture (STA) imaging is a relatively new imaging technique, originally adapted from radar,
which exploits a somewhat different approach to building up the ultrasound image [1], [2]. Instead of limiting the
transmitted ultrasound eld to a narrow beam in a particular direction, the basic principle in STA imaging is to
transmit a spherical wave using a single element, which propagates in all directions in the tissue simultaneously.
The echoes recorded by the receive elements contain information about every scatterer in the illuminated region,
and the received signals are then processed by steering and focusing at all image points to form a complete image
after one emission [3]. This process is repeated by consecutively exciting all elements in the transmit aperture,
and the individual low resolution images are nally summed to generate the displayed high resolution image. No
focusing is applied at each transmission and, since the origin of the beam is known, the transmit aperture is also
steered and focused at every image point. This produces images with dynamic transmit and receive focusing, which
are improved compared to the traditional ultrasound scanners with a single transmit focus.

The application of a single transmit element produces a clinically insuf cient signal-to-noise ratio (SNR), because
the transmitted energy is limited due to hardware limitations and transducer heating problems. Recent work has
shown that the SNR can be increased by employing a subaperture at each emission to emulate the spherical wave
transmitted by the single element [1], [2], and by replacing the conventional short excitation signal by a linear
frequency modulated (FM) signal [4], [5], [6]. Using this approach, denoted TMS imaé@hg[7], the SNR is
increased to a clinically suitable level enabling successful in-vivo application. This was demonstrated in a recently
published clinical study comparing TMS imaging to conventional convex array imaging in abdominal imaging [8],
[9].

Since STA images are produced by adding low resolution images obtained over several emissions, it inherently
relies on coherent summation, i.e. the images are phase aligned when summed. If the low resolution images are
summed incoherently, the displayed STA image will be unfocused with a smeared appearance, resulting in loss

Kim L. Gammelmark (klg@oersted.dtu.dk) and Jagrgen A. Jensen (jaj@oersted.dtu.dk) are both with the Center for Fast Ultrasound Imaging,
@rsted DTU, Building 348, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark.
1Temporally encoded Multi-element Synthetic transmit aperture imaging.
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in image quality. Presently, the most important factor considered to cause phased misalignment is tissue motion,
which is primarily produced by the beating heart, blood pulsation, respiration, and transducer motion. The latter
is produced by the sonographer while scanning. The degree of loss in image quality will depend on how severe
the motion is, and therefore it will depend on the anatomical location being scanned. Compared to the traditional
ultrasound scanners, where motion artifacts occur as distortions of the tissue structures rather than loss in spatial and
contrast resolutions, STA imaging is clearly more susceptible to motion. In general, it may therefore be necessary
to compensate for tissue motion to fully retain the advantages of STA imaging.

Several methods have previously been investigated for tissue motion estimation in STA imaging [10], [11], [12],
[13]. Commonly it is reported that axial motion is the dominant factor causing image degradation due to the signif-
icantly higher spatial frequency in this dimension. There are though a signi cant shortcoming to solely performing
axial compensation. If 2D motion is present, and only the axial motion component is compensated for, the resulting
images will have degraded lateral and contrast resolutions compared to the case of perfect 2D compensation, hereby
loosing the advantage of better image quality in STA imaging as shown on Fig. 3 in [13] (as an example hereof).
Since tissue motion is inherently three dimensional, it is therefore evident that full utilization of the advantages of
STA imaging requires at least two dimensional (2D) motion correction to compensate successfully for scan plane
tissue motion.

Generally, motion estimation methods are based on time-domain cross-correlation of reference signals to nd
the shift in position of the tissue. The degree of success of such methods depends on the correlation between the
reference signals, which again depends on the degree of common spatial frequencies used to generate the reference
signals. This property was used by Karaman and colleagues in [12] to nd axial motion by cross-correlating
segments of low resolution images obtained by solely using common spatial frequencies. Another method to obtain
highly correlated reference signals is to use high resolution images. These will be completely correlated, if they
are acquired using the exact same emission sequence and receive aperture setup. This property has been used by
Nikolov and Jensen [14], [15] to generate synthetic aperture ow images for all ow angles. Here the blood ow
velocity is estimated by cross-correlating high resolution lines beamformed along the ow direction using a sparse
implementation of TMS imaging with a few emissions per high resolution image.

In this paper a method for 2D tissue motion compensation is presented for convex array TMS imaging. The
concept of convex TMS imaging has been studied by the authors previously in [7], [16] for B-mode imaging, and a
detailed description of this approach can therefore be found in these references. The motion compensation approach
is based on the same principles for nding the tissue velocity as the synthetic aperture ow method mentioned above
applied to nd the blood ow velocity. As an extension, the direction of the motion needs to be found as well,
which is done by correlating high resolution lines for multiple angles at each estimation point and selecting the
angle at which the correlation is highest. This direction estimation method has been investigated by Jensen in [17]
for automatic ow angle estimation. The method for convex arrays is described in full detail in Section I, and the
experimental setup used for the phantom and in-vivo measurements performed using the RASMUS research scanner
[18] are presented in Section Ill along with the applied signal processing strategies. The results are presented in
Section 1V, and nally the paper is concluded in Section V.

IIl. DIRECTIONAL MOTION ESTIMATION

The motion estimation method utilizes the high correlation that exists between high resolution images acquired
using the same emission sequence and receive aperture setup, and the fact that for a given emission any set of image
points within the interrogated region can be processed using STA beamforming [14]. The method seeks to nd
the tissue motion at a given image point by rst estimating the direction in which the scatterers have moved and
secondly estimating the velocity with which they moved. This is possible because the motion distortion in high
resolution images acquired using the same emission sequence will be identical, if the tissue velocity and direction
is constant during the acquisition [15].

To simplify matters initially, the method is illustrated in Fig. 1 using two emissions. For a given location in the
imaget, at which the motion is to be estimated, a set of low resolution lines along selectedjangted ; 2;:::;L,
are beamformed for each emission. This is illustrated in detail in Fig. 2. For each set of consecutive emissions, here
[mim+1],m+1;m+2],[m+2;m+3],:::, the lines corresponding to the same angle are summed to form

is the angle index. Thug, (n;1) is a 2D data set, where each column is a directional line. Assuming a constant
tissue velocity during the acquisition, the motion distortiorgin(n;1) andgm+2 (n; 1) will be the same and the

only difference should be the shift in position of the scatterers [15]. This is true only for the angle corresponding to
the direction of the motion, and the correlation between the high resolution lines will therefore be highest for this
angle. By correlating, (n; 1) andgm+2 (n;1) for all angles, i.e. column by column, the direction of the motion is
then found for the angle at which the normalized covariance is maximum. For this angle the shift in position of the
correlation peak can be found and, thus, the tissue velocity.
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Fig. 1. lllustration of the tissue velocity estimation approach using two repeating emissions. For each emission and each estimation point a
set of low resolution lines are beamformed for selected angles. These lines are summed angle by angle for consecutivelemissiohk,
[m+1;m+2],[m+2;m+3],:::, to form high resolution linegm (n;1), gm+1 (N;1), gm+2 (n;1),:::. The lines from idetical emissions

sets are then correlated to nd the direction of the motion and the velocity.

Fig. 2. Detailed illustration of the directional lines beamformed at each emission and used for the direction and velocity estimation. The vector
fp denotes the image point locatign,is the angle of thé'th directional line,xr is the sample spacing, asg (n; ) is the directional line for
emissionm.

The shift in position between high resolution lingg+1 (n;1) and gm+3 (n;1) will be equal to that between
Om (n;1) andgnm+2 (N;1), again assuming that the tissue velocity is constant during the acquisition interval [15].
Thus, the peak in the covariance functions will be located at the same lag, and they can be averaged to improve the
velocity estimate. This averaging can be applied for as long as the velocity can be assumed constant.

Going into more detaildyl emissions spaced over the full aperture will, in general, be used to create each high
resolution line and they are repeatéghq times, resulting in a total d#l ¢Nseq emissions. Théth high resolution
line is obtained from

pd
g(n;l)= Sm+i(M;1); 1)

m=1

normalized covariance [19] is obtained for each angle by cross-correlating the high resolution lines corresponding



GAMMELMARK & JENSEN 2004: 2D TISSUE MOTION COMPENSATION OF SYNTHETIC TRANSMIT APERTURE IMAGES 91

to the same angle as explained previously. Thus,

LP
(ki) = N

N g (Dg.m(n+ k)
g——
B

wherej = 0;1;:::;M (Nseq i 2), k is the lag, andvf andﬁ"/f?Jr,\,I are the variances of the high resolution lines
g (n;1) andg; + m (n;1), respectively, adjusted to have zero mean.

The peaks in thél (Nseq i 2) + 1 correlation functions will be located at the same position for the angle in
which the motion occurs. The estimate of the tissue velocity can therefore be improved by averaging the covariance
functions [20]

; 2

1 M("%eqi 2)

Ak = M(Nseqi 2)

(k1) @)
j=0

The direction of the motion is found at the anq’;\]gax wherelnax is the index for whici£k; I) is maximum for
all values ofk andl. The velocity magnitude of the motion is then calculated for this angle by

_ Kmax *rf prf .
0= - ; (4)
wherekmax is the lag of the correlation peak ¥k; Imax ), £1 is the sample spacing in meters, dpd is the pulse
repetition frequency.

The direction estimate will in general be too coarse due to the discrete set of angles, and the velocity estimate will
therefore be inaccurate. The estimates can be improved using interpolation around the correlation peak. Here, this
is done over two steps by rst interpolating the angle estimhate and secondly nding the interpolated velocity
estimate along the new direction. Following the approach in [21], the interpolated motion direqfiiign, iwhere

]y?n(lmax +1) i ]yﬂ"l(lmax i 1)

line = | i ; 5
T 2% (Imax +1) i 2% (Imax ) + Yon (Imax § 1)) ©)
and%, (1) is the maximum correlation for each angle
Va (1) = max K; 1): (6)
For this angle, the lag of the correlation peak is found using the same interpolation method. Thus,
ki ¢ = k i %kmax + 1;|int ) i ]y(kmax i 1; Iint ) . (7)
" max 2(%Kmax *1;lint ) i 2%Kmax ; lint ) + “&Kmax i L lint )’
and the velocity estimate becomes
_ kint *rf prf .
0= e ®)

A. Implementation with TMS Imaging

To obtain continuous imaging, the emissions in the estimation approach are interleaved with the B-mode emis-
sions normally used in TMS imaging. This is illustrated in Fig. 3 for a 1-to-1 ratio, where the motion estimation
emissions are denoted E-mode emissions. Hereby, the tissue velocity is estimated continuously. Using the 1-to-1
ratio, the tissue velocity estimate in (8) becomes

kint *rf prf
= —————; 9
M )
because the time between the E-mode emissions is now twice the pulse repetition period.
The velocity and angle estimates are used to compensate the low resolution B-mode images by recalculating the
location of the image points to be reconstructed. In particular, each pixel in the motion compensated B-mode image
S(tp) is reconstructed by

Nigmt Nev H ‘ 1
)= W) () g o (R (10
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Fig. 3. lllustration of the implementation used to obtain continuous motion compensation and B-mode imaging. The estimation emissions,
denoted E-mode emissions, are interleaved with the regular B-mode emissions with a 1-to-1 ratio.

Fig. 4. De nition of geometric variables used for the motion compensation. The vegtars, , andrt (m) denote the locations of transmit
elementm, receive element, and the tracked pixel for emissiom, respectively.

wherew, () is the apodization values for receive elemenivy, (t,) is the apodization value for (virtual) transmit
elemenmm, cis the sound speed, ahd,; andN,., are the number of emissions and receive channels, respectively.
The total distancém.n (+:(m)) from transmission centen to the tracked image point and back to receive element
n is given by

Omn (Rt(M)) = jr(M)i fm+ jtn i Ff(M)j; (11)

wheref(m) is the location of the tracked image point

i (mj 1)+ +;: (12)

. 2
#(m) = [sin {i,, ;0;cosfi,, ]¢.—
fprf

The vectors are de ned geometrically in Fig. 4.

B. Parameters of Interest

The theory presented above gives an overview of the motion estimation method and its implementation with TMS
imaging to continuously obtain motion compensated images. There are though some parameters in the estimation
algorithm, which requires further attention to fully understand the approach. These are the sample tlisthece
length of the directional lineNl ¢+r, and the number of repeated emissiths

The distance between the samples in a directional line will in general be dependent on its angle. Creating a
directional line at a given location in the image corresponds to sampling the medium in that particular direction. To
comply with the spatial Nyquist theorem, the spatial sampling frequency must therefore be at least twice the highest
spatial frequency in that direction. The K-space magnitude spectrum obtained by Fourier transforming a 2D speckle
region [22] determines the spatial frequencies of the speckle region around the directional line. For gnthegle
highest spatial frequency is found by rotating the K-space spectrum along the same angle and projecting it onto
the axial frequency axis, which is cumbersome to calculate. For all angles the highest spatial frequency will be in
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the axial direction. This means that, the Nyquist theorem can be satis ed for all angles by solely using the axial
sampling frequency. Therefore, the sample spating determined by [7]

+r -

41+ Bg (13)
where, is the wavelength, and ¢ is thej 6dB relative bandwidth of the transmitted pulse.

The length of the directional lines are determined by several factors, where the tissue velocity, the variance on
the velocity estimate, and the assumed area of constant tissue velocity are the most important ones. It is clear that
the line needs to be long enough, so that the motion of the scatterers can be estimated. This puts an interdependence
on the line length and the maximum detectable tissue velocity. The variance on the velocity estimate is inversely
proportional to the length of the line [19], and therefore the variance is decreased, when the line length is increased.
However, it is assumed in the model that the velocity is constant, and the line length is therefore limited by the size
of the tissue region over which the velocity can be assumed constant.

Although not a direct requirement, it is preferred that the number of repeated E-mode emissi®as integer
fraction of the number of B-mode emissions used per TMS image. This is to ensure that the estimation sequence is
repeated an integer number of times within one B-mode sequence. In other MoedsiNs.q Should be integers
andM ¢Ngeq = Nyme . This therefore puts some restrictions on the design of the estimation sequence.

Ill. EXPERIMENTAL SETUP

The measurements were performed using the experimental multi-channel ultrasound scannindR&ySMS
[18]. The system has 128 individually programmable transmitters capable of sending arbitrary coded waveforms
with a precision of 12 bits at 40 MHz. Sixty-four receive channels can be sampled simultaneously at 12 bits
and 40 MHz, and the 2-to-1 multiplexing in the system enables acquisition of 128 channels in real-time over two
transmissions. The system has 16 Gbytes of storage memory in the receivers, which enables acquisition of several
seconds of RF data in real-time. The transmission voltage58v, and RASMUS is remotely accessible and
programmable through a developed Matlab/C-library interface.

The transducer used for the measurements was a commercial 5.5 MHz convex array transducer with 192 elements
and, pitch. The bandwidth of the elements is approximately 60% relative to the center frequency, and the convex
radius of the aperture is 41 mm. The height of the elements is 8 mm, and the array has a lens in the elevation
dimension with a xed focus at 40 mm. Due to the limitation of the RASMUS system, only the central 128
elements of the array were used.

A. Imaging Setup

As explained in Section Il the motion compensation approach is composed of two interleaved sequences: 1) the
regular TMS B-mode emissions, and 2) the E-mode emissions used for motion estimation.

TMS imaging was implemented using a 33 element subaperture at each emission to emulate a spherical wave
emanating from a virtual point source located behind the subaperture. As explained in [7] the transmitted wavefront
was directed to propagate parallel to thaxis at each emission to increase the energy transmitted into the image
area, and thus increase the SNR. The excitation signal used R@@ssdinear FM signal with 5.5 MHz center
frequency and a relative bandwidth of approximately 95%. The signal envelope was weighted by a Tukey window
with a 16% duration to reduce the ripples in the chirps Fourier spectrum, and, thus, attenuate the distant temporal
sidelobes in the compression result [6]. The subaperture was stepped over the 128 elements array one element at
a time, resulting iy = 96 transmit positions. Using the 2-to-1 multiplexing all 128 elements in the array
were recorded on receive, and the total number of B-mode emissions used per high resolution image was 192. This
implementation is identical to the setup applied in previous studies of convex TMS imaging in [7], [8].

The setup used for each of the E-mode emissions was the same as that used for each of the B-mode emissions
described above. The estimation sequence was tested using two implementativhs8 AndNgeq=12, and 2)

M =16 andNs.q=6. These are in accordance with the preferred implementation requirements mentioned in the
previous section, and the number of E-mode emissions were 192 using the multiplexing. The total number of
emissions in the combined sequence was therefore 384. For these two implementation sequences the number of
averaged covariance functions(Nseq | 2) + 1 was 81 and 65, respectively (see Section Il for details).

B. Data Acquisition

Both phantom and in-vivo measurements were done to investigate the performance of the approach. The phan-
tom measurements were performed to test the method in a fairly controllable environment. A custom made three
dimensional positioning system was used to move the transducer a xed distance between each emission to impose
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a constant tissue velocity and motion direction. The positioning system is using stepper motors for accurate motion
and it has a resolution df25'm in the lateral and elevation direction aBtm in the axial direction. The data

were acquired by performing one emission at a time and after each emission moving the transducer according to
the desired motion. The tissue mimicking phantom contained small anechoic cysts with diameters between 1 and 8
mm, and both the 8 and 16 emissions implementations mentioned above were evaluated.

An abdominal measurement of the right kidney was performed on a healthy male volunteer to evaluate the method
in-vivo. The measurement was done by an experienced sonographer using the 16 emissions implementation, and
freehand motion was applied during data acquisition to simulate a true clinical scanning situation. A 2.5 sec data
sequence was acquired with a frame rate of 13 frames/sec and a scanning depth of 12 cm.

C. Data Processing

The processing was done off-line on a 70 cpu Linux cluster using Matlab. The RF channel data from each B-mode
and E-mode emission were Itered using a mismatch baseband Iter to compress the linear FM signal and recover
the range resolution. The mismatch Iter was designed based on the transmitted linear FM signal by applying a
Chebychev window with a relative sidelobe reduction of 70 dB [6]. This was done to reduce the temporal sidelobes
below -60 dB. Subsequently, the RF channel data were Hilbert transformed to form complex data sets.

The elastic properties of tissue tend to make the tissue move in approximately the same direction within a certain
region. It is therefore only necessary to perform the estimation at discrete points within the image area and not
at every point being reconstructed in the B-mode images. For the phantom measurements the tissue velocity and
direction were estimated for every 2 mm in range along lines separated by 1 degree in angle covering the whole
image area. At each estimation point, directional lines were created over a 30 degrees angular extend around the
true motion direction with a separation of 1 degrees between the lines. This was only possible because the true
direction was known. For the in-vivo measurement the resolution was 4 mm in range and 1.5 degrees in angle.
Since the direction of the tissue motion in-vivo is unknown, directional lines with 2 degrees separation were created
here over the full 180 degrees angular span. In all cases the length of the directional lirs; wasresponding
to 7 mm, and the sample distance was approximatehp.

After velocity and direction estimation the B-mode images were reconstructed using the tracking method de-
scribed in Section II. Since the estimates only exist at discrete points, each image point was processed using the
velocity and angle from the closest estimation point. Prior to compensation the estimates were Itered using a 2D
vector based median lter. This lter adjusts the estimated velocity and direction at each point by calculating the
median velocity and angle using the neighboring estimates. This was done to remove false estimates and to smooth
the estimates according to the elasticity property of tissue mentioned above. The Iter had a geometric extend of 8
by 8 mm in the lateral and axial directions, respectively.

The motion compensated images were reconstructed using the same approach as that applied in the previous
investigations of convex TMS imaging in [7], [8], except that for each emission the image points were tracked
using the approach described in the previous section. The images were created using the conventional convex array
image format with an angular size 26 and 142 lines in the phantom images, &48 and 183 lines in the in-vivo
images. The transmit and receive apertures were focused at every image point as explained in Section Il, producing
perfectly focused images, and dynamic apodization was applied to keep the f-number coriatarteatvindow
function used was a modi ed Hamming window with the edge levels raised to -12 dB.

When reconstructing each line in the motion compensated images, the number of calculations were reduced
using the pixel based approach introduced in [23]. In particular, this method lowers the requirement on the spatial
sampling distance along each line to

R 2 14
ZBreI ( )

where, is the wavelength, and,¢, is the relative -6 dB bandwidth.

IV. RESULTS

In this section the results of the measurements are presented. Unless otherwise noted, the dynamic range in the
displayed B-mode images is 45dB.

A. Field Il Simulation

Initially, a simulation using Field 1l [24], [25] of a tissue mimicking phantom with a scatterer density of 10
scatterers per resolution cell (fully developed speckle) and 4 anechoic cysts was performed to test the method theo-
retically. The cysts were created as two pairs of cylinders with diameters of 4 mm and 8 mm, respectively. A tissue
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Fig. 5. Results of the velocity and direction estimation in the simulation. The top gure shows the relati& hi&D of the velocity
estimation in percent deviation from the true velocity, and the bottom gure shows the relativ@ Hig8D of the motion direction estimate

(fqim ) in percent deviation from the true motion angle. The gures are obtained by calculating the bias and SD for each line in the image, and
thex-axis is therefore image angle. This applies to all gures of the same type within this paper. (Note: Deuv. is an abbreviation for deviation.)

velocity of 15 cm/s at an angle of 45 degrees was imposed by moving the scatterers between each emission, and
the estimation sequence with 8 E-mode emissions repeated 12 times was used. As for the phantom measurements
presented next, the velocity and direction was estimated at 2 mm range intervals along lines covering the whole
image area separated by 1 degree in angle. The size of the simulated phantom was 10 cm starting at 2 cm with an
angular size of 26 Thus, the motion was estimated along 27 lines each with 41 estimation points.

The relative bias and standard deviation (SD) were calculated for both the velocity and direction estimates for
each image line along which the motion was estimated. The results are shown in Fig. 5. The top gure shows the
relative bias§ 1 SD of the velocity estimation in percent deviation from the true velocity, and the bottom gure
shows the relative bia§ 1 SD of the motion direction estimateﬁm( ) in percent deviation from the true angle.

These gures therefore present the performance of the approach as a function of different image angles.

The velocity is estimated with a relative bias of approximately -1.3%, and the SD is in average less than 0.2%. The
motion direction is estimated with an average SD of 0.3%, and the bias is decreasing linearly from -1L.Z3% at
to -3.2% atl3*. These results show that the method is capable of accurately estimating the velocity and direction
of the tissue motion. The linear decrease in the direction estimate indicates the algorithm is slightly dependent on
imaging angle. Also it should be noted that the higher SD arquitlis caused by a few false estimates in the
bottom of the image. False peaks are likely to occur due to the nite window length and decorrelation of the signals
being correlated [19], [20].

A section of the reconstructed B-mode images are shown in Fig. 6. The gure shows the uncompensated (left) and
compensated (right) images in comparison to the reference image (middle) in which the scatterers were stationary
during the entire acquisition. As shown the image quality in the uncompensated image is lost completely, and
the cysts are nowhere present in this image. After motion compensation, the image quality has successfully been
recovered with only minimal distortion of the cysts.

The simulation results presented above show that the method can accurately estimate the velocity and direction
of the tissue motion, and the image quality can be fully recovered when these estimates are used to compensate the
B-mode image. It should be noted though, that these results are obtained without the presence of receiver noise. To
evaluate the performance in presence of noise, the estimation was performed on the same data whjl@addng
Gaussian noise to the RF channel data. Since 128 elements are used on receive, this corresponds to approximately
a 0 dB SNR in the directional lines, when no motion is present. The results of the velocity and direction estimation
in this case are shown in Fig. 7. As expected, the performance drops, when the SNR decreases, since the variance
of the correlation estimate is inversely proportional to SNR [19]. For the velocity estimation, the relative bias has
increased to -1.9% in average and the average SD is 2%, while the relative bias and SD of the direction estimates
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Fig. 6. B-mode images of the simulated cyst phantom with 15 cm/s motiof&tangle. Left: Uncompensated, Middle: Reference (stationary
phantom). Right: Compensated. The dynamic range is 60 dB.

Fig. 7. Results of the velocity and direction estimation in the presenge26tiB Gaussian channel noise. The top gure shows the relative

bias§ 1 SD of the velocity estimation, and the bottom gure shows the relative$iasSD of the direction estimateé\u(m ). Both gures are
plottet as a function of image angle.

are -2.8% and 2.6%, respectively.

B. Phantom Experiments

In comparison to the simulation presented above a phantom measurements was done with an imposed velocity
of approximately 15 cm/s at a #&ngle. The motion was applied to the phantom using the positioning system as
explained in Section Ill, and the estimation scheme with 8 E-mode emissions repeated 12 times was employed as
in the simulation. The angular size of the image area wasgfting at a depth of 2 cm until 10 cm. As explained
previously the motion was estimated at 2 mm range intervals along lines within the whole image area separated by
1 degree. This therefore corresponds to 41 estimation points along 27 lines.

The results of the velocity and direction estimation are plotted in Fig. 8. The average bias of the velocity estimate
is -6.9% and the average SD is 5.4%. The direction is found with a bias of -8.4% and a SD of 6.6%. These numbers
are based on the 41 independent estimates along each line.

The reconstructed B-mode images are shown in Fig. 9, where the uncompensated image is shown to the left, the
reference image (stationary target) is displayed in the middle, and the compensated image is presented to the right.
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Fig. 8. Results of the velocity and direction estimation for the phantom measurement with true velocity and motion direction of 15 cm/s and
45°, respectively. The top gure shows the relative bfasl SD of the velocity estimation in percent deviation from the true velocity, and the

bottom gure shows the relative bidgs 1 SD of the direction estimatq'ai;(m ) in percent deviation from the true angle. Both gures are plottet
as a function of image angle.

Fig. 9. B-mode images of the scanned tissue mimicking cyst phantom with imposed tissue motion of 15 et&fsaatgle. Left: Uncompen-
sated, Middle: Reference (stationary phantom). Right: Compensated.

Clearly, the motion has destroyed the image quality in the uncompensated image, since the motion has caused the
low resolution images to be summed incoherently. Comparing the reference image and the compensated image a
signi cant portion of the image quality has been recovered after motion compensation. There are some artifacts in
the beginning of the image, which are due to false estimates, and at depths beyond 80 mm the contrast resolution
has not been entirely recovered. The difference in contrast resolution between the reference and corrected image is
on average -0.65% for the 4 mm cysts, where the contrast resolDBowas calculated by

CR=1; ' (15)

I's

wherel . is the intensity inside the cyst, and is the intensity of the surrounding speckle within a region of the
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Fig. 10. Velocity and direction estimates for the phantom measurement with tissue velocity of 5 cm/s and direg8ianTiie top gure

shows the relative bia$ 1 SD of the velocity estimation, and the bottom gure shows the relative®iasSD of the direction estima\tt,"al\q(nt ).
Both gures are plottet as a function of estimation angle.

Fig. 11. B-mode images of the scanned tissue mimicking cyst phantom with imposed tissue motion of 5 G&fsaatgle. Left: Uncompen-
sated, Middle: Reference (stationary phantom). Right: Compensated.

same size as the cyst. Thus, the contrast resolution is on average slightly lower in the corrected image.

Tissue velocities up to 15 cm/s would possibly be observed in cardiac imaging applications. In abdominal imag-
ing, the velocity will, however, be signi cantly lower. To evaluate the performance of the approach at a lower tissue
velocity, a second phantom experiment was done. The smallest step size of the positioning system was applied (see
Section Il for details) and with a pulse repetition frequency of 4 kHz this corresponds to a velocity and direction of
approximately 5 cm/s angi8*, respectively. Since the velocity is lower, the scatterers will also move less, and thus
more E-mode emissions can be used to increase the SNR of the directional lines. Thus, 16 E-mode emissions were
used with the number of repetitiohk,q equal to 6.

The bias and SD of the velocity and direction estimation are plotted in Fig. 10, and the reconstructed B-mode
images are shown in Fig. 11. The average bias of the estimated velocities is -16% and the average SD is 5.5%,
while the bias of the direction estimates ranges from 5% to -5% with an average SD of 3.1%. It is likely that this
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Fig. 12. Abdominal B-mode images before (left) and after (right) motion compensation at an acquisition point with low tissue motion. The
images show a longitudinal section of the right liver lobe containing a cross section view of the hepatic vein (right part), longitudinal section of
a portal vein branch (top central part), the kidney, and diaphragm at the lower right corner.

underestimation of the velocity and overestimation of the direction is caused by misalignment of the transducer with
the phantom. Although the transducer was mounted in a holder which contained markers matched to the transducer,
some degrees of freedom was still present and accurate alignment had to be done by eye. Therefore, the transducer
could easily have been rotated a couple of degrees. Nevertheless, the reconstructed B-mode images show that
the direction and velocity found by the estimator is correct, and the image quality has been fully recovered in the
compensated image. This gives further support to the misalignment argument. The difference in contrast resolution
between the reference and corrected image is on average 3.5% for the 4 mm cysts, which indicated a slightly better
contrast resolution in the corrected image. In general, it should not be possible to improve the contrast resolution
beyond the reference image. Thus, it is likely that the difference is caused by slight variations in the speckle
brightness between the two images.

C. In-Vivo Experiments

The phantom measurements presented above showed that the velocity and direction of the tissue motion can be
estimated, and that the estimates were accurate enough to fully recover the image quality after motion compensation.
In a clinical study of convex TMS imaging published by the authors recently [8], it was observed that tissue mo-

tion in abdominal scannings did not have a signi cant impact on the image quality. In particular, the acquired movie
sequences showed no obvious motion artifacts. Some ashing artifacts were reported, which were believed to be
caused by tissue motion, but the diagnostic value of the images was not directly affected by these according to the
medical doctors who evaluated the results. These abdominal measurements only contained tissue motion created
naturally by the patient, and the transducer was therefore kept steady by medical doctor during the scannings. To
make the imaging situation more realistic in a clinical sense, the abdominal measurement performed here included
freehand motion of the transducer as mentioned previously. Even with freehand motion during scanning the maxi-
mum velocity was expected to be around 5 cm/s, and thus the estimation sequence with 16 E-mode emissions was
used.

Figures 12 and 13 show two frames from the acquired movie sequence, where the uncompensated images are
shown to the left and the corrected images to the right. The images show a longitudinal section of the right liver
lobe containing a cross section view of the hepatic vein (right part), longitudinal section of a portal vein branch (top
central part), the kidney, and diaphragm at the lower right corner.

Fig. 12 correspond to the point in the acquisition at which the tissue velocity was smallest. The highest velocity
was estimated to 3.1 cm/s. The image quality of both images is comparable, indicating that motion did not have
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Fig. 13. Abdominal B-mode images before (left) and after (right) motion compensation at an acquisition point with high tissue motion. The
images show the same structures as described in Fig. 12.

a signi cant in uence here, but the compensated image has a sharper appearance with improved detail resolution.
This is especially noticed along the kidney boarder and by comparing the areas containing the hepatic vein in the
right part of the images.

Fig. 13 shows the images corresponding to the point with the largest tissue velocities, which was estimated to 6.6
cm/s. Here, signi cant loss in image quality is observed in the uncompensated image, where the hepatic vein has
almost disappeared and the kidney has a smeared appearance. In the corrected image, the shape of the vessel has
been regained and the interior of the kidney including its boarders are fully re-established. Thus, the image quality
has been successfully recovered, which demonstrated the capabilities of the motion compensation approach.

When evaluating the entire movie sequence it was observed that the ashing artifacts reported in the clinical
study have been removed after motion compensation. Thus, it can be concluded that these ashes, which occurred
as uctuations in the image intensity between uncompensated images, are indeed caused by incoherent summation
due to tissue motion.

V. CONCLUSION

This paper presented a method for 2D tissue motion compensation of STA images. The method was designed
to nd the tissue velocity and motion direction by utilizing the high correlation that exists between high resolution
images acquired using the same emission sequence. By cross-correlating lines beamformed along different angular
directions at each image point, the tissue velocity and motion direction was found for the angle at which the highest
correlation was observed. To obtain continuous imaging, the motion estimation sequence was interleaved with
the B-mode emission sequence used in normal STA imaging. Motion correction was performed by tracking the
position of the image pixels in each low resolution image using the estimated velocities and directions, hereby
obtaining coherent summation of the low resolution images.

The performance of the approach was evaluated primarily using phantom and in-vivo measurements using the
experimental ultrasound scanner RASMUS. The phantom measurements were performed by imposing arti cial
tissue motion using a three dimensional positioning system. Two situations were investigated with tissue velocities
of 15 cm/s and 5 cm/s at motion angles of 45 degrees and 68 degrees, respectively. The results showed that the
velocity and motion direction can be estimated in both cases, and that the image quality can be fully recovered after
motion compensation. Compared to the reference image, the improvement in contrast resolution after correction
was -0.65% and 3.54% for the two cases, respectively. The in-vivo measurement was performed abdominally and
included freehand transducer motion applied by the medical doctor during the acquisition to emulate a real clinical
situation. The results showed that tissue motion does in fact have a signi cant in uence on the image quality of
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STA images, if the motion is severe. Using the estimated velocities and motion directions, the image quality was
fully restored after motion compensation, resulting in improvements in both image contrast and image sharpness.

It is worth noting that since the motion estimation approach presented here is based on the same principles as
those applied for synthetic aperture blood ow imaging in [15], it can also be used for continuous blood ow
imaging with none or only slight modi cations to the emission sequence. This is the topic of future research.

Based on the results presented here it is concluded that the presented approach can be applied to perform suc-
cessful 2D tissue motion compensation, and, thus, it can retain the advantages of synthetic aperture imaging when
scanning moving targets.
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Multi-Element Synthetic Transmit Aperture Imaging using
Temporal Encoding

Kim L. Gammelmark and J¢rgen A. Jensen

Center for Fast Ultrasound Imaging, Arsted DTU, Build. 348,
Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

ABSTRACT

A new method to increase the signal-to-noise-ratio (SNR) of synthetic transmit aperture (STA) imaging is
investigated. The new approach is called temporally Encoded Multi-Element STA imaging (EMESTA). It
utilizes multiple elements to emulate a single transmit element, and the conventional short excitation pulses
are replaced by linear FM signals. Simulations using Field Il and measurements are compared to linear array
imaging. A theoretical analysis shows a possible improvement in SNR of 17 dB. Simulations are done using
an 8.5 MHz linear array transducer with 128 elements. Spatial resolution results show better performance for
EMESTA imaging after the linear array focus. Both methods have similar contrast performance. Measurements
are performed using our experimental multi-channel ultrasound scanning systenRASMUS. The designed linear
FM signal obtains temporal sidelobes below -55 dB, and SNR investigations show improvements of 4-12 dB. The
depth performance is investigated using a multi-target phantom. Results show a 30 mm increase in penetration
depth with improved spatial resolution. In conclusion, EMESTA imaging signi cantly increases the SNR of
STA imaging, exceeding that of linear array imaging.

Keywords: Ultrasound, linear array imaging, synthetic transmit aperture imaging, multi-element defocusing,
linear FM signals, temporal sidelobe reduction, Field I, experimental ultrasound scanning system.

1. INTRODUCTION

One of the main problems in ultrasound imaging is the tradeo® between penetration depth and spatial resolution.
The resolution is improved as the frequency increases, but the attenuation in soft tissue also increases with
increasing frequency. Increasing the peak pressure is not possible since the Food and Drug Administration
(FDA) has introduced restrictions on the maximum intensities, which may occur in the body, to avoid damage

to the tissue and pain to the patient. For the conventional imaging techniques likelinear array imaging the peak
amplitude of the short excitation pulses used can, therefore, not be increased in nitely to overcome the loss in
penetration depth, when high frequency transducers are used. This is because the spatial-peak-temporal-peak
intensity (Isptp) is much higher than the spatial-peak-temporal-average intensity (spta ) for these systems due
to the transmit focusing. For B-mode imaging, the I sy limit is very often reached much earlier than the I gpia
limit for these systems, which limits the amplitude of the excitation pulse. To increase the penetration depth,
Ispta Must be increased. This is done by increasing the length of the transmitted pulse. For this purpose the
conventional pulse cannot be used, since the axial resolution is directly proportional to the pulse length (for
short pulse systems). Thus, some type of temporal encoding is necessary. This is o®ered by the linear FM signal,
which has been used in radars for decades, because of its compression ability. These signals have recently been
applied in ultrasound scanners, and they have shown good performance in terms of increasing the penetration
depth, while maintaining the spatial resolution.

Generally, linear array imaging systems obtain good spatial resolution due to the application of dynamic
receive focusing. The resolution can, however, be improved by increasing the number of transmit foci. This
is often done in modern ultrasound scanners at the expense of a reduction in the frame rate proportional to
the number of foci. One way to obtain high spatial resolution, while keeping the frame rate high, is to use the
synthetic transmit aperture (STA) imaging technique. The inherent nature of this technique makes it possible

Send correspondence to Kim L. Gammelmark, E-mail: kig@oersted.dtu.dk



106 Gammelmark & Jensen 2002: Multi-Element STA Imaging using Temporal Encoding

to generate images with dynamic transmit and receive focusing using only a few transmissions. Therefore,
STA imaging o®ers very high frame rates, which makes it suitable for real-time 3-D volumetric imaging. A
problem in STA imaging is, however, the low signal-to-noise-ratio (SNR), due to the application of a single
transmit element®. This means that the penetration depth obtained by STA imaging is much lower than that
obtained by linear array imaging, which signi cantly limits its clinical application. However, if the SNR can be
increased to that of linear array imaging, images with better image quality can be generated, while keeping a
high frame rate. For this purpose the linear FM signal can be applied with great advantage. Since no focusing
is applied in transmit, |y is NO longer the main problem, and therefore the amplitude can be increased. Also,
previous research has showif that the application of multi-element subapertures in STA imaging to emulate

a single element transmission yields good spatial resolution results and also increases the SNR proportional
to the number of elements used in the subaperture. Therefore, the purpose of this study is to investigate the
application of both these techniques in STA imaging and make a comparison to linear array imaging. Both
simulations using Field Il and measurements using our experimental multi-channel ultrasound scanner are used
for the investigation.

2. SYNTHETIC TRANSMIT APERTURE IMAGING

In conventional STA imaging a single element is used at each transmission to produce a broad beam that
interrogates a large region of the medium. The echoes resulting from scattering in the medium are recorded
using all elements in the aperture, and the procedure is repeated until a desired number of element have been
used for transmission. For each transmission the echoes received by each element in the aperture contain
information about all scatterers in the interrogated region, and since no focusing has been applied on transmit,
the receive aperture can be steered in any direction and focused at any point within this region. That is, a
complete set of dynamically focused receive beams can be formed (simultaneously) in all directions in the region.
These lines constitute a full image with low lateral resolution due to the single transmit element. The individual
images are dynamically focused on transmit in a similar manner and subsequently summed to form the nal
high resolution image.

2.1. STA Beamforming

To describe STA beamforming in more detail, letry, (k) be the digitized signal received by elementn when
transmitting with element m. Also, let ¢/ (k) be the dynamic focusing times for receive element and line | in
the low resolution image. Then, each line in the low resolution image for transmit elemenin is calculated by

X i ¢
shk)= Wo(K)rmn ki &(Kfs 3 1=1;23:::5L 1)
n=1
where W, (k) is the dynamic apodization values for receive elemenh, N is the number of receive channels, and

L is the number of lines in the image. This is a formulation of the conventionaldelay-and-sum beamformer If
the product ¢! (k)fs is not an integer, interpolation is needed to 'nd the correct value.

After the low resolution images for all M transmit elements have been beamformed, the "nal high resolution
image is created by delaying and summing the corresponding lines from each low resolution image. In particular,

i ¢
Wi (K) Sy Ki ¢ (K)f s

m=1

s' (k)

X i ¢
= Win (k) Wa(K)Fmn Ki éa(0fsi ém(K)fs

m=1 n=1
b O\ i | | ¢

= Wi (KW (K) rmn Ki én(K)fsi em(K)fs 5 1=1;2;3;:::5L )
m=1 n=1

" Another problem can be motion artifacts, but this is not considered here.
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where Wy, (k) is the apodization value for transmit element m, and ¢!, (k) is the dynamic focusing times for
transmit element m and line I. Since motion compensation is assumed unnecessary, (2) suggests that the high
resolution lines can be composed sequentially as the individual transmissions are acquired.

3. TEMPORALLY ENCODED MULTI-ELEMENT STA IMAGING

The objective of this study is to investigate a new approach to increase the SNR of conventional STA imaging.
It is called temporally Encoded Multi-Element STA imaging (EMESTA), and it is based on the combination of
multi-element STA imaging with coded excitation waveforms. These two approaches are described brie®y in
turn in the following.

3.1. Multi-Element STA Imaging

The major drawback of the STA imaging approach is the SNR. Since a single element is used at each transmission
the SNR is very low compared to e.g. linear array imaging, which signi cantly limits its clinical application.

To overcome this, a subaperture consisting of multiple grouped elements can be used to emulate the radiation
pattern of a single (virtual) element, and hereby increase the SNR. This concept is calleMulti-Element Synthetic
Transmit Aperture imaging (MESTA), and has previously been investigated by Karaman et al. with respect
to application in hand-held scanners? and by Lockwood et al. with the purpose of 3-D ultrasound imaging®
Both groups show that by properly delaying the individual elements in the subaperture, good approximation
to the single element beam can be obtained along with a signi cant improvement in SNR.

The defocusing delay for each subaperture element can be calculated as illustrated in Fig. 1. A virtual

Figure 1. De nition of variables used for calculating the defocusing delays to emulate the radiation pattern of a virtual
single element positioned behind the subaperture center.

element position or defocusing point is selected with a certain axial distance to the center of the subaperture,
e.g. as a fraction of the subaperture size. Given the element coordinates and the center of the subaperture, the
defocusing delay¢y for a speci ¢ element is then calculated by
Rijf 3
= ——— (3)

where R is the vector from the defocusing point to the element,+ is the vector from the defocusing point to the
subaperture center, andc is the sound speed. The lengths of the two vectors are calculated from Fig. 1 as

- - q
-

(Xei Xd)°+(Yei Ya)°+(zei ) (4)
q
o= (i Xa) F(Yei Ya) i+ (Zei za)” (5)

The position of the defocusing point, which produces the best emulation of the single element radiation pattern,
is not straight forward to calculate, because it depends on the interference between the waves from the individual
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elements and their radiation patterns. On one hand, if the defocusing point is moved away from the subaperture,
the beam will become increasingly °at and narrow, and at some point yield a plane wave approximation. But,
the defocusing point cannot be moved too close to the subaperture either, because the di®erence between
the transmit delays becomes too large to obtain a coherent wavefront. Therefore, the location of a proper
defocusing point should be investigated through simulations. Di®erent apodization schemes can be applied on
the subaperture to attenuate certain elements and obtain a better approximation’

3.2. Temporal Encoding using Linear FM Signals

Linear frequency modulated (FM) signals have been used in radars for decades because of their distinctive
feature of serving as both a long and a short pulse simultaneously. In medical ultrasound imaging, the rst
framework for using coded signals to increase the penetration depth in phased array imaging was described by
O'Donnell! in 1992.

The conventional linear FM signal is given by?
Moo B Al .
s(t) = bcos 2% fot+ —=t2  ;  jtj- < (6)
2¢s 2

where b is the amplitude, f is the center frequency,Bs is the j 6 dB bandwidth, and ¢, is the duration of the
signal. The matched TTter to s(t) in (6) is given by
oo B Rl
hm(t) = s(j t) = bcos 2V4 ftj 2—_St2 Cjte £ (7)
és
Assuming s(t) is the waveform received from a point target, the compressed rf signal becomis
3 3 o
[Py, SN ViDL 1 14

r(t) = S(t) ohn (1) = —* iDL cos (Fift); it~ ®
és

where D is the time-bandwidth product. Considering only the envelope ofr(t), this has approximately the
shape of a sinc-function. AssumingD is large (generally above 20 as mentioned by Blinchiko® and Zveréy,
the envelope ofr (1), re(t), becomes a sinc-function
3
. sin v.bL
(43

P .
re(t) = jr(t)i = TG%T; jti- & D> 20 )
is

The % Y j 4 dB width of this function is +t = i, which shows that the temporal (axial) resolution can be
improved by increasing the bandwidth. This is advantageous when applying high bandwidth transducers.

An example of the compression result in (9) is shown as the dashed curve in Fig. 2 (bottom). The in°uence
of a typical 8.5 MHz linear array transducer has been introduced, and the parameters fos(t) and hy, (t) are
fc =7 MHz, Bs' 7 MHz, and ¢s = 20 1s. As seen the temporal sidelobes are around -40 dB, which is not
suzcient for medical imaging. To reduce the sidelobes, previous research has shown that this can e®ectively
be done by applying amplitude weighting on the linear FM signal and compression Tter>® In this study,
a Tukey window with a 10% duration is applied on the linear FM signal, and a Chebychev window with 70
dB relative sidelobe attenuation is applied on the compression TTter i, (t)). The modied linear FM signal
and compression “Tter are shown in the left and right parts of Fig. 2, respectively. The same parameters as
given above have been used. The compression output is shown as the solid curve in bottom "gure. As seen the
temporal sidelobes have been reduced below -60 dB, which is adequate for clinical imaging.
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Figure 2. Top left: Modi ed linear FM signal with a 7 MHz center frequency and 7 MHz bandwidth. A Tukey window

with a duration of 10% has been applied. Top right: Modi"ed compression “Tter using a Chebychev window with 70 dB
relative sidelobe attenuation. Bottom: Compression output for the conventional FM signal (dashed) and the modi ed
FM signal (solid). The e®ect of a typical linear array transducer has been introduced in the compression outputs.

3.3. Signal-to-Noise-Ratio

The (peak) SNR after matched TTtering is directly proportional to the energy in the received signal. Also, the
peak compression output in (8) is proportional to the energy in the linear FM signal. Thus, the analysis can
be simpli ed by only considering the energy, when comparing the SNR obtained by linear array imaging and
EMESTA imaging. Also, the noise in the system is assumed white and uncorrelated, and the received signals
from each channel are perfectly phase aligned. In this case there is no di®erence between transmitting with
the same apertureM times or with M di®erent apertures with the same size. Thus, the beamformer can be
regarded as simply averaging the received channel signals. Furthermore, attenuation and di®raction e®ects
are not included in this analysis, and it is assumed that no amplitude weighting is applied to the transmitted
waveforms and receive lters.

For linear array imaging the energy in the received signal for a single elemenEg, from a point target
at the acoustic focus is proportional to the number of transmit elementNt squared and the duration of the
transmitted pulse ¢

Er, » N2g: (10)

As showed experimentally by Karaman and coworker’ the amplitude of the wavefront created by the defocused
subaperture consisting ofAr elements is proportional to~ At. Thus, the energy in the received signal for a
single elementEgr, for EMESTA imaging is

Ers » Atés; (11)

S
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where ¢ is the duration of the transmitted FM signal. As mentioned above the beamformer is considered as
simply averaging the individual channel signals. Let the number of receive channel bR g, then the SNR in the
linear array image is proportional to

SNRg, » NgN2g4; (12)

since the noise is white and uncorrelated between channels. From the description of STA beamforming, (2)
states that in EMESTA imaging averaging is done overNg receive channels andM transmit events. Thus, the
SNR in the EMESTA image is proportional to

SNRBS » MNRAT ¢s: (13)
Taking the ratio between (13) and (12) yields

_ SNRBS MA T E

= : 14
SNRs, = NZ ¢ (14)

I's
This assumes that the noise is stationary and described by the same probability density function for both

systems. If a better SNR is to be obtained, this ratio needs to be greater than 1, thus

. N§
R vy

(15)

In this study, a subaperture of A+ = 33 elements will be used. The applied FM signal has a duration ofs = 20
1s, and the transducer has 128 transmit and receive elements, and thus the number of transmissions will be
M =96. Using (14) and a linear array imaging setup ofNt = 64, Ng =128, and a 2 cycle sinusoid at 7 MHz,

it is found that 1g ' 54:2% 17 dB. This indicates that a signi cant increase in SNR is to be expected.

4. SIMULATIONS

The simulations are done using Field If° to compare the performance of EMESTA imaging to linear array
imaging on a theoretical basis in terms of spatial and contrast resolution.

The transducer model used was a 128 element linear array aperture with a center frequency of 8.5 MHz and
a relative bandwidth of 60 %. The pitch is 0.208 mm and the element height is 4.5 mm. The transducer has an
elevation lens with a focal point at 25 mm. The impulse response of the receive elements is set to the pulse-echo
response measured from a plane re°ector using a delta excitation. Thus, the impulse response of the transmit
aperture is set to a Dirac delta function.

In linear array imaging a 64 element aperture is used for transmission and all 128 elements are used in
receive. A 2 cycles sinusoid at 7 MHz weighted with a Hanning window is used as excitation signal, and no
transmit apodization is applied. The received signals are Ttered using a matched Tter, and beamformed using
dynamic receive focusing with updated delay curves for every second sample. The number of lines in the image
and their spacing is calculated from the highest spatial frequency of the medium to satisfy the spatial Nyquist
theorem.

EMESTA imaging is done using a 33 element subaperture and 128 receive elements, which results in 96
emissions. The excitation signal is the linear FM signal displayed in Fig. 2 (top, left). It has a duration of 20
1s, a center frequency of 7 MHz, and a bandwidth of approximately 7 MHz. The FM signal has been weighted
with a Tukey window to reduce the temporal sidelobes. The corresponding compression “Tter is also shown in
Fig. 2 (top, right). A Chebychev window has been applied to reduce the temporal sidelobes in the compression
output. The defocusing point is set to (Xq; Yd; Zg4) = ( X¢; Ye; ds), where dg is the size of the subaperture, which
has been determined through wavefront simulations. Transmit apodization is applied on the subaperture to
reduce the in°uence of edge waves on the point spread function (PSF). Beamforming is done using dynamic
transmit and receive focusing. In both linear array imaging and EMESTA imaging, a modi ed Hamming
window with edge levels at -12 dB is applied as receive apodization.
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A wire phantom is simulated to investigate the spatial resolution performance. The wires are located at 20
mm to 120 mm with 5 mm spacing. The transmit focal point for linear array imaging was set to 50 mm. Figure
3 shows the -6 dB lateral (top) and axial resolutions (bottom) as a function of depth for linear array imaging
(dashed) and EMESTA imaging (solid) respectively. As expected the lateral performance of EMESTA imaging

Figure 3. -6dB lateral (top) and axial (bottom) reso- Figure 4. Simulated cyst phantom for linear array imag-
lution for linear array imaging (dashed) and EMESTA ing (left) and EMESTA imaging (right) containing four
imaging (solid) respectively. The results are obtained cysts at depth 30, 40, 50, and 60 mm with amplitudes
from a simulated wire phantom with 5mm spacing be- -40, 4, 6, and 12 dB above the surrounding speckle re-
tween the wires. The transmit focal length for linear spectively. No attenuation e®ects are included.

array imaging was set to 50mm.

is better after the linear array transmit focus, and it improves with depth due to the application of dynamic
transmit focusing. At 120mm the lateral resolution has improved by approximately 30%. The performance of
the axial resolutions is seen to be close, but the compression mechanism of the linear FM signal is more stable
with depth.

The contrast resolution is evaluated by simulating a cyst phantom containing four cysts at depths of 30,
40, 50, and 60 mm with amplitudes of -40, 4, 6, and 12 dB above the surrounding speckle, respectively. No
attenuation e®ects are included. The results are shown in Fig. 4 for linear array imaging (left) and EMESTA
imaging (right). The linear array transmit focus was again set to 50mm.

As a measure of the contrast resolution thecontrast-to-noise ratio (CNR) is used as proposed by Ucar and
Karaman?!

CNR = pci sl .
= P (16)
0:5(% + %)

where! . and 3/,% are the mean and variance of the intensity inside the target, and* s and 3/§ are the mean and
variance of the intensity within the speckle at the same depth as the target. Figure 4 shows no conspicuous
di®erence, and this observation is also supported by the calculated CNRs, which are summerized in Table 1.
From Fig. 4, no signi cant di®erence in the speckle size is observed, which is also in accordance with the results
in Fig. 3.

Based on the results presented above, it is concluded that the EMESTA imaging and linear array imaging
have equal contrast performance, and EMESTA imaging obtains better lateral resolution after the linear array
focal point.
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5. MEASUREMENTS

The measurements are performed using the experimental multi-channel ultrasound scanning systerthe RAS-
MUS system developed at our center. The system has 128 individually programmable transmitters capable of
sending arbitrary coded waveforms with a precision of 12 bits at 40 MHz. Sixty-four receive channels can be
simultaneously sampled at 12 bits and 40 MHz, and the 2 to 1 multiplexing in the system enables acquisition of
128 channels in real-time over two transmissions. The RASMUS system is remotely accessible and programmed
through a developed Matlab interface.

For the measurements a 8.5 MHz linear array transducer is used with 128 elements. The relative bandwidth
is approximately 60%, and the pitch is 0.208 mm. The transducer elements have a height of 4.5 mm and an
elevation lens with a geometric focal point at 25 mm.

The measurement setups for linear array imaging and EMESTA imaging are the same as those used for the
simulations. This has been chosen to enable direct comparison between the measurements and the simulations.
The same transmit voltage is used for both linear array imaging and EMESTA imaging, and the "Tters used
for matched “Ttering and compression of the received signals have been normalized equally to enable a fair
comparison.

The linear FM signal used in both the simulations and measurements has been designed to obtain temporal
sidelobe levels at approximately -60dB. To evaluate this, a wire phantom containing four wires and water has
been scanned. Figures 5 and 6 show the B-mode images and axial projections for linear array imaging and
EMESTA imaging respectively. The dynamic range in the B-mode images is 60 dB. As seen the temporal
sidelobes have been reduced to approximately -55dB, which is adequate for clinical imaging.

The spatial resolution and SNR performance of EMESTA imaging is evaluated in the presence of attenuation
using a multi-target phantom with 0.5 dB/[cm MHz] attenuation. Figure 7 shows the linear array image (left)
and EMESTA image (right) of a scanned region containing twisted nylon wires spaced axially by 1 cm. The
dynamic range is 50 dB in both images. As seen the penetration depth has signi cantly been increased using
EMESTA imaging. The linear array image has a very low SNR after 70 mm, and the wires are not visible in
this region. No apparent noise is present in the EMESTA image, and the wires are thus fully visible throughout
the imaged region. This indicates an increase in penetration depth of more than 3 cm.

The lateral and axial resolutions are evaluated for each wire in both images in Fig. 7. The results are shown
in Fig. 8, where the lateral resolution is displayed left and the axial resolution in the right gure. As seen
EMESTA imaging has a better lateral performance at distances after the linear array transmit focus due to
dynamic transmit focusing. Compared to the simulation results in Fig. 3, it is noted that the lateral resolutions
follow the same trends, but it is a bit higher in the measurements due to the presence of attenuation. The axial
resolution is better for EMESTA imaging throughout the imaged region. This shows that the linear FM signal
has a better axial performance in the presence of attenuation than the conventional short excitation pulse. This
observation has been reported previously by Misaridis?

The improvement in SNR obtained by EMESTA imaging in water and for a tissue mimicking phantom is
shown in Fig. 9. The SNR for water was obtained using the wire phantom data from Figs. 5 and 6. For each
image and depth the rms value was calculated resulting in two signal vectors. The noise in the system generated
by each imaging method was obtained by scanning a water bath with no re°ections. For each imaging method
the rms value of the resulting noise images was calculated, resulting in two noise vectors. Taking the ratio

Cyst || Linear Array Imaging | EMESTA Imaging
-40dB 1.9241 1.8151

4dB 0.7420 0.7430

6dB 1.0950 1.1305
12dB 1.9801 1.7992

Table 1 : Calculated CNR for simulated cyst phantoms.
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Figure 5. B-mode image and axial projection of scanned Figure 6. Same as Fig. 5 but for EMESTA imaging. As
wire phantom using linear array imaging. The phantom seen the applied linear FM signal and compression lter
contains four laterally and axially spaced copper wires yields temporal sidelobes below -55 dB.

and water, and the dynamic range in the B-mode image

is 60 dB.

between the signal vectors and the noise vectors yields the SNR for each imaging method, and the di®erence
between these SNR curves at the wire locations is the SNR improvement shown as the dashed curve in Fig. 9.
The SNR improvement in the tissue mimicking phantom was obtained using the parts of Fig. 7 not containing
wires and the generated noise vectors from the water bath. The SNR improvement was evaluated at each depth
throughout the image, and the result is shown as the solid curve in Fig. 9. A lowpass Tter has been applied on
the curve to make it more smooth.

For the water SNR the linear array transmit focus was set to 50 mm, and at this depth the SNR improvement
is 8 dB. Compared to the theoretical model proposed earlier, this result does no compare exactly. However, this
model did not account for di®raction and amplitude weighting of the FM signal and compression “Tter. Thus,
to obtain a closer correspondance to the measurements, these parameters should be included in the model.

At the linear array focal point in the phantom (40 mm) the improvement in SNR is about 4 dB, but it
is signi cantly larger before and after the focus. At 60 mm an improvement of 12 dB is obtained, and then
the ratio starts to decrease approximately linearly until it reaches zero at 95 mm. Note, that the SNR can be
improved simply by extending the duration of the linear FM signal. This, however, also extends the dead zone
in the beginning of the image, since the transmitters are turned on longer.

To evaluate the contrast resolution of EMESTA imaging, a section of the multi-target phantom containing a
+3 dB cyst was scanned. The resulting images are shown in Fig. 10 for linear array imaging (left) and EMESTA
imaging (right). The cyst has a 4 mm diameter, and it is located approximately at 65 mm. Because of the
reduced penetration depth in the linear array image the cyst is not visible here, but for EMESTA imaging the
cyst is slightly visible. This indicates that EMESTA imaging has a slightly better contrast resolution in the
presence of attenuation, but this is, however, dixcult to determine from this single image and cyst. Therefore,
more measurements using a more appropriate phantom are necessary to evaluate the contrast performance.
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Figure 7. Linear array image (left) and EMESTA image (right) of a scanned multi-target phantom with 0.5 dB/[cm
MHz] attenuation. The scanned section contains twisted nylon wires spaced axially by 1 cm throughout the imaged

region. The dynamic range is 50 dB.

Figure 8. Lateral (top) and axial (bottom) resolution Figure 9. Calculated SNR improvement obtained by
curves for linear array imaging (dashed) and EMESTA EMESTA imaging in water (dashed) and in a tissue mim-
imaging (solid). The curves have been obtained by cal- icking phantom (solid).

culating the spatial resolutions for each wire in Fig. 7.
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Figure 10. Scanned multi-target phantom containing wires and a +3 dB cyst at 65 mm. The linear array image is
shown left and the EMESTA image is shown right. Notice again the improvement in penetration depth.

6. CONCLUSION

In this study, a new approach to increase the SNR of conventional STA imaging has been proposed and inves-
tigated. The new imaging approach, EMESTA imaging, utilizes a multiple-elements subaperture to emulate a
single transmit element by making a defocused transmission. Furthermore, the conventional short excitation
pulses are replaced by linear FM signals with amplitude tapering to reduce the temporal sidelobes resulting
from the compression on receive. The approach was compared to linear array imaging, and a theoretical analysis
showed that a SNR improvement of 17 dB was possible. Simulations with Field 11 were done using a 128 linear
array with 8.5 MHz center frequency and 60 % bandwidth. The EMESTA approach was setup to use a 33
element subaperture for transmission and a 20s modi ed linear FM signal. In linear array imaging a transmit
aperture of 64 element and a 2 cycles sinusoid with Hanning weighting was used. The simulation results showed
similar axial resolutions, but the lateral resolution was improved for EMESTA imaging due to the application

of dynamic transmit focusing.

An analysis of the contrast resolution showed similar performance. Measurements were performed using our
experimental multi-channel ultrasound scanning system,RASMUS. The results here showed an improvement
in SNR between 4 to 12 dB, and a corresponding increase in penetration depth of more than 3 cm. This was
obtained while maintaining a better spatial resolution performance.

In conclusion, the EMESTA imaging approach has shown the capability of signi cantly improving the SNR,
and thus the penetration depth, of conventional STA imaging, exceeding that of linear array imaging. This
makes this new approach feasible for clinical imaging and possibly real-time 3D volumetric imaging.
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Abstract - Synthetic transmit aperture imaging is investiRecent research has though shown [1] that the combination
gated using a convex array transducer. To increase the sigabéxisting techniques of multi-element subapertures and tem-
to-noise ratio, a multi-element subaperture is used to emulateal encoding can be utilized to increase the SNR to exceed
the spherical wave transmission, and the conventional stthet of the conventional imaging techniques.

excitation pulse is replaced by a linear FM signal. The ap-Traditionally, STA imaging has been considered for phased
proach is compared to the conventional application of thgray applications [2] and recently linear array imaging [1].
convex array in commercial scanners. The array used igjgwever, only little research on the application of STA imag-
commercial 5.5 MHz, 128 element array with 60% bandwidfRg with convex array transducers has been published in the
andl pitch. For conventional imaging a 64 element transnipen literature [3]. Convex array transducers are generally
aperture is used with a 2 cycle temporally weighted sinusgjded for abdominal imaging because of their large eld of
as excitation signal. For synthetic aperture imaging an Jikw and good penetration depth. Extending STA imaging
element transmit aperture is used with ai8dinear FM sig- to convex apertures requires some new design considerations
nal as excitation. For both methOdS, 128 elements are Uﬁ@gause of the more Comp"cated aperture geometry_ The ad_
on receive. Measurements are done using our experimepfgitage is, however, better abdominal images than those ob-

multi-channel ultrasound scanner, RASMUS. Wire phanta@ined by linear and phased arrays, because the convex array
measurements show an improvement in lateral resolutiongfesigned speci cally for this application.

about 30% throughout the image with lower near and far eld

idelobe levels. Results f ¢ phant how big i This paper investigates STA imaging using multi-element
Sidelobe Jevels. Resulls from a cyst phantom show big ";q]bapertures and temporal encoding for a convex transducer
provements in contrast resolution, and an increase in pene

[#ay. The method is described in Section I, and the set-
tion depth of about 2 cm. In-vivo images of the abdomen o y © memod IS described In Secton fl, and e se

S o for the measurement using our experimental multi-channel
healthy 27 year old male show slight improvements in 'Maffrasound scanner, RASMUS, are described in Section Il
quality, especially in the near eld. ’ .

The measurement results for both phantom objectsiand

vivoimaging are presented in Section IV.
| INTRODUCTION

L . . Il THEORY
Itis widely accepted that synthetic transmit aperture (STA)

imaging can be used to obtain images with better image quaII- tional STA i . ingle el ‘i d at
ity compared to conventional techniques like phased and lin-" conventiona imaging a singie element Is used a
ch transmission to produce a spherical wave that interro-

ear array imaging. The reason for this is that both trarfe . X
mit and receive beamforming can be applied in STA ima ates a large region of the medium. The echoes are recorded

ing, while only a single transmit focus combined with recei smtg da” etl'(lame;ts.mdthe apbertur(fa, ?nd thte p;lroce(:)ure IS re-d
beamforming is used in the traditional imaging techniqu gated until a desired number of elemenis have been use

r transmission. For each transmission, the received echoes
-Eﬂntain information about all scatterers in the interrogated re-

gives better control of the beam shape. However, it is a%gn' Su:ce_ no fofctl;]smg Eas.' b(laen applula(d on tr?k? smit, gnd
well known that STA imaging suffers from a low signal-to- € exact origin of the spherical wave IS known, the receive

noise ratio (SNR) due to the single element transmissioﬁg.ertur.e can pe stgered in any direction and fpcuseq at any
point within this region. Therefore, every point in the image

°This work was supported by grants 9700883 and 9700563 from the Dgr(?-n pe formed mdepende_nt .Of each Oth.er’ and a ful Image Is
ish Science Foundation, by Ph.D. grant 11-3160-55173 from the TechnfeRitained for every transmission event with low lateral resolu-

University of Denmark, and by B-K Medical A/S, Herlev, Denmark. tion due to the single transmit element. Taking into account
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Figure 1: lllustration of the conventional STA imaging prin-
ciple. At each transmission event a single element is red,
and the echoes from the medium are collected using all ele-
ments in the receiving aperture. For each of these transmis-
sion events a complete image is beamformed, and these are
subsequently summed to form the nal high resolution im-
age.

the full path length between the transmitting element and the

receive elements, when calculating the beamforming delays,

the individual low resolution images are both dynamically fgsjgyre 2: Illustration of two methods for applying multi-
cused on receive, and adjusted to obtain dynamic focusinggfinent STA imaging to convex arrays. Top: Conventional
transmit in the same operation. Dynamic focusing on tralgsplication where the virtual point source is placed behind
mitis then obtained subsequently by coherently summing #@ center of the subaperture to produce a symmetric spher-

low resolution images which forms the nal high resolutiofg| wave. Bottom: Angled transmission where the virtual

image as illustrated in Fig. 1. - _ o point source is placed such that the spherical wave propagates
The STA imaging approach investigated in this paper cogy4n angley.

bines multi-element STA imaging and linear FM signals with
a convex array transducer. This approach has recently been
investigated using linear array transducers [1], where the re-
sults showed signi cant improvements in both spatial arnéx array images, a signi cant part of the energy in the spheri-
contrast resolution. In general, the concept of STA imagiegl wave will propagate outside the image area when the outer
does not depend on the array type, however, the more cembapertures are used. Thus, to limit the amount of wasted
plicated geometry of the convex array makes it necessanettergy, the transmissions can be angled as illustrated in the
redesign the use of multi-element subapertures. This is Hettom part of Fig. 2. Here, the virtual point source is moved
scribed below. to the side to obtain a wave directignand at the same time
The multi-element subaperture is utilized to produce a higitreasea. It is noted, that the wave is no longer symmetric
power spherical wave over a limited angular extend. Tradind that the angular extend of the wavés larger in the di-
tionally, this is done by placing a virtual point source at i@ction of the beam. The position of the virtual point source
distancer behind the center of the subaperture as illustratiadcalculated geometrically as
in the top part of Fig. 2. The spherical wave produced is sym- _ _
metric with an angular exteral, which is determined by. z, " _  2j rocosy
Due to the geometry of the array and the shape of the con- Xp  Xoi rdsing (1)
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wherer is the radial distance to the virtual source given by been weighted with a Tukey window to reduce the temporal
ho q sidelobes [5].
- R sinf j tana(cosf i 1) @) The conventional data are beamformed using dynamic re-
tanacosgjj sinjgj ' ceive focusing with delay updates for each sample. The RF
signals are Itered using a matched lter, and dynamic Ham-
andf is half the angular size of the subaperture. Note, thaing apodization is applied which opens the receive aperture
a andf are always positive, and that the coordinate systema f-number of 2. The edge level of the Hamming window
used here moves with the subaperture. Also, the directivigyraised to -12 dB. The synthetic data are processed using
pattern of the individual elements will have an in uence oglynamic transmit and receive focusing. A designed compres-
the shape of the wave, but this has not been included in 8i¢n Iter with a center frequency of 5.5 MHz and 90% band-
model at this point. width is used to lter the RF data. The lter is weighted with
Using this approach the individual transmissions can be diChebychev window to reduce the near and distant temporal
rected such that the spherical wave interrogates a largersiéelobes in the compressed signal [5, 1]. Dynamic Hamming
gion of the image, and thus more image points can be beaipedization is applied in both transmit and receive with -12
formed for each transmission. In this study, the wave diradB edge levels, and both apertures are opened at a f-number
tion for each transmission is chosen such that the center ofélg@al to 2. When beamforming both sets of data the element
spherical wave travels parallel to the axis of the transducse#nsitivity is taken into account. The acceptance angle [6] is

i.e. straight down. set to§ 50 degrees for each element, and, thus, an element
is not applied in the beamformer until the point to be beam-
I MEASUREMENTSETUP formed lies inside its acceptance angle.
The measurements are performed using the experimental IV RESULTS& CONCLUSION

multi-channel ultrasound scanning syst&ASMUS4]. The
system has 128 individually programmable transmitters capaA wire phantom with an attenuation of 0.5 dB/[M&tm]
ble of sending arbitrary coded waveforms with a precision whs scanned to investigate the spatial resolution and penetra-
12 bits at 40 MHz. Sixty-four receive channels can be satien depth of the approach. The results are shown in Fig. 3
pled simultaneously at 12 bits and 40 MHz, and the 2-tofdr conventional scanning to the left and synthetic imaging
multiplexing in the system enables acquisition of 128 chate- the right. The dynamic range in both images is 45 dB.
nels in real-time over two transmissions. The system hasTlfe improvement in lateral resolution for synthetic imaging
Gbytes of storage memory in the receivers, which enablesith@oticed throughout the image, especially at the group of
acquisition of several seconds of RF data. The RASMUS swdres at 90 mm. The row of wires at 140 mm is barely visi-
tem is remotely accessible and programmed through a dewé-in the synthetic image but not in the conventional image,
oped Matlab/C-library interface. which indicates a slight improvement in penetration depth.
The transducer used for the measurements is a commertheg axial resolution has, however, been slightly degraded in
5.5 MHz convex array transducer with 192 elements landhe synthetic image. Thus, the design of the linear FM signal
pitch. The bandwidth of the elements is 60% relative to tla@d the corresponding compression Iter needs to be revised,
center frequency, and the convex radius of the aperture iss#ice the bandwidth and weighting functions highly affect the
mm. The height of the elements is 8 mm, and the array hagonpression ef ciency [7].
lens in the elevation dimension with a xed focus at 40 mm. To investigate the contrast resolution a cyst phantom was
Due to the limitation of the RASMUS system, only the centratanned. The phantom contains tissue mimicking material
128 elements of the array are used. with an attenuation of 0.5 dB/[MHzm] and 5 columns of
For conventional imaging a 64 elements, Hammirmnechoic cysts. The cysts in the different columns have diam-
weighted, transmit aperture is used with a xed focus at ®ders of 16, 8, 4, 2, 1 mm from left to right, and the columns
mm. A 2 cycle sinusoid at 5.5 MHz weighted with a Harare placed at an angle of 15 degrees. The attenuation in the
ning window is used as the excitation pulse, and all 128 ghantom is 0.5 dB/[MH&m]. The results are shown in Fig. 4
ements are used on receive and for the subsequent bearfdoiconventional imaging (left) and synthetic imaging (right).
mation. For synthetic imaging an 11 element subaperturelflse improvement in both contrast resolution and penetration
used to emulate the spherical wave transmission, and all t2gth is evident and signi cant improvements are obtained
elements in the aperture are used on receive. The center obglew 90 mm.
transmit aperture is moved one element after each transmidn-vivo images of the abdomen of a healthy 27 year old
sion, which results in a total of 118 emissions. AZ0lin- male volunteer were obtained to investigate clinical improve-
ear FM signal with a center frequency of 5.5 MHz and 90%ents in spatial and contrast resolution. The results are
bandwidth is used as excitation signal. The FM signal hsisown in Fig. 5 with the conventional method displayed to
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Figure 3: Measured images of a wire phantom with an attenuation of 0.5 dBfvizThe conventional image is displayed
to the left and the synthetic image to the right. The dynamic range in both images is 45 dB.

the left and the synthetic approach to the right. The dynamic ing a convex array,” ifProc. IEEE Ultrason. Symp1995,
range in both images is 40 dB. The portal vein branch is seen pp. 1337-1340.

in the center of the image with the hepatic vein located abd4g J. A. Jensen, O. Holm, L. J. Jensen, H. Bendsen, H. M.
to the left and the caval vein below to the right with respectto Pedersen, K. Salomonsen, J. Hansen, and S. Nikolov,
the portal vein. A slightly better spatial and contrast resolu- “Experimental ultrasound system for real-time synthetic
tion seems to have been obtained. This is especially noticed atimaging,” in Proc. IEEE Ultrason. Symp1999, vol. 2,

the small vessels in the center of the image. There are, how- pp. 1595-1599.

ever, also small distortions in the synthetic image as seeff3tT. X. Misaridis and J. A. Jensen, “An effective coded ex-

the caval vein in the left part of the image. This may be due to citation scheme based on a predistorted FM signal and an
the in uence of tissue motion and phase aberration to which optimized digital Iter,” in Proc. IEEE Ultrason. Symp.

STA imaging is more susceptible than conventional imaging. 1999, vol. 2, pp. 1589-1593.

These issues have not been addressed in this study and, {Bys\i. O’'Donnell and L. J. Thomas, “Ef cient synthetic

they need to be Considered in the future WOI’k to Obtain the aperture |mag|ng from a Circu|ar aperture W|th possib|e

image quality improvements shown in the phantom images.  application to catheter-based imagingZEE Trans. Ul-
trason., Ferroelec., Freq. Contrvol. 39, pp. 366—380,
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Figure 4: Measured images of a cyst phantom with an attenuation of 0.5 dB#fiHZThe conventional image is displayed
to the left and the synthetic image to the right. The dynamic range in both images is 40 dB.

Figure 5: Measured images of the abdomen of a healthy 27 year old volunteer. The portal vein branch is seen in the center o
the images, and the hepatic and caval veins are located to the left and right of the portal vein, respectively. The conventiona
image is shown to the left, and the synthetic image is shown to the right. The dynamic range is 40 dB in both images.
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Abstract - This paper investigates a method for tissue missue, which requires attention.
tion estimation and compensation in synthetic transmit aperSTA imaging relies on the coherent summation of se-
ture imaging. The approach nds the tissue velocity anflientially acquired and beam formed low resolution images.
the direction of the motion at every tissue region by crosphus, STA imaging is susceptible to tissue motion, because
correlating high resolution lines beamformed along multiptris will cause the low resolution images to be incoherently
directions at each image points. Compensation is appliedifimmed, resulting in an unfocused image. This susceptibility
the beamformer by tracking the image points using the yg§-more pronounced for STA imaging compared to traditional
locity and angle estimates from the closest estimation poiitaging, because the latter techniques build up the image line
Simulation results using Field Il show nearly perfect motidsy line. Tissue motion therefore distorts the structures in the
compensation with no appreciable difference in contrast régditional images rather than degrading the spatial and con-
olution after compensation. Phantom measurements shgyét resolutions. If tissue motion is severe, successful STA
similar performance with differences in contrast resolution phaging requires motion compensation. This is especially the
29% and 0.61% before and after compensation, respectivelise, if several emissions are used for each high resolution
image.
| INTRODUCTION This paper presents a method for tissue motion compensa-
tion in STA imaging based on cross-correlation of high res-
Synthetic transmit aperture (STA) imaging has been iptution image lines beamformed along the direction of the
vestigated by several research groups over the last decagtstion. The method and acquisition strategy is described
e.g. [1, 2]. The results presented have in general shown tihagection I, and simulations with Field Il used to theoret-
STA imaging has the potential to improve image quality beally investigate the approach are presented in Section IIl.
yond that obtained by the traditional imaging techniques liRghantom measurement results obtained using the RASMUS
linear/phased array imaging. So far, however, in-vivo impleesearch scanner are presented in Section IV, and the paper is
mentation of STA imaging has generally been limited by twébncluded in Section V.
main problems: 1) Low signal-to-noise ratio (SNR), and 2)
Susceptibility to tissue motion. T
The low SNR arises due to the classic application of a sin-
gle transmit element. This limits the penetration of the ultra- . L
sound beam in the presence of attenuation, which is a gen r&oherent summation gf th_e low rgsolu.tlon. 'mages bea”."
property of biological tissue, and thus minimizes the cIinicacfrmed after each emission in STA imaging is necessary in

utility of the approach. In recent papers [1, 3] it has howev%rrder to fully utilize the advantages of the method. If these

been shown, that the loss in SNR can be overcome by repigg:qges are not phase aligned, incoherent summation will oc-

ing the single transmit element with a subaperture defocused which produces an unfocused, smeared high resolution

to emulate a high power spherical wave, and at the same timage- This affects the SNR, spatial resolution, and con-

replace the traditional short excitation with a long linear fr rast resolution. Such phase misalignment is produced by tar-

quency modulated (EM) waveform [4]. This approach, d et motion, where the tissue moves between each emission.

notedTMS imaginé, increases the SNR by several dB con? hus, it is necessary to estimate this motion and compensate

pared to e.g. linear array imaging, which makes in-vivo imago-r itin order to maintain image quality.

ing possible. Thus, the short penetration depth is no longer af!fferent methods for motion estimation and compensation
have been studied for synthetic aperture ultrasound imaging
°This work is sponsored by grant 9700883 and 9700563 from the D?ﬂ‘evious|y' e.g. [5' 6] As reported in these papers, the dom-

ish Science Foundation, by Ph.D. grant 11-3160-55173 from the Techn g : : : ;
University of Denmark, and by B-K Medical A/S, Gentofte, Denmark. ﬁﬁ;lmt factor in image degradation is axial motion due to the

1Temporally encoded Miti-element §nthetic transmit aperture (TMS) SIgNI cantly higher spatial frequency _in t.hiS direCtion- Lat-
imaging eral motion will however also have a signi cant impact on the

M OTION COMPENSATION
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Figure 1: lllustration of the tissue velocity estimation approach.

image quality. This is especially the case, if many emissioinsposition of the scatterers. The correlation for the different
are used, because the motion artifacts build up. Therefargles will be highestin the direction of the motion. By cross-
two dimensional motion compensation is necessatry. correlatinggm(n; @) andgm:2(n; q) for all angles, the direc-

Genera”y, motion estimation methods are based on Crd@ﬂ of the motion is therefore found at the angle for which
correlation of reference signals to nd the shift in positioﬁhe normalized correlation coef cient is maximum. For this
or phase of the tissue. The degree of success of such maggle the shift in position can be found and thus the velocity.
ods depends on the correlation between the reference signaihe shift in position between high resolution lines
which again depends on the degree of common spatial e 1(n;d) and gm+3(n;q) will be equal to that between
quencies used to generate the reference signals. One me#df: d) andgm- 2(n;q), if the tissue velocity is assumed con-
to obtain highly correlated reference signals is to use high ré&nt. Thus, the peak in the cross-correlation functions will be
olution images. These will be completely correlated, if thdgcated at the same lag, and they can be averaged to improve
are acquired in exactly the same way. This property has € velocity estimate. This averaging can be applied for as
cently been used to generate synthetic aperture ow imad@Rd as the velocity can be assumed constant.
in [7, 8], where the blood ow velocity is estimated by cross- N generalM emissions, denoted ow mode emissions or
correlating high resolution lines acquired using TMS imagirfgmode emissions, are used, and the emission sequence is
with few emissions and beamformed along the ow directioféPeatetNseq times. Thei'th high resolution line is created

The motion estimation and compensation method pr@f
sented here is based on the synthetic aperture ow method M
mentioned above. The approach utilizes the high correlation gi(matp) = a smi(n;gitp); 1)
between the high resolution images and the fact that for a =1
given emission any set of image points within the interra¢heren, n= 1;2;:::; N, is the sample number along the line,
gated region can be created using STA beamforming [7]. Ténés the angular direction of the line, amg denotes the lo-
method is illustrated in Fig. 1 using two emissions. Forcation of the point being investigated (see Fig. 2). The sig-
given image point at which tissue motion is to be estimatedyal sm(n; g;+p) is the low resolution line for emissiam, and
set of low resolution lines along selected directions are beam 1;2;:::;M(Nseqi 1). The number of samplel in the
formed for each emission. For each set of consecutive engigectional lines and the sampling intendgil are determined
sions, hergm;m+ 1], [m+ 1;m+ 2], [m+ 2;m+ 3], etc., the by several parameters, e.g. the spatial frequency at the given
corresponding lines for each angjare then summed to formangleq, and the maximum tissue velocity.
high resolution linegm(n; ), gm«1(N;q), dm2(n;q), etc.,  The normalized cross-correlation is obtained by
wheren is the sample number. Assuming a constant tissue o _ -
velocity during the acquisition, the distortiongm(n;q) and 1+ m(K gi¥p) = Efg.(n,q,+£)9.+M(n+ k,q,+p)g; (2)
gm+2(; @) will be the same and the only difference is the shift s?sZ
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Note, that this approach can also be used for continuous B-
mode and blood ow TMS imaging.

Il SIMULATIONS

To investigate the method described in the previous section
theoretically, a simulation using Field 1l has been performed
[9, 10]. A commercial 128 element 7 MHz linear array trans-
ducer with element spacing on the order of a wavelenigth (
was used. Each emission is performed using a 33 element
subaperture and with a 3@ linear FM signal as excitation
waveform. The linear FM signal and the corresponding com-
pression Iter have both been amplitude weighted to reduce
Figure 2: De nition of geometric variables. the near and distant temporal sidelobes [4, 3]. Each acquisi-
tion sequence consists of 96 B-mode emissions and 12 mo-
wherek is the lag, ands2 ands2 ,, are the variances 01:_tion sequences eac_h yvith 8 F-mode em_is_s_ions. This results
gi(m; g;#p) andgis m(n; o), respectively. Using the averagén a totgl of 19_2 emissions in each acquisition and .89. Cross-
cross-correlation function porrelatlon e;tlmatgs. The B-mode a}nd F-mode emissions are
interleaved with ratio 1-to-1 as explained above. For every B-
mode emission 64 receive elements spacedlbw@re used
(i.e. every second transducer element). For the F-mode emis-
. sions the 64 element receive aperture was centered around the
the dirgction of the motion is found at the angiép) for transmit subaperture.
whichr (k;g;¥p) is maximum as explained previously. The A tissue mimicking phantom containing an anechoic cyst
velocity magnitudevm(tp) of the motion is then calculatedyith a diameter of 4 mm centered on-axis and 25 mm away
by from the transducer was used as target. Uniform tissue mo-
kmax(a(‘Fp)) drfprs tion was simulatet_j by changing the posit_ion of the scz_itterers
M ; (4) between each emission event. The velocity of the motion was
N 0.15 m/s, and the scatterers were moved at an angl&10*
wherekmax(Q;tp) is lag of the cross-correlation peak, afig  relative to thez-axis, see Fig. 2.
is the pulse repetition frequency. The velocity magnitude and angle were estimated for ev-
To obtain continuous B-mode and ow imaging, the TM@ry 2 mm in both the lateral and axial direction. The rela-
imaging emissions and the F-mode emissions are interleay@d bias and standard deviation (STD) of the velocity esti-
such that every second emission is an F-mode emissigfate obtained were -4.40% and 0.85%, respectively, while
Hereby, the motion can be estimated continuously. The YRe relative bias and STD of the estimated angle were 1.08%
locity and angle estimates are used to compensate the (g 0.20%, respectively. The resulting images are shown in
resolution B-mode images by recalculating the location of thgg. 3. Clearly the motion completely destroys the image
image points to beamform. With reference to Flg 2, the hlmja“ty in the uncompensated image, while the image qua|-

M(Nseqi 1)

a riemkary) (3
i=1

1

r(k;o;tp) = M(Nosqi 1)

VFp) =

resolution B-mode image is created by ity has been fully recovered after motion compensation.
Nyt Nrcy M e (e (M) f The degradation in contrast resolutiBR in percent rel-
SHp) = A Wmltp) & WalEp) Omn ———2 ;  (5) ative to the reference phantom is calculated by
m=1 n=1 ¢ CRo:i CRu.
. o . CRy = CRefi CRonj ¢4 ®)
wherewn(*p) is the apodization values for receive element el CRet

Wm(¥) is the apodization value for transmit elementc is
the sound speed, amdi,; and N,y are the number of emis-
sions and receive channels, respectively. The total dista
mn(ft(m)) from transmission centen to the tracked image
point and back to receive elemants given by CR= 1 ITC; 9)

Omn(fe(M) = (M) Fmd * S (M) © wherelc is the intensity inside the cyst, aihglis the intensity
where of the speckle. Using these equations, the contrast resolution
before compensation is degraded by 48%, while no apprecia-
ble difference is present after motion compensation.

whereCRe1 is the contrast resolution of the reference phan-
fam. andCRob; is the contrast resolution of the object being
analyzed. The contrast resoluti@iris calculated by [3]

#(m) = [ sind; 0; cost] ¢f2—0f(ma 1) @)
pr
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Figure 3: Image results of tissue motion simulation. Left: Uncompensated, Middle: Reference (stationary phantom). Right:
Compensated. The dynamic range is 40 dB.

Figure 4: Left: Uncompensated, Middle: Reference (stationary phantom). Right: Compensated. The dynamic range is 50
dB.

128 individually programmable transmitters capable of send-
ing arbitrary coded waveforms with a precision of 12 bits at
40 MHz. Sixty-four receive channels are sampled simultane-

Measurements were performed using the RASMUS musly with a resolution of 12 bits and 40 MHz, and the 2-to-1
search scanner developed at our center [11]. This system has

IV MEASUREMENTS



128

multiplexing in the system enables acquisition of 128 chan-
nels in real-time over two transmissions.

An anechoic cyst phantom containing water lled cylinders[ll
with diameters of 4 mm and 8 mm was scanned. The applied
acquisition and processing strategies were identical to those
used in the simulation described in the previous section io
enable direct comparison of the results. Uniform scatter ?]
motion was emulated by moving the transducer between each
emission using a high precision translation stage. The veloc-
ity and direction of the imposed motion was 0.106 m/s and
-68.2Z, respectively. [3

The tissue velocity and motion direction was estimated for
every 2 mm in both the lateral and axial direction, and the an-
gular separation between the directionally beam formed Iin?ﬁ
was E. ]

The relative bias and STD of the velocity estimate obtained
were -7.23% and 15.84%, respectively, while the relative bias
and STD of the estimated angle were 1.11% and 4.65%, rFS'
spectively. These numbers are higher than those obtained |r]
the simulation, because they contain the false estimates from
inside the cysts. These can be avoided by using a proper dis-
criminator between noise and tissue. Neglecting the false es-
timates from inside the cysts, the relative bias and STD ﬁ%]
the estimated velocity becomes -3.24% and 5.63%, while the
angle estimates change to -0.14% and 1.81%.

] K. L. Gammelmark and J. A. Jensen,
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Preliminary In-Vivo Evaluation of Convex Array Synthetic
Aperture Imaging

Morten H. Pedersen, Kim L. Gammelmark, and J¢rgen A. Jensen

Center for Fast Ultrasound Imaging, Arsted DTU, Build. 348,
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

ABSTRACT

Synthetic transmit aperture (STA) imaging has previously been investigated and compared to traditional
imaging techniques in simulations and phantom studies. However, a full in-vivo study evaluating its clinical po-
tential has yet to be conducted. This paper presents a preliminary in-vivo study of STA imaging in comparison
to conventional imaging. The purpose is to evaluate whether STA imaging is feasible in-vivo, and whether the
image quality obtained is comparable to traditional scanned imaging in terms of penetration depth, spatial res-
olution, contrast resolution, and artifacts. Acquisition was done using our RASMUS research scanner and a 5.5
MHz convex array transducer. STA imaging applies spherical wave emulation using multi-element subapertures
and a 20! s linear FM signal as excitation pulse. For conventional imaging a 64 element aperture was used in
transmit and receive with a 1.5 cycle sinusoid excitation pulse. Conventional and STA images were acquired
interleaved yielding ensuring exact same anatomical location. Image sequences were recorded in real-time, and
processing was done o2ine. Male volunteers were scanned abdominally, and resulting images were compared
by medical doctors using randomized blinded presentation. Penetration and image quality were scored and
evaluated statistically. Results show that in-vivo imaging using STA imaging is feasible with improved image
quality compared to conventional imaging.

Keywords: Synthetic aperture imaging, Medical ultrasound, Clinical evaluation, Image comparison

1. INTRODUCTION

Conventional ultrasound scanning employs emission of focused beams in one direction at a time, thereby
building up an image of consecutive scan lines. This is a technically intuitive and easy implementable solution
to ultrasound imaging, imposed by the limits of analog electronics at the birth of medical ultrasound in the
1950'ies. The emergence of array element transducers has introduced dynamic receive focusing, which yields an
optimal lateral focus at all depths in the image for this method. Synthetic transmit aperture (STA) imaging, a
technique originally adapted from radar, o®ers the same optimal resolution at all depths in transmit as well as
receive, with the potential of increasing the overall spatial and contrast ultrasound image resolution.

Simulation and phantom studies of STA imaging have been published with good result$® The viability
of the technique in-vivo is, however, yet to be proven and doubts have been uttered, stating that tissue motion
will probably make the coherent summation of temporally separated signals break down.

In this study an implementation of STA imaging using multi element defocused spherical wave emissions and
linear FM signals? will be tested in a clinical setting on healthy volunteers and evaluated by ultrasound specialists
(medical doctors). The method is investigated for abdominal imaging using a convex array transducer, and it
is compared to conventional convex array imaging measured under the exact same conditions at the same time
and anatomical location.

Further author information: Send correspondence to Morten H Pedersen, Arsted 2DTU, Arsteds Plads Build. 348,
DK-2800 Lyngby, Denmark. E-mail: mhp@dadinet.dk
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Figure 1. lllustration of the principle behind STA imaging. At each emission event a spherical wave is transmitted
from a single element, and the echoes are recorded by all receive aperture elements. The echoes from each emission are
focused at each pixel in the image producing low resolution images, and these images are nally summed coherently to
form the displayed high resolution image.

1.1. Aim

The purpose of the study is to evaluate the performance of STA imaging in-vivo by blinded clinical evaluation
of ultrasound scanning using both conventional and STA imaging. An experimental ultrasound scanning system
capable of producing simultaneous recordings of the exact same locations using both techniques is used.

The following two null hypotheses are tested:

1. STA imaging has no e®ect on penetration depth.

2. STA imaging has no e®ect on image quality (spatial resolution and image contrast).

Additionally, this paper gives a short technical introduction to STA imaging in Section 2, and the data acquisition

and processing strategies are described in Section 3. Section 4 presents the results of the statistical analysis
along with the in-vivo images, i.e. their general appearance and artifacts. Results are discussed and conclusions
are drawn in Section 5.

2. SYNTHETIC TRANSMIT APERTURE IMAGING

Traditional linear and phased array imaging methods perform ultrasound scanning by transmitting focused
beams in one direction at a time. The echoes received by the aperture elements are recorded and focused
dynamically along the transmit direction to form a scan line. These scan lines are stacked together to form the
displayed ultrasound image.

In STA imaging the reverse of traditional imaging is performed. Here, as illustrated in Fig. 2, a single element
is used at each transmission to generate a spherical (i.e. defocused) wave, which spreads out in all directions in
the medium. The scattered echoes are recorded using all elements in the receive aperture, and the transmit-
receive procedure is repeated until all elements in the transmit aperture have been used for transmission.
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Figure 2. Geometrical illustration of STA beamforming. The core principle is the known origin and shape (spherical)
of the emitted wave. Based on this and the knowledge of the speed of sound, the arrival time of the echo from a given
point target can be calculated exactly.

Reconstruction of each pixel in the ultrasound image is performed by coherently summing the echoes received
from a point target located at the center of each pixel for all transmissions. This is possible because the origin
and shape of the transmitted wave is known. The origin is determined by the location of the transmitting
element, and the wavefront is spherical due to the small aperture elements. Assuming the speed of sound
in the medium is known, the arrival time of the echo from a given point target for a speci ¢ transmit and
receive element pair can be calculated exactly using the geometric relations illustrated in Fig. 2. Performing
this calculation for all transmit-receive element pairs, picking out the corresponding samples of the recorded
echoes, and "nally summing these samples both the transmit and the receive apertures are focused at the point
target location, producing an optimally focused image point. This process is repeated for all points or pixels in
the ultrasound image. Note, however, that the image points are independent from each other, enabling parallel
processing.

In practice, the image reconstruction process is performed sequentially. After each emission event a complete
ultrasound image is formed by focusing the receive aperture at all image points based on the transmit element
location (Fig. 2). The produced image is called a low (lateral) resolution image, because the image is created
using a single transmit element. This is repeated after each emission, and the individual low resolution images
are nally summed to produce the displayed high resolution image. In this way, the transmit aperture is
synthesized over several transmissions, and the ultrasound image is build up sequentially.

Since a single element is applied at each transmission, the emitted energy is low, which results in a low
signal-to-noise ratio (SNR) and, thus, low penetration. To increase the SNR a recent study of STA imaging
has shown, that the combination of multi-element subapertures, used at each emission to increase the intensity
of the emitted spherical wavel'4 with linear FM signals® can be used to increase the SNR of STA imaging.

3. MATERIAL AND METHODS

Seven healthy male volunteers were scanned in supine position by an experienced sonographer. Mean age
was 32.5 (from 26.5 to 43.5) years, mean weight 82 (from 70 to 96) kg and mean body mass index (BMI) was
25.2 (23.7 to 28.1).

3.1. Equipment

The measurements were performed using the experimental multi-channel ultrasound scanning systeRAS-
MUS.® The system has 128 individually programmable transmitters capable of sending arbitrary coded wave-
forms with a precision of 12 bits at 40 MHz. Sixty-four receive channels can be sampled simultaneously at 12



Pedersen et al 2004: Preliminary In-Vivo Evaluation of Convex Array Synthetic Aperture Imaging 133

bits and 40 MHz, and the 2-to-1 multiplexing in the system enables acquisition of 128 channels in real-time over
two transmissions. The system has 16 Gbytes of storage memory in the receivers, which enables the acquisition
of several seconds of real-time RF data, and it is remotely accessible and programmable through a developed
Matlab/C-library interface. The front-end in RASMUS is build by slightly modifying a commercial front-end.

The analog electronics in the system is, thus, comparable to a commercially available ultrasound scanner.

The transducer used for this study was a commercial 5.5 MHz convex array transducer with 192 elements
and , pitch. The bandwidth of the elements is 60% relative to the center frequency, and the convex radius of
the aperture is 41 mm. The height of the elements is 8 mm, and the array has a lens in the elevation dimension
with a "xed focus at 40 mm. Due to the limitation of the RASMUS system, only the central 128 elements of
the array are accessible.

3.2. Imaging Setup

For conventional imaging a 64 elements transmit and receive aperture was used with a "xed focus at 70 mm.
A 1.5 cycle sinusoid with a center frequency of 5.5 MHz and Hanning apodization was used as excitation. The
number of lines in each frame was determined by the spatial Nyquist theorem. For the present imaging setup
and the above convex array geometry, this resulted in 195 lines per frame.

For STA imaging a 33 element subaperture was used to emulate the high power spherical wave transmission,
and 64 elements equally spaced over the full 128 element aperture were used on receive. The transmit aperture
was moved one element after each transmission producing a total of 96 emissions for each frame. AlZ0linear
FM signal with a center frequency of 5.5 MHz and 90% bandwidth was used as excitation signal. The FM
signal had been weighted with a Tukey window to reduce the temporal sidelobe%. As explained previously,
this combination was used to increase the SNR of STA imaging.

The imaging modes were interleaved such that one frame from one mode followed directly after the other.
Hereby, images from exactly the same in-vivo view were obtained, enabling direct comparison of the methods.
The depth of each scan was 13-16 cm, and the interleaved frame rate was set to 12 frames/sec, i.e. 12 conventional
and 12 synthetic frames per second.

The excitation voltage was the same for both conventional and STA imaging § 50 V), and it was not changed
during acquisition.

3.3. Acoustic Output

Prior to conducting in-vivo experiments the acoustic outputs of the ultrasound scanner were measured
for the imaging modes under investigation. The measured intensities need to satisfy preamendments upper
limits regulated by the United States Food and Drug Administration (FDA), 7 which have been introduced
as safety guides to avoid damage to the tissue and pain to the patient. These limits concern the mechanical
index, MI- 1:9, the derated spatial-peak-temporal-average intensity, dpa:3 - 190 W=cm?, and the derated
spatial-peak-pulse-average intensity dppa:3 -+ 720 mw=cm?.”

The acoustic outputs were measured in a water tank using a high precision 3-dimensional position system
and a miniature PVDF hydrophone (Force Technology, Denmark, model: MH28-4) by following the guidelines
given by the American Institute of Ultrasound in Medicine (AIUM). 8 The levels obtained for conventional
imaging are listed in Table 1. These values are considerably lower than the FDA limits and in-vivo scanning is
therefore safe using the present imaging modes.

3.4. Acquisition

Two di®erent locations were scanned in each person. Both upper abdominal views of the liver in some
cases including the right kidney. Hereby, two acquisitions, with the two imaging techniques were made in seven
volunteers yielding 28 cine-loop sequences (14 paired sequences), each of approx. 3 seconds duration.

A scout image to initially locate the transducer was obtained using the transducer on a commercial scanner
(B-K Medical, Hawk 2102) immediately before the acquisition. The volunteer was asked to hold his breath
and an interleaved sequence of 3 seconds (36 frames) duration was recorded. The acquired rf-data were then
transferred to a computer cluster for subsequent o®-line processing.
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Conventional STA Unit

I sppa: 3 26.28 7.93 chmz
| spta: 3 3.66 72.94 mWZCI’T]Z
M 0.41 0.27 -

Table 1. Ultrasound intensities and mechanical index (Ml) used in conventional and STA imaging respectively. The
values are derated in-situ values.

3.5. Data Processing

The conventional data were beamformed using dynamic receive focusing. The RF signals were “Ttered using
a matched Tter, and dynamic apodization using a modi ed Hamming window with -12 dB edge levels was
applied, which kept the receive f-number=2 until the receive aperture was fully opened.

The STA data were processed using dynamic transmit and receive focusing as described in Section 2. A
designed compression Iter with a center frequency of 5.5 MHz and 90% bandwidth was used to Tter the RF
data and perform the pulse compression. The Tter was weighted with a Chebychev window to reduce the
near and distant temporal sidelobes in the compression output:®> Dynamic apodization was applied in both
transmit and receive using a modi ed Hamming window with -12 dB edge levels, and both f-numbers were kept
constant at 2 until the apertures were fully opened. The number of beamformed image lines was the same as
the number of scanned lines in conventional imaging, i.e. 195 beams. Note, however, that any number of scan
lines or image points could have been beamformed for STA imaging.

When both sets of data were beamformed the element sensitivify was taken into account. The angular
sensitivity of each aperture element was set t& 50 degrees, and an element was not applied in the beamformer
until the image point to be beamformed occurred inside its acceptance angle.

3.6. Automatic TGC Post-Correction

Before scan-line conversion, the TGC was corrected according to depth to obtain homegenous images sulit-
able for comparison. The automatic correction method is described by Pedersen et al (2003). The method
automatically simulates the TGC adjustments performed by a sonographer, eliminating the possible bias from
human intervention.

After envelope detection and log-compression the median value of all lines for all depths in the rst recorded
frame was found. The resulting curve was “tted (cubic spline) to eight control points found from the average
value of the median curve in eight evenly distributed along the depth axis. The resulting tted curve was then
subtracted from all lines in alle frames. In Fig. 3 an example of the correction is depicted. A dynamic range of
50 dB was used.

3.7. Movie Generation

Scan line conversion and movie generation were done in MATLAB (MathWorks Inc., Natick, Mass., USA).
Movies consisting of 3 sec recordings, swinging forwards and backwards to avoid annoying temporal discontinu-
ities were created with both single and paired images. In the single image movies only conventional or synthetic
acquisitions were shown. In paired movies both conventional and synthetic images were shown side-by-side. Two
versions of the paired movies were made, with the conventional image to the left and to the right respectively.
The movies were compressed using the loss-less Hu®yuv CODEC v2.1.1 for Windows AVI-Te generatfon

3.8. Image Assessment

Three medical doctors (ultrasound specialists) evaluated the movie clips. None of the three were involved
in the project, nor had they any prior knowledge about the details of synthetic aperture imaging, or seen any
of the images beforehand. Evaluations were done blinded and independently of each other.

“The Hu®yuv codec was made by Ben Rudiak-Gould at Berkeley University, USA. http://web.archive.org/web/
20020202101504/http://www.math.berkeley.edu/ > benrg/huffyuv.html
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Figure 3. Automatic TGC post-correction of logarithmic envelope. The left graph shows the maximum and minimum
log-dB values as a function of depth. Between the maximum and minimum curves the tted median curve and the
control point levels (horizontal bars) are shown. The right graph shows the min, max, and median values after TGC
correction.

(a) Synthetic aperture image / movie (b) Image of movie with both conventional (left) and STA (right) images
clip used for penetration depth esti- for comparison.
mation.

Figure 4. Single and double image presentation. The presented images are transverse sections of the right liver lobe
containing hepatic vein branches, cross sections of portal vein branches, and the diaphragm in the lower part of the
images.

Penetration depth comparison were done by presenting the 28 sequences in random order to each doctor
without any information on the type of technique used, as shown in Fig. 4(a). He was asked: "At what
depth [cm] does the image quality decrease signi cantly?", to estimate the perceived penetration depth. The
di®erences between depths in matching image pairs (conventional and STA) were used for the statistical analysis
to avoid the bias from di®erent examiners, who undoubtedly have di®erent opinions on how to answer the posed
question.

Image quality comparison of conventional and STA images were performed by displaying matching pairs
side-by-side in random order and with random left-right placement of the conventional image. This resulted in
28 presentations of the 14 pairs. The doctors were asked to score which of the two presented images (movies)
was better on a visual analog scal®? (VAS), see Fig. 5(a). Before the scoring the VAS scale was explained using
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(a) Visual Analog Scale (VAS) used to compare left and (b) Explanation of VAS shown to medical doctors before
right image. scoring images. The lower scale was used to read scored
values.

Figure 5 : Visual analog scale for image quality comparison

Figure 6. Histograms and normality plots of perceived penetration depth di®erences (depthsta | depthconventiona -
The normality plot supports the assumption of normally distributed data.

Fig. 5(b). The "gure instructs the doctor on how to interpret the scale when performing the evaluation. To
avoid categorized data and get a smoother distribution, this explanatory scale is not shown during the actual
evaluation (scoring).

3.9. Statistical Analysis

The statistical data analysis language R was used for statistical computations. Student's (one sample)
t-test was used on the resulting di®erences ipenetration depth assuming normal distribution supported by
Fig. 6. Two-sided tests were used.

Since each evaluating doctor most likely has his own interpretation of the visual analog scale and show di®er-
ent degrees of attraction to the center point (Fig. 7) in side-by-sideimage quality comparisons no assumptions
of normal distributed data were made. Consequently, Wilcoxon signed rank test with continuity correction was
used on the VAS results. The P values of the pooled data from all three examiners were corrected for multiple
comparison using the Bonferroni method?°

Y http://www.r-project.org/
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Figure 7. Distribution of answers to image comparisons. Positive values mean that the STA image is better. Data are
shown for the three doctors (S1-S3) individually.

4. RESULTS

The STA images were generally good and undoubtedly applicable in clinical imaging. Examples are shown
in Fig. 4 and Fig. 8.

4.1. New features

Synthetic aperture images clearly had a more uniform lateral resolution than the conventional, undoubtedly
due to the optimal focusing at all depths, which resulted in sharper images with more well-de ned structure
borders.

Additionally, movement during acquisition seemed to be rendered di®erently compared to conventional
images. Moving organs seems to be moving moren blog i.e. without the warping that occurs in conventional
ultrasound imaging. This remains to be evaluated further, though.

4.2. Limitations and Artifacts

An artifact appeared just above strong specular re°ectors (the diaphragm) in a few images, due to saturation
(Fig. 4(a)). The harmonic components introduced hereby result in an extra 'match’ when performing the
matched “Ttering producing a bright spot above the re°ector. The artifact is described and shown in Pedersen
et. al (2003).

A subtle but clearly noticeable °ashing artifact was seen in some of the STA images during movement. It
was not visible in the individual images, only during movie playback. It had no visible in°uence on image

quality.

4.3. Penetration

The di®erences in penetration depths between the two techniques are shown in Table 2 and the distribution
is depicted in Fig. 6. As seen, there is only a slight but signi cant (p=0.008) di®erence in penetration depth;
STA images on average had 0.48 cm more penetration. The rst examiner, though, did not perceive any
signi cant di®erence in penetration depth. The utilized signals and intensities were deliberately chosen to
match penetration ability in conventional and STA imaging within the given safety limits. This shows that STA
imaging is fully capable of producing images to at least the same depth as conventional ultrasound imaging.

4.4. Image Quality

The distributions and results of the image quality scoring are shown in Fig. 7 and Table 3 respectively.
All three examiners scored a signi cant better image quality in STA images yielding a highly signi cant image
quality improvement based on the pooled answers. The mean VAS score from all three examiners is not
calculated, since it really makes no sense to do that. Also, one should be carefull to interpret the absolute VAS
averages of each examiner, since the values heavily depend on that persons interpretation of the scale.
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(a) Longitudinal section of right liver lobe showing cross sections of hepatic vein branches, longitudinal section of a portal
a vein branch (upper left part), the kidney, and diaphragm at the bottom.

(b) Longitudinal section through right liver lobe including the right kidney. A hepatic vein branch is seen as a dark
excavation in the liver.

Figure 8 : Some examples of the produced in-vivo images. Left part is the conventional and right is the STA image.
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Conventional STA Di®erence P value

Examiner (cm) (cm) (cm)

S1 8.86 9.04 0.18 0.477
S2 8.21 8.79 0.57 0.076
S3 9.36 10.04 0.68 0.012
Pooled 8.81 9,29 0.48 0.008

Table 2 : Results of answers to \At what depth [cm] does the image quality decrease signi cantly?"

Sonographer Di®erence P value

(VAS)
S1 10.75 0.0011
S2 10.6 0.014
S3 3.64 0.0025
Pooled < 0:001

Table 3. Mean VAS di®erences between conventional and STA images for each examiner. Positive values mean STA is
better.

5. DISCUSSION

The results clearly show that synthetic transmit aperture imaging can be used in medical ultrasound. We
believe this is the rst published study that make a clinical comparison of conventional and synthetic aperture
ultrasound imaging. The worry that tissue motion would make coherent summation of samples, and thereby
image formation, impossible can be discarded for these abdominal images. Motion does introduce minor °ash
artifacts, though, which we expect to be able to remove by motion compensation in future works! The
synthetic aperture technique heavily depend on coded (chirp) excitation to obtain sutcient signal-to-noise ratio
and therefore exhibits the same minor artifacts in our current implementation as described in earlier work.

The clinical evaluation performed by the medical doctors shows a minute (0.48 cm) but signi cant (P=0.008)
increase in penetration depth using synthetic aperture with coded excitation. Since the two techniques are totally
di®erent with regards to excitation method, aperture use, and pulse design, this value is not that interesting.
Based on the statistical results, hypothesis one is rejected, and we conclude that STA imaging can obtain
satisfying penetration within the current intensity limits. In the present case penetration is actually improved.

Image quality evaluation showed highly signi cant improvement in STA images compared to conventional
images, which was also expected by the authors due to the apparent improved resolution throughout the STA
images. Therefore, also hypothesis number two was rejected. One should be careful about interpreting the
absolute VAS values, since the inter-observer variation in VAS scale interpretation is always large.

6. CONCLUSION

Synthetic aperture ultrasound imaging has been demonstrated and evaluated in-vivo. The clinical eval-
uation showed improved image quality in side-by-side comparison to conventional ultrasound imaging. This
“nding is very important to future real-time three-dimensional imaging methods based on synthetic aperture
techniques!?13  Especially two- and three-dimensional vectorial °ow estimation methods!* which heavily
depend on the high acquisition rate delivered by STA imaging.
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Abstract

Conventional ultrasound systems acquire ultrasound data sequentially one image line at a time. The archi-
tecture of these systems is therefore also sequential in nature and processes most of the data in a sequential
pipeline. This often makes it dif cult to implement radically different imaging strategies on the platforms and
makes the scanners less accessible for research purposes. For a system designed for imaging research exibility
is the prime concern. The possibility of sending out arbitrary signals and the storage of data from all trans-
ducer elements for 5 to 10 seconds allows clinical evaluation of synthetic aperture and 3D imaging. This paper
describes a real-time system speci cally designed for research purposes.

The system can acquire multi-channel data in real-time from multi-element ultrasound transducers, and
can perform some real-time processing on the acquired data. The system is capable of performing real-time
beamforming for conventional imaging methods using linear, phased, and convex arrays. Image acquisition
modes can be intermixed, and this makes it possible to perform initial trials in a clinical environment with new
imaging modalities for synthetic aperture imaging, 2D and 3D B-mode and velocity imaging using advanced
coded emissions.

The system can be used with 128 element transducers and can excite 128 transducer elements and receive
and sample data from 64 channels simultaneously at 40 MHz with 12 bits precision. Two-to-one multiplexing
in receive can be used to cover 128 receive channels. Data can be beamformed in real time using the system's 80
signal processing units, or it can be stored directly in RAM. The system has 16 Gbytes RAM and can, thus, store
more than 3.4 seconds of multi-channel data. It is fully software programmable and its signal processing units
can also be recon gured under software control. The control of the system is done over a 100 Mbit/s Ethernet
using C and Matlab. Programs for doiegy. B-mode imaging can directly be written in Matlab and executed
on the system over the net from any workstation running Matlab. The overall system concept is presented along
with its implementation and examples of B-mode amdivo synthetic aperture ow imaging.

1 Introduction

Modern ultrasound scanners employ digital signal processing to generate high quality images, which are dynam:
ically focused in receive. Processing has to be made on data streams in the Gbytes per second range, and tf
necessitates the use of dedicated chips to perform processing in real time to maintain the cost, space, and pow
consumption moderate. Fundamental changes to the signal processing are, thus, dif cult or impossible to make.
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The current scanners perform image acquisition sequentially one line at a time, and the frame rate is, thus.
limited by the speed of sound. When imaging ow, several emissions have to be made in the same direction, and
this limits the frame rate, especially for large depths and large color ow sectors. For a 100 line image at 15 cm
depth, the frame rate can be below 6 Hz, which is unacceptable for cardiac imaging.

New imaging techniques based on synthetic aperture (SA) imaging have therefore been suggested and in
vestigated 1, 2, 3]. The methods can potentially increase both resolution and frame rate, since the images are
reconstructed from RF data from the individual transducer elements. Hereby a perfectly focused image in both
transmit and receive can be made. Research in real time 3D imaging is also undéréjayrhe purpose is to
make systems that in real time can display a pyramidal volume of the heart, where different slices hereafter can be
visualized.

It has been intensely discussed, whether SA imaging could give better images, and how they will be affected
by tissue motion and limited signal-to-noise ratio. It has also been stated, that ow imaging cannot be performed
with SA methods. A fundamental problem in SA imaging is the poor signal-to-noise ratio in the images, since a
single element is used for emission. This gives a much lower emitted energy compared to using the full aperture
in conventional imaging and therefore limits the depth of penetration. A potential solution to this is the use of
coded excitation, and several groups are working on employing coded signals to enhance the signal-to-noise ratit
[6, 7, 8]. Coded imaging can also be used to further increase the framedrdt@ [L1]. It has also recently been
shown that SA imaging can be used for velocity estimatiidh 13]. This shows that SA systems can be made with
all of the functionality of conventional systems. There are, thus, good reasons for constructing an experimental
system capable of measuring SA data in-vivo to evaluate the proposed methods. It is the purpose of this pape
to describe such a system and give some examples from its use, demonstrating that many of the problems in S;
imaging mentioned above can be solved.

All of the above techniques require digital signal processing on signals from individual transducer elements.
The most advanced techniques also uses different codes, that changes as a function of element and emission nu
ber, so that a fully exible emissions system is needed. For research purposes both demands can be dif cult to
ful Il with commercial scanners, since they are often highly integrated, and it is dif cult to access individual
signals. Programming commercial scanners for new imaging techniques is often also either cumbersome or im:
possible. Itis, thus, bene cial to develop a dedicated research system, that can acquire, store, process, and disple
ultrasound images from multi-element transducers for any kind of imaging strategy.

This paper describes such a research scanner, its design, implementationianduese he primary purpose
of the scanner is to acquire complete RF data sets, where the signals on the individual elements are stored and c:
be used for later processing in development of algorithms and imaging schemes. A large memory covering severa
heart cycles is, thus, needed. It must be possible to implement any kind of imaging and a fully exible transmission
system is needed. Not all mentioned methods can be implemented in real time, since the resources needed for re:
time processing only can be determined after the algorithm has been developed. A key requirement is therefore
store all data and then transport them to general computer clusters for processing. To allow scanning on huma
volunteers, it is, however, necessary to have real-time processing capabilities for orientation of the scanning, anc
the various traditional scanning methods should be implemented. The processing should be so exible that some
of the new methods can be implemented or experimented with for real time implementation. Finaly, the scanner
should be easy to program allowing one to implement entirely new scanning methods with minimal efforts. Such
a system can assist in the development of scanning techniques and algorithms and facilitate pre-clinical trials. I
also makes it possible to investigate the role of tissue motion in SA imaging and can be used for quantifying the
emitted intensities for the advanced imaging methods.

The demands on the system are further elaborated in the next Section. A description of the individual units
of the system is given in Sectid@) and the actual implementation is also shown. The programming model for
the system, and how phased array imaging can be done in few lines of code, is shown in &eekamples of
clinical use of the system on human volunteers is described in Sdgteomd a summary of experiences with the



Jensen et al 2003: Ultrasound Research Scanner for Real-time Synthetic Aperture Data Acquisition 145
system and its further development is given in Secion

2 System speci cation

The purpose of the system is to make the acquisition of multi-channel data in real-time from clinical multi-element
ultrasound transducers possible, and to enable real-time or near real-time processing of the acquired data. Tr
system must be capable of performing the beam formation for all currently available imaging methods, and this
makes it possible to carry out initial trials with new imaging modalities for synthetic aperture imaging, 3D imaging,
and 2D and 3D velocity estimation. It must be capable of working in a clinical environment to evaluate the
performance of various algorithms on human volunteers.

The system is speci cally intended for research purposes, and is not intended for commercial use. The size of
the system is, thus, not very important, and it is not necessary to make it easily transportable. Also it is only used
by experts and the user interface to the medical doctor is of minor importance. Most efforts have been put on the
exibility of the system and its ease of con guration for new uses.

The function of the system is de ned by the different imaging methods for which it can be used. Each of the
imaging types is described below, and the consequences for the system then given.

Linear array imaging: A linear array image is generated by a multi-element transducer with 128 to 256 elements
[14]. The beam is moved by selectimgg. 64 adjacent elements and emitting a focused beam from these.
The focusing in receive is also done by a number of elements, and dynamic focusing is used. Apodization
in both transmit and receive are often applied. The number of active elements is usually 32 to 64. The
transducer frequency is from 2 MHz to 10 MHz. Imaging is done down to a depth of 30 cm.

The demands on the system are, thus, for 64 channels simultaneous sampling at 40 MHz. The focusing
delay for elemeni is given by

c

wherec is speed of sound,, is the imaging points. denotes the center element of the active aperture, and
¥; is the location of the element. Assuming the point to be very close to the transducer gives the maximum
delay

td_max=

J¥i) i(J; ‘FcJ: @)

A linear array often havke = c=fy pitch and the maximum delay is then

td,max— f - szo, (3)

where fg is center frequency anl; is the number of active elements. For 64 elements fard 2 MHz
ty_max €quals 16us.

The maximum time to sample one line to a deptld df given by

_ 2,

t
*T ¢

(4)
This givets = 430us corresponding to 17,200 samples at 40 MHz for a depth of 30 cm.

Phased array imaging: The beam is electronically swept over the imaging area by using a 64 to 256 element
array [L5]. The beamforming delays are used both for steering and focusing. The pitch is redue2ddo
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avoid grating lobes and a very conservative estimate of maximum delay is to assume the imaging point to be
at the edge of the array. The maximum delay then is

Nel =2 _ Ne
C - 2f0’
which is equal to the demand for linear array imaging.

(5)

td_max=

The transducer frequency is from 2 MHz to 10 MHz. Investigations are done to a depth of 20 cm.

The demands on the system is, thus, for 128 channels sampling at 40 MHz. The demands on focusing delays
sampling time, and storage are the same as for linear array imaging.

Flow estimation, spectrum: Beamforming is done in one direction with either a linear or phased atGhyThe
ow signal from blood has 40 dB less power than that from stationary tissue. The dynamic range of the ow
signal is 30 dB. The effective number of bits must be 12 or more, when the signals from all channels have
been combined. The pulse emitted can have from 4 to 16 periods of the center frequency of the transducel
or a coded signal can be employed.

Flow imaging: Imaging is done by pulsing repeatedly in one direction and then change the direction to generate
an image 17]. An image can therefore be assembled from up to 1,000 pulse emissions.

Three-dimensional imaging: A matrix element transducer is used witly.40£ 40 elements]8, 4]. Only some
of the elements are used for transmit and receive. The area of the elements is small and pulsing should b
done with 100 to 300 volts. Coded signals should be used. Coded pulses with up to 64 cycle periods must
be possible with a high amplitude accuracy. This corresponds to emission over a pes@sowith a
sampling frequency of 40 MHz and an accuracy of 12 bits.

The maximum delay conservatively corresponds to the transmission time over the aperture. Ass@2ming
pitch gives p_
2Nel =2 Ne

td_max c p?fo, (6)
which for 64£ 64 elements andy = 2 MHz gives 23ps. Parallel lines are generated by using parallel
beamformers and reusing data from one pulse emission. The system must be capable of reading the dat
sampled from one element a number of times, and use different phasing schemes for each cycle through th
data. This gives a very high demand on the processing, that might not be obtainable by the system.

Synthetic aperture imaging: A standard linear or phased array multi-element transducer is used. Pulsing is
done on a few elements and the received response is acquired for all eleb®e2td.[ The image is then
reconstructed from only a small number of pulse emissions by using the data from all elements.

This type of imaging needs large amounts of storage and the ability to reuse the data for the differentimaging
directions. The system must be capable of storing 3 seconds of data for all channels. For a 12 bits resolutior
at 40 MHz, 64 channels, and 3 seconds of data, this amounts to a total storage demand of more than 1-
Gbytes.

The processing of the data cannot be done in the system, due to the very large demand on processing. Thi
is solved by storing the data in real time and the transferring them to a multi-processor system for storage
and image reconstruction.

Synthetic aperture ow imaging: The data is acquired in the same way as for synthetic aperture imaging, but the
focusing is done continuously for all points in the imag&][ Hereby the data for ow estimation is present
for all image locations for all time. It is, thus, very important that the image measurement is continuous over
the whole data acquisition time.
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Fast coded synthetic aperture imaging:Here the image is acquired by sending different codes on the individual
elements for different emission8,[10, 11]. The image is then created by processing the received signals
using different Iters to separate out the individual signals.

The system must, thus, be capable of sending an arbitrary code that is different for the different channels,
and that can change from emission to emission.

In general the demands for all of these imaging modes can be condensed to a few generic demands. Th
transmissions system should be capable of sending an arbitrary signal on each element. The signals can be differe
from element to element and from emission to emission. The transmission system must be capable of focusing the
transmission differently for emission to emission. The sampling frequency should be 40 MHz and the resolution is
determined by the dynamic range of the system, which should be above 60 dB. A 12 bits digital-to-analog is, thus,
suf cient. Coded waveforms should be emitted for up top82and different codes should be emitted for different
emissions and elements. For 100 image lines this gives 80 Ksamples of memory for each transducer element.

The receiving system should be capable of sampling full RF data from all channels. The sampling frequency
should be 40 MHz and the resolution at least 12 bits. Sampling should be possible over a couple of heart beats
For 3 seconds of real time data at 40 MHz with 2 bytes per samples gives a demand of 229 Mbytes, so that a RAM
of 256 Mbytes per channel is necessary. To process the data it must be possible to dynamically focus the data il
real time. A focusing chip must be used for each channel, and this chip must have memory with parameters for the
focusing, and the system must be capable of summing the data from the individual channels. Ideally the processin
should be easily recon gurable, and it must be possible to store the raw RF data, the focused data, or the focuse
and summed data. The beamformed and summed data should also be transported out of the system in real time f
further processing and display on a screen.

3 System realization

The RASMUS (Remotely Accessible Software con gurable Multi-channel Ultrasound Sampling) system consists
of four distinct modules: Transmitters, analog ampli ers (Rx/Tx ampli ers), receivers, and a sync/master unit. The
main blocks are depicted in Fit. The connection to the transducer is through a 128 wire coaxial cable through the
Rx/Tx ampli ers. The transmitter sends the signals through the transmit ampli ers, and the receiver unit samples
the ampli ed and buffered signals from the Rx/Tx ampli ers. The sync/master unit holds a crystal oscillator and
controls the central timing of the scanning process. The overall operation of the system is controlled through a
number of single board PCs in the individual units interconnected through a standard 100 Mbit/s Ethernet. The
waveforms and focusing delay data are transmitted from the controlling PC to the transmitters and receiver boards
The data from the sampling is processed by FPGAs (Field Programmable Gate Arrays), that can be con gured
for speci ¢ signal processing tasks over the net. One Focus FPGA is used for each element and a Sum FPGA i
placed for each eight elements. The processed and summed signal can then be routed from Sum FPGA to Su
FPGA through a cascade bus. The resulting signal is read by one or more signal processors (ADSP), that can b
connected through serial link channels capable of transmitting 40 Mbytes per second. The beamformed signal i
send via the link channels to the PC for further processing and display.

The following paragraphs detail the overall design of the individual boards.

3.1 Transmitter

The overall diagram of the transmitter is shown in F@jand its layout is shown in Fig3. Each transmitter

board has 16 channels each having a 128 Ksamples pulse RAM connected to a 40 MHz, 12 bits DAC. The pulse
RAM is controlled by an FPGA, where the individual waveforms are selected as a memory start address and a
transmit delay. The delay RAM holds the start address of the waveform in the pulse RAM and the corresponding
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Figure 1:Overall diagram of system.

delay for each line. The delay RAM is implemented as 3 B2 bit SRAM. At the start of each line the pulse
emission is delayed according to the delay value for each channel. Both the waveform and the delay can chang
for each emission, which ensures full exibility in the transmissions. The length of the waveforms can be set, and
waveform durations up to 1Q@ can be emitted.

The whole board is controlled through a compact PCI interface from which all the memory can be accessed
and the FPGAs can be programmed. The system houses 8 boards for a total of 128 independent emission channe

3.2 Receiver

The Receiver board diagram is shown in Fglt samples and processes 8 analog signals selected from 16 inputs
through a 2-to-1 multiplexer. Each of the input signals is sampled at 40 MHz and 12 bits into one of the two buffer
SRAMs. While one of the buffer SRAMs is used for sampling and the other one is used for transferring data to
the Focus FPGA associated with each channel. The data is then processed in the Focus FPGA using paramete
from the 128 Mbytes Focusing RAM, and the result is passed on to the Sum FPGA. The processing can either be
a dynamic receive focusing or the data can be passed unaltered for later storage. The Sum FPGA can either sto
the data in the 2 Gbytes storage RAM or it can sum all 8 channels with the result from a cascade bus and pass |
on to the next receiver board through this cascade bus. The individual RF data can be both stored in the RAM anc
processed by the FPGAs at the same time. The last receiver board in the system then transmits the focused sigr
to the ADSP SHARC for transmission to the display PG][ The storage RAM can contain more than 3 seconds

of real time data for each channel, that later can be accessed from the PCs controlling the system.

The actual board layout is shown in Fig.All boards in the system have a size of 53 cm by 36.5 cm, and the
receiver is manufactured using a 12 layer printed circuit board.

The receiver boards are accessible from a general purpose Linux based single board PC, which controls th
different boards. All memory can be accessed from this interface, and it is possible to upload code to the FPGAS
through the ash memory. A FIFO memory can be programmed to replace the SRAM for sampling and the FIFOs
can be used for debugging the system. A mailbox interface to the SHARC ADSP is also accessible from the PCI
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Figure 2:Main diagram of the transmitter board.
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Figure 3: The transmitter board layout. The board size is 53 cm by 36.5 cm. The size is indicated by the 30 cm
ruler on the right.
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Figure 4:Main diagram of receiver board (fror@Z)).
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Figure 5:The receiver board layout without RAM modules to reveal the processing electronics. The board size is
53 cm by 36.5 cm.
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interface. This is used for sending messages to the ADSP.

3.2.1 Focus FPGA

The Focus FPGA controls the initial storing and processing of the sampled data. The Focus FPGA fetches the
sampled data from the SRAM and the corresponding focusing parameters from the Focusing RAM and processe
the data before transferring the result to the Sum FPGA.

Two independent memory burst SRAM banks are used to bank switch between the sampled data and processe
data. While the sampled data is being written to one of the two banks, the other bank can be read by the Focu
FPGA. Each SRAM is implemented as 256 ksamples, which is equivalent to a line length of 3.3 ms sampled at 40
MHz, since samples are stored twice for making focusing faster.

The basic focusing algorithm currently implemented uses a combination of coarse and ne delays. The coarse
delay is in steps of the 25 ns sampling interval, and it is implemented as a general table look up address generato
For each sample a 16 bit address index is read from the Focusing RAM. In this way focusing in any order can be
implemented. The ne delay is implemented as a linear interpolation between two samples using two signed 16
bit apodization coef cients, which are read from the focusing RAM for each sample. To make one output sample
per clock cycle, it is, thus, necessary to read two input samples, which is why the input samples are stored twice
in the SRAM. Using this scheme any delay can be implemented, and the data can also be decimated during th
focsuing process.

The Focus FPGA is implemented using a 300 Kgates XILINX device from the Virtex family: XCV300 in a
352 pin BGA package speed grade -4. The simple B-mode beamformer described above uses less than 10% of tt
logical resources of the chip for real-time B-mode beam formation. This leaves the possibility for investigating
hardware implementations of more advanced beamformers including pulse compression, synthetic aperture, an
parallel beamforming.

3.2.2 Sum FPGA

The Sum FPGA is used to perform digital signal processing on the 8 channels. The most basic operation is to sun
the 8 focused channels. Further, it is used as a gateway between the eight independent sampling channels and t
ADSP. The Sum FPGA controls the 2 Ghyte storage SDRAM.

When the focusing is done in the Focus FPGA, the 8 channels are added to the accumulated sum that is passt
to the next Receiver board using a high speed cascade bus connecting the Sum FPGA's directly with each othel
The last Sum FPGA in the chain uses the ADSP link ports to transfer the nal result to an external PC, that displays
the nal image.

The Sum FPGA is implemented using a 1 Mgates XILINX device from the Virtex family: XCV1000 in a 560
pin BGA package speed grade -4. The simple design described above uses less than 5% of the logical resources
the chip for conventional real-time imaging.

3.3 Sync/master unit

The Sync/master unit controls the timing of the system. A highly stable oven controlled crystal oscillator generates
the 40 MHz clock frequency. The clock jitter is below 5 ps. The clock is distributed using coax cables and emitter
coupled logic (ECL) in order to minimize jitter. The timing source also transmits a synchronization signal. The
receiver and transmitter uses the SYNC signal to start and stop the sampling cycles. An image consists of a numbe
of lines, each with a transmission of a pulse and reception of the echoes. The transmitter and receiver generates
internal LINE signal from the SYNC signal to control the sampling process for the received signal.
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The Sync/master board also generates the time gain compensation (TGC) signal used for the Rx/Tx boards. Th
sampling clock for the TGC waveform is 1 MHz. The values for the TGC and generation of the synchronization
signals are loaded through the board's PCl interface.

3.4 Current processing capabilities

The current system only uses 10% of the available capacity in the FPGAs. With the programs it is possible to
perform real-time beam formation for linear, phased, and convex arrays. The beam formation for all conventional
ultrasound systems can, thus, be implemented. The post processing for image display and ow estimation is today
done in PCs, but could be implemented in the SUM FPGA.

It is possible to focus data at a rate of 40 MHz. This gives 8,000 beamformed samples fqusa@isition
corresponding to a depth of 15 cm. Sparse output samples could also be gergffjadad hormally 512 complex
samples per line is suf cient for B-mode display, so that a 1-to-8 parallel beamformer can easily be implemented.
The remaining resources can then be used for Itration, code compression, or other processing.

Currently it is not possible to make real time processing of SA images. Here a full image must be formed after
each pulse emission corresponding to more than 100 parallel beamformers. Compression of coded signal shoul
also be done. The main bottlenecks are currently the data transfer rates, since the FPGAs still have room for mor
processing. The data acquisition can, however, always be done in real time, which is the most important feature
for research purposes. Since different image sequences can be intermixed, a conventional B-mode image can |
acquired and processed in real-time for orientation purposes. The SA image can then be acquired in betweel
B-mode images and full orientation of the scanning can therefore be obtained.

3.5 Physical realization

Two 19 inch racks house the 8 transmitter and the 8 receiver boards, respectively, as showrbin Hig.
sync/master board is located in the rack cabinet for the receiver boards. Each of these racks also houses a sl
PC running Linux, which controls the setup and operation of the boards. A separate enclosure is used for the
analog front-end, which is shielded from the digital electronics. Here linear laboratory power supplies (Tellner
TOE 8841 and 8852) are also used to supply the front-end to keep the noise low.

Although the system is quite large and weighs several hundred kilograms, it is still transportable and it can be
moved around in the lab by two persons. The system is now fully functional and has been used for acquiring data
for several new imaging methods as described in Seétion

4 Programming of the system

From the software point of view, the system consists of several computers, that are directly connected to a numbe
of transmitter and receiver boards and a single sync/master board. The computers are linked by a LAN, and us
Linux as operating system and TCP/IP as the underlying communication protocol.

The software was designed to meet the following requirements:

2 Flexibility and ease of use. Itis of prime importance that new imaging methods can be quickly implemented
with a minimal amount of programming even for new users.

2 Data encapsulation. All data for the imaging algorithm are stored in the boards of the scanner.

2 Distributed computations. The computers work independently of each another, and each calculates only
those imaging parameters for boards, which are connected to that particular computer.

2 Portability. The software is written in ANSI C and is platform independent.
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Figure 6: The RASMUS scanner seen from the front with the receivers on the top, transmitters in the middle and
the power supplies in the bottom. The analog front-end and transducer connection along with a control PC is
placed in the other rack cabinet.
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Figure 7:Client-server model of software.

The client/server communication model was adopted for the software. The computers controlling the boards run e
serverprogram. The server waits for requests coming from the LAN and processes them. The requests can be ser
by anyclient program running on a computer connected to the LAN using the TCP/IP communication protocol.
Figure7 shows the client-server model of the software. At start-up the server detects which boards are in the
PCI enclosures. The computers can handle any combination of transmitter and receiver boards plugged into th
same PCI back-plane. The server is in idle mode until an event occurs. In the case of a hardware malfunction, the
server sends an emergency message to a program, gedldtbr daemonAnother event is a request by tbkent
The request can be for transferring parameters to the boards, for performing some calculations, or for retrieving
data from the boards to the computer with the user.
The interface to the client program is implemented as a Matlab tool box. The function calls are implemented
to be as close to the functions in the simulation program Fiel@d] &s possible. Algorithms created using Field
Il can thereby easily be tested on the scanner with only minor changes in the Matlab program. An example for
setting the system to perform phased array B-mode imaging is shown below:

% Auto-detect and initialize the system
sys _init(" autd);
% Set the pulse repetition frequency
sys _set _fprf( f prf);
% Set the sampling range gate in receive
sys _set_sampling _interval( start.depth end.depth;
% Set the number of scan-lines per frame
sys _set_no _lines( no_lines);
% De ne the transducer. Necessary for the delay calculations
tr_linear _array( no_elementswidth, height, kerf);
% Do for all lines in the image:
for line_no= 1:no.lines
% Set the pulse and the apodization for the current line
xmt _excitation( wave fornfline_no));
xmt _apodization( line_no,xmtapq(line_no;:));
rcv _apodization( line_notimes rcv_apdline_no;:;:));
% Set the focus, de ned in 3D coordinates
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xmt _focus( line_no, focugline_no));
rcv _dynamic _focus( line_no, thetgline_no), fi(line_no));
end

% Set the time-gain compensation curve
tmg _tgc(tgc_vecto);

% Start the continuous imaging process
tmg _start

In order to make the system perform linear array imaging only one line needs to be added, which changes the
origin of the individual scan-lines.

5 Examples of use

The initial design of the system was started in October 1998 and the rst images using the full system were
acquired in the spring of 2001. The full real-time capabilities of the system were completed in 2002 and the
RASMUS system is how capable of real-time focusing for conventional imaging and real-time data acquisition for
all modes. This is illustrated in the following examples.

The rst example shows a comparison between a traditional linear array image and a synthetic aperture image
A commercial 7 MHz probe is used and the system is programmed to alternate between linear array imaging anc
synthetic aperture imaging. Hereby both images are acquired at the same time on the same patient and viev
and a direct comparison can be directly made. The linear array image uses 64 elements in transmit and 128 il
receive, and the active aperture is moved across the physical aperture to perform the image. The synthetic apertu
image is acquired using a number of spherical wave emissions. Normally one element is used in transmit, but tc
ensure suf cient transmitted energy, a number of elements are used in transmit. A set of 33 elements are used il
transmission to form a spherical wave, and this emission aperture is moved over the physical aperture. This is don
for 96 emissions. A 2@s chirp signal is also used during emission, and two emissions are used for sampling the
whole 128 element aperture using the 2-to-1 receive multiplexing. More details on this TMS (Temporally encoded
multi-element SA imaging) method and the corresponding intensity levels can be fo8id in [

The resulting images are shown in Fi§, with the linear array image to the left and the synthetic aperture
image to the right. It can be seen that the SA image attains a 40 % increase in depth of penetration and that th
resolution for the deeper lying wires are improvefl |

The second example demonstrates the system's ability to estimatén-eivo. The image is made using
synthetic aperture techniques with a 7 MHz linear array. Here 11 elements are group for the emission. Eight
emissions are used over the full 128 element aperture to form an image.p# @trp is used as excitation to
ensure a good signal-to-noise ratio. The 64 elements closest to the center of the emission are sampled durin
reception and hereby signals from all 128 elements are sampled for the whole emission sequence. The sequen
has been repeated 16 times for a total of 128 emissions with a pulse repetition frequency of 3 kHz. The velocity
is then estimated by focusing along the direction of the ow and these signals are cross-correlated to estimate the
movement and thereby the velocity. Details about the method can be foub8|.imThe resulting image taken at
the neck of a male volunteer of the carotid artery (bottom) and jugular vein (top) is shown & Fighould be
noted that the raw estimates are displayed, and the velocity is, thus, accurately estimated. The estimates only ste
at a depth of 13 mm due to the use of the chirp excitation. The white areas at the bottom of the artery are artifacts
from the velocity estimation process. This is due to the selection of a wrong peak in the cross-correlation function
[26], probably due to an insuf cient signal-to-noise ratio.

In the last example data is sampled to a depth of 32 mm, although the pulse repetition frequency is 3 kHz, so
that sampling is only done in 12.5 % of the time. The system is then capable of storing a sequence of image dats
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Figure 8:Linear array (left) and synthetic aperture scan (right) of nylon wires in a tissue mimicking phantom with
an attenuation of 0.5 dB/[MHz cm] (fron8]).
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Figure 9:In-vivo color ow map image at a 77 degree ow angle for the jugular vein and carotid artery. The color
scale indicates the velocity along the ow direction, where red hues indicate forward ow and blue reverse ow
(from [13]).
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for 26.9 seconds.

Several other image types have also been acquired like convex synthetic aperturedagp [synthetic
aperture datafg], and transverse ow dat&P] and pre-clinical trials of convex array SA imagirg@(]. The system
has, thus, shown that it is a very exible tool, that is able to sample data for nearly any imaginable application.

6 Summary and future extensions

The RASMUS system has been described in this paper. The system is currently fully operable and gives high
qualityin-vivodata, that can be used for devising and testing new imaging schemes like synthetic aperture imaging,
directional ow techniques, and real-time three-dimensional imaging. The main method for operation has been
real time data acquisition with storage of all the data in the system's RAM. The data are then transferred for later
processing on a Linux cluster with 32 CPUs. The model of control under Matlab has shown to be very ef cient,
since the user can work at a very high level of control without being buried in the system's details. More than 15
people have currently been using the system without a very long introduction to its facilities. The software model
has also greatly helped in debugging the system, since small scripts for testing can easily be written. The networl
feature has also eased the use. Most phantom experiments for debugging have been set-up in the laboratory, a
then the script debugging and data acquisition is done from the of ce.

By far the most important feature is the exible transmission system and the real time storage facility, that
are nearly always used. The main annoyance in the use of the system has been the slow transfer of data out
the system's memory. This is currently done through the controlling PCs, and this is limited by the 100 MBit/s
Ethernet and the PCI interface of the boards. The PCIl interface is based on an FPGA, and it is currently slow anc
limited to a transfer rate of 2-8 Mbytes/s. A full experiment storing 16 Gbytes of data ideally takes nearly one hour
to transfer to external disk at best, and often it takes longer. The slow transfer should be addressed in an update
version of the system, which could be based on a 1 Gbit/s Ethernet and an optimized PCI interface design.

The real-time capability has been the most dif cult to get working. It relies on the global timing of the whole
system and the coordination of all 72 FPGAs in the processing chain, and has been the last feature to work. Som
of the examples mentioned in Sectibras therefore been made by scanning with a normal B-K Medical 2102
scanner and then switch the probe to the RASMUS system for data acquisition, which is very cumbersome. The
real-time processing can now make dynamic receive focusing for all transducer models. This makes real-time
orientation possible, and the system can be programmed to acquire several different images in the same sequen
for comparison. Also the potential of the FPGA processing solution needs to be determined. The current processin
lIs 10% of the FPGAs. Many more options exists and are currently being investigated.

The system has, however, already now been capable of acquiring high quality data for linear, phased anc
convex SA imaging and SA ow imaging, and the rst pre-clinical trials comparing conventional and SA imaging
have been conducted.
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Abstract ,Ultrasound imaging can be improved with provements in the imaging depth-of-“eld with potentially
higher order arrays through elevation dynamic focusing low-cost modi“cations by current scanner manufacturers
in future, higher channel count systems. However, modi- and moderate losses in frame rate

“cations to current system hardware could yield increased

imaging depth-of-eld with 1.75D arrays (arays with in- Several beamforming techniques have been developed

dividually addressable elements, several rows in elevation) for the lateral dimension, including apodization, expand-

through the use of synthetic elevation imaging. We describe ing aperture, and synthetic aperture imaging. Apodization

synthetic elevation beamforming methods and its imple- consists of using a Weighting function (e.g., Hamming or
mentation with our 8 128, 1.75D array (Tetrad Co., Engle-

Hanning windows) to taper the ends of the transmit or

wood, CO). This array has been successfully interfaced with . . .
receive apertures to suppress the sidelobes of the radiated

a Siemens Elegra scanner for summed RF and single chan-

nel RF data acquisition. Individual rows of the 8 128 aray ~ beam patterns [1]. Low sidelobes yield improved contrast
can be controlled, allowing for di erent aperture con“gura- measurement capabilities. Expanding aperture allows for
tions on transmit and receive beamforming. Advantages of increasing aperture size as imaging depth increases during

using this array include “ner elevation sampling, a larger
array footprint for aberration measurements, and elevation
focusing. We discuss system tradeo s that occur in imple-

receive imaging. This enables imaging to be kept at con-
stant, low F-numbers (ratio of the focal distance to the

menting synthetic receive and synthetic transmit/receive aperture diameter) for a signi“cant portion of the imag-
elevation focusing and show signi“cant image quality im- ing depths [2]. The lateral resolution of an ultrasound
provements in simulation and phantom data results. imaging system is often de“ned as Resolution = é =

(F S number) x  where is the imaging wavelength,
z is the focal distance, andD is the aperture size. As
I. Introduction imaging depth z increases, maintaining a constant, low F-
number (by varying D) ensures a constant resolution value.
ver the past several decades, improvements in Transmit and receive apodization and receiye expanding
beamforming techniques have played an important aperlture are me.thods currentlylmplemented in Iaiteral dy.-
role in increasing ultrasound image quality and the num- Namic focusing in commercial scanners. Dynamic focusing
ber of diagnostic applications for medical ultrasound. Al- CONSISts of continuassly updating (with depth) the receive
most all of these techniques have been developed andfoc@l curves used in the delay-and-sum beamforming sys-
optimized for the lateral dimension of the array. Ad- (€M hardware. In this paper, dynamic focusing refers to
vances in transducer technology now allow for the ele- pomputatlons used to adjust incoming signals in real-time
vation dimension to play a role in improving beamform- in the scanner. Any focusing @lculations performed o -
ing. Beamforming techniques used in the lateral dimen- !iN€ or in the system hardware with previously acquired
sion can be implemented in the elevation dimension with Signals are termed synthetic focusing computations.
system hardware/software modi“cations. Signi“cant im- Synthetic aperture imaging improves the performance
age quality gains are made when incorporating elevation Of an imaging system by increasing the number of beam-
beamforming techniques. This paper presents methods for formed elements without having the actual number of
using a 1.75D array (array with individually addressable channels needed [3] to access all of the elements at one

elements, several rows in elevation) to gain marked im- time. This is done by using sequentially addressed sub-
apertures. The echoes gathered from each subaperture are

Manuscript received April 3, 2002; accepted July 26, 2002. This coherently summed to form an equivalent image from a
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fernandez et al.: capabilities of a 8 x 128 1.75d array

Wildes et al. [4] described di erent array geometries and
presented design speci“cation considerations for higher or-
der arrays. Table | details the proposed classi“cations. The
array types vary in their ability to focus in the elevation
dimension, the number of active elements (i.e., for a 2D ar-

41

beamforming and synthetic transmit aperture (STA)
beamforming. These approaches can be applied separately
or together and will be described in detail in this section.
Simulation results using the FIELD Il [6] ultrasound sim-
ulation program are presented in Section IV-A.

ray, a fraction of the elements are never used), the number A geometrical analysis for the focal timing curves in-
of independent rows (i.e., 1.5D arrays have electronically volves the x, y, and z (lateral, elevation, and axial, respec-
tied channels from symmetric rows), and mechanical and tively) positions of the array elements and focal distance.
electrical focusing capabilities. The electrical focusing is |deally, systems using higher order arrays could compute
controlled by the scanner hardware; a lens at the face of and apply time delays that incorporate the lateral and
the transducer serves for mechanical focusing. The higher elevation position of the elements as described by the fol-
order arrays also present manufacturing challenges, [i.e., lowing equation for the time delay igea for an element at
2D arrays are di cult to manu facture because of the large |ocation (x,y, 0) to focus at a location (0,0, z ):

number of small elements (element widths ,)].

Wildes et al. [4] demonstrated the importance of mov-
ing toward higher order arrays to improve lesion contrast
resolution caused by smaller slice thicknesses in the scans
and the capability of elevation focusing. Wildeset al. also _ _
showed the elevation beamforming capabilities of 1.25D WhereR; is the distance (m) from the phase center of the
and 1.5D arrays and design tradeo s in simulation results 2@y to the focal point, c is the sound speed (m/s), and
using mechanical, “xed-focus, Fresnel, and Minimum Inte- IS €xpressed in seconds.
grated Absolute time-delay Error (MIAE) designs. 1.75D For the synthetic elevation beamforming sections of this
transducers were also discusskin terms of requiring more ~ Paper, the received signals are fst beamformed laterally,

channel counts and limited elevation steering capabilities resulting in one signal for each row in the aperture, and
because of geometcal constraints. then beamformed in elevation wing the di erent focusing

We describe the use of higher order 1.5D and 1.75D Schemes of interest. This is because focal delays associated

arrays in ultrasound imaging. Current commercial scan- With the elevation dimension can only be applied o -line
ners are not equipped to take advantage of 1.75D multi- (because of system constraints). If we assume that lat-
row arrays. However, as system improvements occur, eleva- eral and elevation beamforming are separable, the focusing
tion beamforming issues will become more important and time delay used when synthetic beamforming is described
yield signi“‘cant gains in image quality. Synthetic elevation BY synth :

beamforming methods are desribed for multirow arrays in

X2+ y2+ z? S Ry

ideal = c (1)

Section Il with simulation results presented in Section V- synth = lateral + elevation

A. Section Il contains a description of our 8x 128 1.75D _1 9L 2 &

array and acquisition capabilities. The system costs for T X+ 2 S Ry 2
future implementation of synthetic elevation beamforming 1 s o2 &

are discussed in this section as well. * XS+ Yy + zf SRy

c
Experimental phantom results for synthetic beamform-

ing with this array are presented in Section IV-B. The
simulation and experimental results are further discussed
in Section V. The e ects of motion on synthetic beam-
forming performance are also @scribed in this section. In
addition to elevation beamforming, one of the main ad-
vantages of working with a 1.75D array is access to the in-
dividual channel echo signals. Previous work with a 1.75D
3 x 80 array was presented by Gauss [5] and involved For xs = 0 m, the value used in our processing, we obtain a
breast aberration measurements. The individual echoes root mean square (rms) error for synth €qual to 7 ns across

where Xs is the selected, “xed lateral position used to cal-
culate the elevation pro“le. This elevation pro“le is then
applied at all lateral locations.

The error, synmh , associated with using synth is

synth = ideal S synth

®3)

from the elements were used to calculate a 2D arrival-time-
delay pro“le and correct the received signals. Initial results
from this array indicated that better sampling in elevation
would yield better aberration measurements. Section VI
describes the use of our 1.75D 8 128 array in adaptive
imaging in phase-aberration measurements.

Il. Synthetic Elevation Beamforming

Two types of elevation beambrming principles are con-
sidered in this paper: synthetic receive aperture (SRA)

all elements in the array, with most of the error associated
with the time delays corresponding to the corner elements
of the array (34 ns maximum error on corner elements).
Design issues in choosings or choosing not to use the
outer elements can be considered to reduce the rms errors
associated in this implementation of synthetic elevation
beamforming. A typical commercial system beamformer
(Siemens Elegra) controls the timing delays at 144 MHz
(6.9 ns) sampling frequency so the rms error associated
with this choice of elevation computation is on the order
of a sample.
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TABLE |

Ultrasound Array Types Based on Descriptions Found in Wildes et al. [4].
Array types 1D linear 1.5D 1.75D 2D
Focusing capability in azimuth  in azimuth in elevation and azimuth in elevation and azimuth
Array geometry full full full sparse
Independent rows N/A no* yes yes
No. of rows x No. of lateral elements 1 x N 2S4)xN (2S8+) xN N x N
Electrical focusing in elevation no yes (symmetric) yes yes
Electrical steering in elevation no no limited yes
Mechanical focusing yes yes yes no

*1.5D arrays have independent symmetrically paired rows.

Generally, the laterally beamformed signals}, (k) for A-
scan linel and row n is given by the conventional delay
and sum expression:

C
sh(k)=  a(Krnc(kS LK)fs),

c=1

1=1,2,...,L
4)

where al(k) is the dynamic apodization value for channel
c and line |, rpc (K) is the received signal from channel c
on row n, (k) is the dynamic focusing time for channel
c and line |, and f is the sampling frequency of the sys-
tem. k is the sample numberk =1,2,...,K, assumingK
samples in each line, and. is the total number of A-lines
in the image. If the product .(k)fs is not an integer, in-
terpolation of the signal is needed to “nd the correct delay
value.

In the following subsections, we initially consider the
SRA beamforming capability of the 1.75D array and then
look at STA beamforming, where transmit subapertures
are used. The use of synthetic aperture imaging in both
transmit and receive imaging is described as synthetic
transmit and receive apeture imaging (STRA).

A. Synthetic Receive Imaging

The 1.75D multirow array can be used as a conventional
1D array with an increased elewation aperture and “xed el-
evation focus by simply summing the laterally beamformed
row signals in (4):

N

SIconv (k) = SIn (k)
n=1

()

where N is the number of rows in the array. We will de-
“ne this as conventional imaging mode to denote how the
array would be used in most current commercial scanners,
with no unique elevation electronic delays applied for rows
at di erent elevation positions. S, (k) is the kth sample
of A-line |. Hereby, a “xed elevation focus in both trans-
mit and receive is obtained usng the property of the lens.
Strictly from a beamforming point of view, the purpose of
using the 1.75D array is to obtain a uniform, narrow ele-
vation beamwidth with low sidelobes to increase the detail
and contrast resolution. Therefore, using a “xed elevation

focus in both transmit and receive is not advantageous be-
cause the beam converges andiverges quickly before and
after the focus, producing only a narrow beamwidth within

a small region around the focus (see Section IV-A). It is
therefore necessary to consigr more advanced beamform-
ing schemes to increase the depth of focus (DOF), also
known as the depth-of-“eld. The depth-of-“eld is de“ned
as the axial distance over which the beam maintains its
approximate focused size [1].

The elevation performance of di erent types of 1.25D
and 1.5D arrays has previously been described by Wildes
et al. [4], demonstrating that slice-thickness can be sig-
ni“cantly decreased when applying aperture growth and
dynamic apodization in the elevation dimension.

Using the conventional delay and sum beamformer,
SRA beamforming can be formiated in general terms as:

N
Skra (k)= Wa(K)sh(kS n(K)fs)

n=1

(6)

where wy (k) is the synthetic apodization value for row
n, n(k) is the synthetic focusing time for row n, and
s, (k) is the laterally beamformed line given by (4). Here, it

is assumed that the same elevation beamforming scheme
is applied to all lines in the image, which will often be
the case. Also, (k) takes into account the lens delay
by subtracting the lens-created delay from the geomet-
rically calculated synthetic focusing time [i.e., n(k) =
n,synth (k) é n,Iens(k)]-

Compared with 1.5D arrays, the 1.75D array has the ad-
vantage that each row is accessible. Thus, non-symmetric
apodization functions and time delay pro“les can be ap-
plied as described by (6), which makes the 1.75D array
useful for compensating for 2D phase aberrations. Apply-
ing symmetric apodization functions and focusing pro“les
in (6) results in (conventional) 1.5D array beamforming.

Eq. (6) shows that several types of SRA beamform-
ing schemes can be selectedvarious combinations of
“xed/synthetic focusing and aperture growth using dif-
ferent apodization functions and F-numbers are possible
by adjusting the values of wy, (k). It is well known that
changing the receive focusing from “xed to dynamic yields
signi“cant improvements in th e beam pattern. Introducing
aperture growth with careful selection of the apodization
function and F-number improves beamwidth uniformity
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with a reduction in sidelobe levels [7]. However, this is ob-
tained at the expense of a slightly wider beam, and the
beam is still in"uenced by the “xed elevation transmit fo-
cus.

B. Synthetic Transmit Imaging

To obtain further improvements in the beam shape,
STA imaging in the elevation dimension can be employed
as in conventional (lateral) STA imaging, where one ele-
ment is used at each transmission and all on receive [8].
The di erence is that here a single row is used instead of
a single element. This enables the possibility of applying
synthetic focusing, apodization, and aperture growth on
both transmit and receive in elevation. The in"uence of
the “xed focus supplied by the lens is removed, and a con-
stant beamwidth down to $40 dB with very low sidelobe
levels can be obtained throughout the imaging region (see
Section IV-A).

To understand STA beamforming, consider the trans-
mit and receive beamforming $eps as two separate oper-
ations. These can, however, be combined as will be de-
scribed further. Let s'm,n (k) be the laterally beamformed
signal from transmit row m, receive rown, and image linel.
Then, the STA receive beamformed dataS}, (k) for trans-
mit row m and line | is given by:

N
Wn (K)St (KS 0 (K)fs),

n=1

Sl (k) = m=1,2,...

M
@)

where M is the number of transmit rows. This operation
results in M signals for each line in the image, which have
been beamformed on receive.

Transmit beamforming is performed in the same man-
ner as in (7) with a simple change of variables. Thus, the
STA beamformed signalS;, (k) for line | is given by (8)
(see next page), wherevy, (k) is the synthetic apodization
value for transmit row m, (k) is the synthetic focusing
time for row m, and (7) has been inserted to obtain the
“nal expression. Eqg. (8) states that STA beamforming can
be implemented recursively ad that both transmit and
receive focusing can be perfoned simultaneously by com-
bining the transmit and receive focusing times into one
term using the time delay de“ned in (3). This will be re-
ferred to as STRA beamforming throughout the paper.

Inserting (4) into (8) yields (9) (see next page),
where the synthetic apodization values, W,'n,n,C (k) =
Wm (K)wq (k)al(k), and the synthetic focusing times,

e () = LK)+ (k) + m(k), have been combined.
In practice, these values can be calculated beforehand, re-
ducing the number of real-time calculations.

I1l. Experimental System Description

A. Tetrad 1.75D 8x 128 Array

We describe results obtained with a 1.75D & 128 ar-
ray, built by Tetrad Corporation (Englewood, CO), which
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Fig. 1. 8 x 128 1.75D array geometry.

Fig. 2. Tetrad 8 x 128 1.75D array. a) The array probe with a large
case (because of the multiplexer circuitry incorporated into the han-
dle), as seen in the open view in (b).

allows us to gather individual channel data from the 1024
channels available. The geometry and speci“cations of the
array are shown in Fig. 1 and Table Il. The lateral dimen-
sion was chosen to be similar to commercially available
1D arrays S 0.88 pitch. The elevation pitch is 1.5 mm or
6.5 . The element width was chosen to ensure good an-
gular sensitivity through the amplitude modulation of the
array response, decreasing the amplitude of the grating
lobes [9]. A lens focused at 26 mm provides mechanical
elevation focusing for real-time scanning, as our current
ultrasound system is not capable of performing dynamic
elevation focusing. The focus was also chosen for work in
breast and small parts imaging. The footprint of the array
is 12 x 26 mm, larger than commercial 1D arrays (e.g.,
a 5 x 26 mm-aperture). The array has high element uni-
formity, determined by the average nearest-neighbor cor-
relation measurements. This uniformity indicates similar
element impulse responses, a necessary condition for good
phase aberration measurements. Further discussion on the
arrayes aberration measurement capability is found in Sec-
tion VI.

Fig. 2(a) shows a photograph of the array, and Fig. 2(b)
shows the open case view of #transducer. The large size
of the case is due to the multiplexer switch chips incor-
porated in the handle (further described in Section I11-B).

Air "ow inside the transducer is also needed to disperse the
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M M N
SISTA (k) = Wm (k)S:n (kS m(K)fs)= W (K) Wh (k)slm,n (kS n(KfsS m(K)fs)
m=1 m=1 n=1
Mo 8
= Win (K)Wn (K)Sp o (KS 0 (K)fs S m(K)fs)
m=1 n=1
M N C
Ssra (K) = Win (K)Wa (K)ag(K)Tinne (kS (()fs S n(K)fsS m(k)fs)
m=1 n=1 c=1
M N C (9)
= Winne (Krnne (KS mnc (Kfs)
m=1 n=1 c=1
TABLE Il

grating lobes do not play a signi“cant role when the imag-
ing plane is axially in the middle of the array at the lens
focus. Wildeset al. [4] stated that 1.75D arrays would have

8x 128 1.75D Array Parameters.

Frequency 6.7 MHz . . L . .

Transducer bandwidith 50% !|m|ted steering capap|l|t|§s. This is veri .ed for our array

Elevation lens focus 26.0 mm in the results shown in Fig. 4(b). Elevational beam plots
Lateral element width 0.12 mm were computed when the bem was electronically steered
Lateral pitch _ 0.20 mm 0 to15 inelevation o the axial plane. Most of the energy

Elevation element height 1.46 mm is distributed at the mechanical lens focus,at a steering

Elevation pitch 1.50 mm

Element nearest-neighbor correlation angle of 0, independent of the selected steering angle. In
(i.e., element uniformity) 0.995 fact, the grating lobes for non-zero steering angles that are
in the range of the lens get magni“ed, resulting in a grat-

ing lobe with higher energy than the main lobe located at

. . , . the steering angle.
heat generated by the switches in the handle. Air cooling

is provided by an aquarium pump through two holes at
the base of the transducer handle.

The lateral and elevational performance of the array ~ Most commercial ultrasound scanners, including the
can be examined by using the Field Il simulation program  Siemens Elegra scanner used in our research, have 128 re-
[6]. The array parameters, ircluding the mechanical lens ceive channels. To collect more than 128 element RF sig-
focused at 26 mm, were incorporated into the simulation nals, an external controller is incorporated into the acqui-
to compute pulse-echo lateral and elevational beam plots sition setup. The array contains multiplexers in the han-
at the 26-mm focus of the array, using all eight rows on dle for external control of the rows active on transmit and
transmit and receive. Fig. 3 stows the transmit and receive receive for each transmit “ring. We built an external con-
lateral beam plot for the 8 x 128 array. The beam plot troller for elevation aperture con“guration. The controller
is formed by plotting the integrated energy (rms value) s synchronized with the Elegra system start-transmit sig-
of the non-zero pressure amplitudes along each A-line of nals. The Elegra software and hardware are used to control
the point-spread-function. The lateral resolution, de“ned  the lateral aperture used in imaging.
by the S6 dB width of the beam plot, is computed to Fig. 5 shows the system setup. The elevation rows active
be 230 um from the simulation results. This resolution  on transmit and receive are contolled through signals sent
is comparable with conventional 1D arrays. Fig. 3(b) is by a custom-con“gured Altera University Program De-
an extended view of 3(a), which shows the sidelobes and sign board (Altera Co., San Jose, CA) into the transducer
grating lobes. handless multiplexer switches. The time for switching be-

The transmit and receive ekvation beam plot is shown tween the transmit and receive con“guration is 0.5us, a
in Fig. 4(a). The elevation resolution is 485pm, calculated small fraction of the period over which no signal is re-
from the S6 dB full-width at half-maximum (FWHM)  ceived by the scanner (during this same period, the new
o the simulated plot. The elevation resolution is signif-  row con“gurations are assigned via the handle circuitry).
icantly better for this 8 x 128 array than conventional 1D The multiplexer switches in the handle can electronically
arrays. The grating lobese locations can be calculated us- tie together any combination of rows in transmit and can
iNg Sin® (4o vaiion pitch )+ Which results in locations at 9 independently tie rows on receive as well. This "exibil-
(4.1 mm) in elevation from the center of the array. The ity allows us to gather data in di erent con“gurations for

B. System Interfacing



fernandez et al.: capabilities of a 8 x 128 1.75d array 45

Fig. 3. Lateral beam plots for the 8 x 128 1.75D array. a) Lateral beam plot of the array for transmit and receive imaging, generated using
Field 1l code. The calculated S6 dB resolution from the plot is 230 pm. b) An extended version of the plot.

Fig. 4. Elevation beam plots for the 8 x 128 1.75D array. a) Elevation beam plot for transmit and receive imaging when the transducer is
focused in the middle axial plane from the array (i.e., no steering). b) Elevation beam plots at several di erent steering angles. Note that

the grating lobe levels (located at + 4.1 mm from the main lobe) are increased if they occur near the lens focus (0 ), sometimes resulting in
grating lobes with higher energies than the main lobe centered at the steering location.

0 ine processing to perform synthetic aperture elevation the channels in hardware and larger data storage capabil-

beamforming, discussed in Section II. ities to enable larger data sets for individual channel data
acquisition. Real-time SRA and STRA imaging implemen-
C. System Acquisition Capability tation can be achieved given a system with higher channel

count, hardware that controls the elevation aperture, and

We can acquire data in one of two forms: as summed (A- front-end processing to delay and sum the elevation sig-
line) RF data and as individual channel (not summed) RF  nals. In this paper, we present data that show the poten-
data. The summed data are collected after it has passed tial image improvements with this array. Frame rate and
the beamformer (delayed and summed) but before it has SNR are considered when evaluating future system design
gone through scan conversion and image-processing. With tradeo s for use with the higher order arrays.
the multiplexer controller box, data for each row in ele-
vation can be collected. These data can be resampled to D. Frame Rate Costs and Signal-to-Noise Ratios
form synthetic receive elevation images.

System improvements that allow for implementing Synthetic aperture imaging allows the current 128 chan-
1.75D arrays include more channels (ideally 1024 channels nel system to take advantage of the elevation performance
for this array) or a system to control the multiplexing of  of 1.75D arrays by addressingnore receive or transmit and
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Fig. 5. Data acquisition setup.

TABLE Il
Generalized Frame Rate Reductions with Synthetic
Elevation Aperture Imaging. P is the Conventional Frame

Rate (fps), N is the Number of Rows in the Receive
Aperture, M is the Number of Rows in the Transmit
Aperture.
SRA STRA Frame
Imaging mode factor  factor rate
Conventional imaging N P
SRA (each row collected) N n
STRA (each row collected) N M N
SRA (using elevation symmetry) " . e
2
STRA (using elevation symmetry) " v gf’%

1.5D array geometry.

receive elements. Raw RF data from individual rows are
collected in real-time and then combined o ine to form

high resolution images. Such images can be generated bywhere 2

the system with minor hardware and software modi“ca-
tions. The main cost in implementing synthetic elevation
beamforming is a reduction of the imaging frame rate.
The frame rate re”ects the imaging speed,the time it

takes to create an image. A data set used for synthetic
elevation beamforming is cdlected over several trans-
mit/receive events compared wth conventional beamform-
ing, where only one transmit/r eceive event is required. Ta-
ble Il presents a general description of the frame rate re-
ductions that occur with synth etic elevation imaging for
1.75D arrays.P denotes the frame rate with conventional
imaging. N and M are the number of unique rows used in
receive and transmit, respectively. The number of transmit
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TABLE IV
Frame Rates for Different Elevation Imaging Scenarios

Using the 8x 128 1.75D Array: N = 8and M = 8.
Transmit Typical
pulses frame
Imaging mode needed rates (fps)
Conventional B-mode 1 32
SRA (each row collected) 8 4
STRA (each row collected) 64 0.5
SRA (using elevation symmetry) 4 8
STRA (using elevation symmetry) 16 2

1.5D array geometry.

frame rate reductions apply to 1.5D arrays used in syn-
thetic elevation beamforming as well.

Table IV gives the number of transmit pulses needed
and resulting frame rates for the di erent imaging scenar-
ios if our 8x 128 1.75D array was used in current commer-
cial systems. This is assuming that systems could control
the acquisition of signals from di erent rows in the array
and process the stored data from the individual row(s)
together. The use of symmetric phase for this 8& 128
1.75D array (i.e., 1.5D array geometry implementation)
helps keep the frame rate high, as the same focusing delay
can be applied to tied rows.

We examined the e ects on image SNR caused by the
summation of signals from dierent numbers of trans-
mit/receive events at the focal area of the 8x 128 1.75D
transducer for the dierent imaging scenarios. Assume
that electronic noise in the receiver ampli“ers/cable at-
tached to each element domiates and is uncorrelated for
each element on each echo acquisition. Power SNR is de-
“ned using the formula

2.
Sl
~ (10)

noise

SNR (in dB) = 10log

s Is the variance of the zero-mean signal and
foise 1S the variance of the noise. For conventional and
SRA schemes, the expected SRl is the same because they
use eight rows of received da and identical transmit
apertures (eight rows “red together). For STRA imag-
ing, 64 received rows are dtected. Thus, the power
SNR for STRA imaging is SNRstra = 3 SNRconventional -
When SNR is reportgd in decibels, SNRyra (ndg) =
SNRconventional (ndgy S 9 dB. Additional factors that im-
pact SNR include the impedance characteristics of the
multiplexers in their onZ and +0 Z modes and the tar-
get range.

SNR measurements were made on summed RF signals
collected on a speckle-only gnerating phantom, built by

2

pulses needed is dependent on the implemented beamform-Timothy J. Hall (University of Kansas). The phantom has

ing scheme.
For synthetic elevation aperture imaging, one simplify-

0.5 dB/MHz attenuation and an experimentally measured
sound speed of 154% 5 m/s. The rows were electroni-

ing assumption to reduce frame rate costs is to assume cally tied together under the same setups used for conven-
symmetric phase for rows about the center of the array. tional, SRA, and STRA imaging. The signals were taken
This is similar to using the 1.75D array as a 1.5D ar- from a 2-mm axial length window about the 26-mm fo-
ray (where symmetric rows are tied together). Thus, these cus. Noise was calculated fsm the subtraction of the two
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signals examined. We computed an average SNR mea-
surement (over several RF lines) for the imaging scenar-
i0S: SNRconventional = 32.7 dB, SNRsga = 32.8 dB, and
SNRstra = 28 dB. We adjusted the brightness to display
each of the three image types on the same grayscale for
comparison purposes.

€ Conventional elevation beanforming with “xed trans-
mit and receive focusing (conventional)

¢ SRA using synthetic receive focusing and “xed trans-
mit focus with no expanding aperture (SRAcony )

€ SRAcony With expanding rectangular window and F-
number = 2 with “xed transmit focus (SRA Recr2)

€ SRAconv With expanding Hamming window and F-
number = 2, with “xed transmit focus (SRA hamr2 )

€ STRA using synthetic transmit and receive focusing
with no expanding aperture (STRAcony )

€ STRAconv With expanding rectangular window and
F-number 2 on both transmit and receive
(STRA RecFZ)

€ STRAcony With expanding Hamming window and
F-number 2 on both transmit and receive
(STRA HamF2 )

To evaluate beamformer performance, we used the two
parameters suggested by Wildest al. [4] (i.e., the S6 dB
and S20 dB beamwidths). The S6 dB beamwidth is used
. ) . . ) as a measure of the slice thickness or detail resolution, and

To investigate the dierent elevation beamforming the $20 dB beamwidth is used as a measure of the side-
schemes described in Section Il, simulations using Field Il |ghe |evels or contrast resolution. Also, we mapped the
[6] were performed. These S|m_iat|ons were used to eva!u- beam pattern by calculating the peak intensity |y of
types in terms of the improvement in slice thickness and culating the $6 dB and $20 dB beamwidths, each depth
sidelobe levels and for comparison with matched phantom a5 normalized to have a peak intensity of 0 dB to re-
measurements (see Section \B). For this anal¥5|s, We aré  move the variation in the sensitivity along the beam. Thus,
only concerned about the elevation beam pro‘le. the corresponding beam plots re”ect the variation in the

The simulations were performed by de“ning a plane peamwidth throughout the imaged region.

in the y-z (elevation-axial) dimension containing point The results are shown in Fig. 6 through Fig. 9 and Ta-
scatterers spaced equidistant along both dimensions. The ples V and VI.

1.75D array transmits a single row at a time along a “xed

direction, and the signals received on all 1024 aperture B. Experimental Phantom Results

elements are calculated for each point scatterer individ-

ually. For each row, the receivel signals are beamformed =~ Summed RF (already beamformed in the lateral dimen-
laterally using dynamic receive focusing and no aperture sion) data were collected with sequentially active rows on
growth [i.e., a.(k) = 1 for all | and c in (4) that de“nes receive. The transmit aperture was always set to “re using
the laterally beamformed signals}, (k)], and then summed all eight rows for SRA imaging. Only one row was active at
across the rows according to (4) The resumng e|ght sig_ a time when STRA data sets wee collected. The transmit
nals, one for each row, are then stored for subsequent el-focus was set to 26 mm, and the lateral beamforming was
evation beamforming. This is repeated for each individual controlled by the Elegra hardware and software settings.
transmit row. No attenuation e ects are included in the  No lateral transmit apodization was used, but lateral, dy-
simulations. This data set can be used for conventional, hamic receive focusing was applied by the system to collect
SRA, and STRA elevation beamforming. The 1.75D array 36-MHz RF data.

is set up according to the speci“cations given in Table I, ~ Two phantoms were used: a tissue-mimicking phantom
and the lateral transmit focus is set to the elevation focal (Gammex RMI) with 2-mm diameter spherical anechoic
point (x,y,z) = (0,0,26 mm). The point scatterer grid lesions spaced 1 cm apart and a tissue-mimicking phantom
is placed at the lateral center of the aperture & = 0) and  With 4-mm diameter spherical anechoic lesions spaced 1 cm
has an axial length of 35 mm, starting at 5 mm with 1- apart.

mm spacing between the point scatterers. The separation  For all phantom results presented, we show three di er-
between the point scatterers in the elevation dimension is €ntimages. All images were formed using lateral, dynamic
0.1 mm. Using this approach, a map of the elevation beam receive beamforming (output from scanner). The imaging
pro‘le is obtained. scenarios are a subset of those examined in simulations in

From Section Il it is inferred that many di erent ele- ~ Section IV-A.

IV. Results

Results are presented for several dierent elevation
beamforming SRA and STRA schemes in simulation in
Section IV-A. Experimental phantom data are presented in
Section IV-B using one STRA and one SRA beamforming
con“guration. Contrast measurements in the lesion phan-
toms are also presented.

A. Simulation Results

vation beamforming schemes can be applied. However, to
limit the discussion, we present results that describe the

general trends observed. We considered seven beamform-

ing schemes in these simulations:

€ The conventional image used “xed receive focusing
(from the array mechanical lens) in elevation. All indi-
vidual RF echo signals were summed to form each A-
line in the image. This image is what would be viewed
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Fig. 6. Comparison of conventional, SRAcony , and STRA oy €levation beamforming. No apodization or expanding aperture growth was
incorporated into these simulations. $6 dB (a) and $20 dB (b) contour plots for each imaging mode are shown.

Fig. 7. Comparison of SRA elevation beamforming using di erent aperture growth functions and F-number = 2 expanding aperture growth.
S6 dB (a) and S20 dB (b) contour plots are shown for SRAcony (N0 apodization or expanding aperture), SRARecr2 (rectangular window

apodization with F = 2 expanding aperture growth), and SRAHamr2 (Hamming window apodization with F = 2 expanding aperture
growth).

TABLE V
$6 dB Beamwidth (in mm) as a Function of Depth,Simulation Results.

Type,depth 8 mm 14 mm 20mm 26 mm 32mm 38 mm

Conventional 5.81 4.08 1.44 0.32 1.02 3.16
SRA conv 3.12 0.48 0.46 0.32 0.45 0.99
SRA RecF2 0.65 0.61 0.63 0.32 0.45 0.99
SRA HamF2 0.65 0.77 0.90 0.38 0.49 1.17
STRA conv 0.59 0.31 0.28 0.32 0.41 0.49
STRARecr2 0.51 0.41 0.35 0.32 0.41 0.49

STRA Hame2 0.51 0.51 0.46 0.45 0.49 0.55
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Fig. 8. Comparison of STRA elevation beamforming using di erent aperture growth functions and F-number = 2 expanding aperture growth.
S$6dB (a) and $20 dB (b) contour plots are shown for STRA cony (N0 apodization or expanding aperture), STRARgecr2 (rectangular window
apodization with F = 2 expanding aperture growth), and STRApamr2 (Hamming window apodization with F = 2 expanding aperture
growth).

Fig. 9. Contour plots of @) STRARecr2 , STRA elevation beamforming using rectangular window weighting aperture growth with F-
number = 2, and b) STRApamr2 , STRA elevation beamforming with Hamming window weighting aperture growth with F-number = 2.
Contours range from $20 dB to $80 dB with a 20-dB spacing. Notice the very uniform beamwidth for STRA Hamr2 , shown in (b), even
down to 580 dB.

TABLE VI
$20 dB Beamwidth (in mm) as a Function of Depth,Simulation Results.

Type,depth 8 mm 14 mm 20mm 26 mm 32mm 38 mm

Conventional N 4.96 2.22 0.59 2.12 4.54
SRA conv N 5.08 0.86 0.60 0.92 1.35
SRA Reck2 2.34 1.06 0.98 0.60 0.92 1.35
SRA Hamr2 2.34 1.36 131 0.68 111 1.62
STRA cony 5.75 0.56 0.52 0.60 0.73 0.92
STRARecr2 1.22 0.72 0.65 0.60 0.73 0.92

STRA Hame2 1.22 0.93 0.86 0.84 0.89 1.06
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on the scanner if all eight rows were electronically tied
in the handle.

€ The synthetic receive image, SRAamr2, employed
elevation synthetic receive focusing with expanding
aperture keeping an F-number of 2, with Hamming
apodization in elevation.

€ The synthetic transmit and receive image, STRAamr2
used synthetic elevation beamforming in both trans-
mit and receive. The syntheic beamforming imple-
mented a Hamming window apodization and expand-
ing aperture with F-number = 2.

The summed RF data were post-processed using the
Hilbert transform to form the detected image. A depth-
dependent gain was also applied within each image to cre-
ate a more uniform brightness image. For all of the images
presented, there is anoticeably brighter region of speckle
in the focal area of 24 to 28 mm because the array ex-
hibits close to ideal focusing at the mechanical lens focus
of 26 mm.

Fig. 10 shows 4-mm diameter lesion phantom images
for di erent elevation beamforming techniques. There are
qualitative improvements in the visualization of the bot-
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TABLE VII
Contrast Measurements for 4-mm Cyst Phantom.

Lesion Cyst  Conventional SRA
depth label contrast contrast STRA
(mm) (%) (%) (%) contrast
11 A 28.0 72.7 87.5
B S$14.5 67.9 85.9
16 C 53.2 70.4 86.0
21 D 93.2 91.2 91.7
E 88.9 91.2 91.0
26 F 94.5 95.7 95.2
31 G 86.2 92.9 93.0
H 80.2 91.6 92.4
36 | 54.5 82.3 85.3
41 J 46.3 63.5 76.3
K 23.8 64.0 76.3
Mean 57.7 80.3 87.3
Std. Dev. 35.1 12.7 6.4
TABLE VIII

Contrast Measurements for 2-mm Cyst Phantom.

Lesion Conventional SRA STRA
tom and top rows of lesions with synthetic elevation beam- depth Cyst contrast contrast  contrast
forming, re”ectin g an extension of the depth-of-“eld. (mm) label (%) (%) (%)

Quantitative measures of contrast were made using 11 A 39.3 62.2 82.5

. Signak e B 8.3 51.4 80.6

Contrast=1 S 2 ~ "9 (11) c 289 40.8 80.5

Signakpeckle 16 D $123 76.1 85.1

) , E $56.0 71.6 85.3

User-de“ned, circular masks were used to outline each le- 21 = 66.7 82.8 89.8
sion in the image. The average diameter of the masks was G 68.7 83.8 87.6
3.3 mm. The same masks were used on all of the 4-mm H 86.9 87.5 82.4
diameter lesion phantom images. Speckle signal located at 26 ! 8;'3 93'}1 92'8
the same depth and covering equal area as the lesion mask 31 i $3:1 32:5 28:2
was used for each lesion comist computation. The mean L 42.2 70.5 84.6
speckle brightness was measured for the signals inside the M 61.5 81.5 89.2
lesion and the signal outside the lesion. Table VII shows 36 N 22.8 61.7 67.5
the contrast measurement results for the cysts de“ned in o 34.3 56.4 68.5
Fig. 10(d). Mean 42.6 73.1 84.0
Std. Dev. 40.7 15.7 7.8

Elevation synthetic beamforming was also performed
on the 2-mm diameter lesion phantom. Fig. 11 shows the
images and the contrast measurements reported in Ta-
ble VIII. The average diameter of the user-de“ned masks
implemented for the contrast measurements was 1.5 mm.
There is a marked increase in lesion detectability with syn-
thetic aperture imaging. The top and bottom cysts are best
visualized in the synthetic transmit image, although syn-
thetic receive also shows moredsions than in the original,
conventional, image.

V. Discussion

The simulation results shown in Fig. 6 through Fig. 9
and Tables V and VI demonstrate the dramatic improve-
ments in depth-of-“eld using synthetic elevation aperture
imaging. Fig. 10 and Fig. 11 show experimental data that
follows the performance in simulations of the dierent
imaging schemes.

From a clinical breast imaging perspective, high de-
tail resolution is needed to identify lesion boundaries and
microcalci“cations. High contrast resolution improves the
discrimination of cysts from solid lesions. Fig. 6(a) shows
S6 dB contour plots, indicative of the elevation detail reso-
lution performance, and Fig. 6(b) shows elevation contrast
resolution performance in the $20 dB plots for conven-
tional (dotted), SRA conv (dashed), and STRAcon (solid)
beamforming. The S6 dB contour plots show that conven-
tional beamforming (“xed elevation focus in both trans-
mit and receive) results in a narrow beamwidth that is
fairly constant only over a 10-mm range about the focus,
but quickly diverges away from the focus. When synthetic
receive focusing (SRAonv ) is applied, the depth-of-“eld
is extended from the conventonal case. Further improve-
ment is obtained with synthetic focusing in both transmit
and receive (STRAcony ). The resulting beam is approxi-
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Fig. 10. 4-mm cyst lesion images and lesion identi“cation scheme. a) Conventional 4-mm diameter lesion phantom with normal lateral
beamforming and with elevation “xed receive focusing from the mechanical lens alone. b) SRA image that applies elevation synthetic receive
focusing, SRA jamr2 - This image shows increased detectability of the top and bottom row of lesions compared with the conventional image.
More lesions are identi“ed in the STRA image (c), which employs elevation synthetic receive focusing on transmit and receive, STRA HamF2 -
The synthetic receive focusing uses elevation expanding aperture (F-number = 2) and Hamming window apodization in transmit and receive.

d) A schematic labeling of the cysts used in reporting contrast measurements in Table VII.
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Fig. 11. 2-mm cyst lesion images and lesion identi“cation scheme. a) 2-mm diameter cyst phantom conventional image with normal lateral
beamforming and with elevation “xed receive focusing from the mechanical lens alone. b) SRA image employing elevation synthetic receive
focusing, SRA amr2 - This image shows increased detectability of the top and bottom row of lesions compared with the conventional image.

¢) STRA image showing the 2-mm cyst phantom with elevation synthetic focusing on transmit and receive, STRA Hamr2 - The synthetic
receive focusing uses elevation expanding aperture (F-number = 2) and Hamming window apodization in transmit and receive. d) A
schematic labeling of the cysts used in reporting contrast measurements in Table VIII.
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mately constant throughout the imaging region, and the
small lobes located at 12 mm in the SRA.w beam have
also been removed. The520 dB contour plots in Fig. 6(b)
show signi“cant improvementsin contrast resolution when
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elevation. Most of the contrast improvements occur in the
lesions located in the “rst 20 mm and after 30 mm, because
of the larger depth-of-“eld for SRA and STRA imaging.
Lesions D through H are located within the depth-of-“eld

SRAconv and STRAcon are used. However, close to the for a “xed elevation transmit and receive focus (i.e., focus

transducer, there are still large grating lobes outside the

with mechanical lens only), and, thus, there is no signif-

mainlobe. These regions of constructive interference arise icant improvement in contrast with the use of synthetic

in the near “eld because of the path length dierences
between the dierent rows and their directivity pattern.
Aperture growth can be implemented to reduce or remove
these grating lobes and increase the contrast resolution.
Fig. 7 compares SRA beamforming using dierent
aperture growth functions [SRAcon (dotted), SRA recr2
(dashed), and SRAamr2 (solid)] at S6 dB (a) and $S20 dB
(b) contour levels. The small regions of constructive inter-
ference close to the transducer that appear in the SRAony
contours [Fig. 7(a)] are remmoved when either the rectan-
gular window or the Hamming window is implemented.

beamforming.

The negative contrast measurement values, speci“cally
for lesion B in Table VII, can be explained by speckle
statistics. In the conventional image, the lesions from 10
to 18 mm are not visualized. The array resolution is poor
in this region, and the speckle brightness in these regions
are statistically indistinguishable from the surrounding ar-
eas. Thus, it is possible to have areas with varying bright-
ness located throughout this depth, and the mask used
for the cyst brightness measurements contains brighter
speckle than the speckle mask, leading to a negative con-

However, the beamwidth slightly increases before and af- trast value.

ter the focus. This e ect is mainly observed when applying

Using these measurements, we can quantify the im-

the Hamming window because of the reduction in the ef- provements associated withsynthetic beamforming. Ta-
fective aperture size when this window type is applied. The ble VII shows the contrast for the 4-mm diameter lesions.
S20 dB contour plots are shown in Fig. 7(b). Although the  There are small improvements in contrast for the lesions in
Hamming window causes an increase in the slice thickness,the “xed elevation transmit/r eceive (conventional) depth-

it clearly improves the near-“eld performance of the array. of-“eld. The most signi“cant improvements occur for the
Improvements in the contrast resolution are also obtained lesions outside this area (lesions A...C, I...K), where the av-
using the rectangular window, but these are not as pro- erage contrast improvement is 38.3% for SRA imaging and

nounced as for SRAame2 .

The purpose of implementing synthetic beamforming
with the 1.75D array is to obtain a constant and narrow
beamwidth (i.e., good resolution) throughout the imag-
ing region. SRAyamr2 Shows an increase in the depth-of-
“eld when compared with the conventional beamforming

scheme in Fig. 6. However, as seen in Fig. 6, STRA beam-

forming can improve the results even further.

Fig. 8 shows the S6 dB (a) and S20 dB (b) con-
tour plots of di erent aperture growth functions in STRA
beamforming: STRAcony ; STRARecr2, and STRARamF2 -

51.0% for STRA imaging. Table VIl also shows the mean
and standard deviation of the contrast measurements for
the three beamforming methods. The mean lesion contrast
is highest for STRA imaging, but also important to note
is the smaller standard deviation associated with STRA
imaging than with SRA imaging and conventional imag-
ing, indicating a more uniform contrast performance along
depth when synthetic beamforming is employed.

The 2-mm lesion phantom catrast measurements in
Table VIII show similar results. For the lesions located out-
side the conventional depth-of-“eld, the average improve-

The near-“eld performance improved both in terms of ment is 41.36% for SRA imaging and 57.0% for STRA
slice thickness and contrast resolution with the use of imaging. The high mean contrast and low standard devia-
aperture growth. Also, very uniform beamwidths were tion measurements reported in the table for SRA imaging
obtained throughout the imaged region. This is espe- show that this imaging method results in more consistent
cially noticeable in the S20 dB contour plot when the contrast measurements over dldepths compared with con-
Hamming window was applied. Based on these results, ventional imaging. STRA imaging shows further improve-
STRARecr2 and STRAp mr2 have similar performance. ments with its reported low standard deviation measure-
But, at lower beamwidth levels, shown in Fig. 9, we notice ment.
that STRA wamr2 has a better performance. These contrast measurements are subject to error. If
The results have been summarized in Tables V and VI, the image plane does not pass through the cystes center
where the S6 dB and S20 dB beamwidths have been cal- (largest diameter cross-sedbn), improved imaging could
culated for six equally spaced depths within the imaged re- potentially degrade the contrast because dierent rows
gion. Here, we also see that the variation in the beamwidth could receive signals o an incorrect slice plane. Speckle
is smaller for STRAuamr2 at both S6 dB and $20 dB as statistics could randomly place brighter/dimmer speckle
compared with STRARecr2 - areas in the measurement regions that in"uence the con-
The phantom experiment results demonstrate the im- trast measurements. Variations in the mask sizes used for

provements in increasing the apth-of-“eld. Tables VIl and
VIII report contrast measurements for the di erent lesions
grouped by their depth. The results in Table VIl show con-
trast increase with the use of synthetic beamforming in

contrast measurements can als produce di erent results.
Still, the overall trends of contrast improvement with syn-
thetic receive imaging and lager improvements with syn-
thetic transmit imaging are shown.
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The data collected for synthetic aperture imaging on
the phantoms contain no signi“cant motion. Thus, eleva-
tion synthetic transmit beamforming was not susceptible
to the motion artifacts that will occur in real-time patient
imaging. The frame-rate costs, as described in Section IlI-
D, may be signi“cant when combined with the elevation
motion (see Section V-A with the use of transmit synthetic
beamforming). The use of sythetic receive beamforming
increases the array depth-of-“eld at a minimum frame rate
cost.

A. Motion E ects

Synthetic beamforming techniques are sensitive to pa-
tient/transducer motion, as data for a single image line
requires a longer acquisitiontime compared with conven-
tional beamforming. Operator scanning techniques and/or
patient (cardiac, breathing) motion can result in a rela-
tive displacement between tte transducer and tissue. This
displacement can occur in the l&eral, elevation, or axial
dimension.

When performing synthetic receive imaging in eleva-
tion, tissue motion among subaperture (one subaperture
de“ned as one row of the array) signal acquisitions can
contribute to image degradation. This motion could cause
misalignment of the received sigals in the post-processing
combination of the subapertures. Nock [10] and Trahey
[13] have described the e ect of motion in lateral synthetic
receive aperture imaging on inage degradation along the
lateral and axial dimensions. A similar analysis applies for
the case of elevation synthetic receive aperture imaging.
Resolution of a rectangular aperture of lengthD and wave-
length  at a focal distancez can be de“ned asf [11].

For the array parameters described in Table 11, the theo-
retical elevation resolution is calculated to be 50Qum when
all eight rows are used. The lateral resolution is calculated
to be 230um.

The e ect of motion in the elevation dimension on the
main lobe of the PSF, as described by Trahey [3], is a
broadening of the main lobe (i.e., worse resolution) by E:

v(sS1)
5

E= (12)

Eqg. (12) describes the amount of main lobe broadening
as a function of P, the pulse repetition frequency (pulse
repetitions per second);v, the relative transducer/tissue
motion (mm/s); and the number of synthetic receive sub-
apertures, s. This equation is equivalent for the change in
lateral resolution, L, caused by tissue motion.

Tissue motion varies among tissue types, depending on
the patient position and proximity to the heart. We use
our array for clinical imaging of breast tissue, one of the
tissue types least susceptible to motion. El-Fallahet al.
[12] presented results that show the average tissue motion
expected in breast imaging with the patient in supine po-
sition to be 2.88 mm/s and sidelying position, 0.81 mm/s.
Assuming a pulse repetition frequency of 20 kHz and the

and frequency control, vol. 50, no. 1, january 2003

TABLE IX
Different Tissue Motions and Effects on Elevation PSF
Main Lobe Width, E, for SRA Imaging.

Y E E %
Tissue type velocity  ( um) (pum) change
Breast 2.88 500 + 1.0 0.2 %
(supine position) mm/s
Breast 0.81 500 + 0.28 0.06 %
(sidelying position) mm/s

use of eight subapertures in elevation (for our & 128 ar-

ray), E =1.0and 0.28um for supine and sidelying tissue
velocities, respectively (results shown in Table IX. These
values re”ect relatively small error contributions to image

resolution.

Axial motion can cause signi“cant degradation in the
quality of the synthetic elevation beamformed images.
Small di erences in the arrival time for two RF signals
can cause destructive interference. The maximum timing
error [3] t caused by a tissue/transducer velocityv is

2v(sS1)
t= 13
Pc (13)
wherev is the tissue motion velocity (mm/s), sis the num-
ber of subapertures,P is the pulse repetition frequency,c
is the acoustic velocity (mm/ps), and the timing error, t,
is expressed inus.

Table X shows the computed maximum timing errors
associated for the synthetic elevation aperture imaging
schemes at the di erent breast tissue velocities. For breast
imaging, there are small timing errors associated with syn-
thetic beamforming, especally when symmetry is used for
acquiring the data. For a 36-MHz system, each data sam-
ple is 28 ns, so, for the velocities examined, the axial mo-
tion for the subapertures yields a shift on the order of a
fraction of an axial sample. The sidelying position con-
tributes the least amount of timing error in SRA imaging.

If techniques were used to measure the misalignments (i.e.,
a correlation-based technique), then, theoretically, the sub-
aperture images could be readjusted in time appropriately
before being summed to form the “nal image. The e cacy
of the techniques would rely on the correlation between
the rows, which could be further decreased with tissue in-
homogeneities (i.e., phase aberrations).

Nevertheless, the results presented in this paper indi-
cate that these processing irprovements could dramati-
cally improve image quality. Axial motion is the type of
motion that could contribute most to image degradation
when synthetic elevation bemforming is performed, but
the axial motion is on the order of one image sample (at
most) for breast imaging. In addition, there is a high po-
tential for even better performance with dynamic elevation
imaging in future, higher-channel count scanners.



fernandez et al.: capabilities of a 8 x 128 1.75d array

55

TABLE X

Timing Errors, t, Associated with Axial Motion

sup
Imaging mode (v=

SRA

No symmetry used, s=8
With symmetry, s=4
STRA

No symmetry used, s =64
With symmetry, s =16

VI. Further Array Capabilities Using Individual
Echo Signals

The array geometry and element uniformity play an im-
portant role in adaptive imaging. Adaptive imaging can be
de“ned as a method to improve the imaging of a system
by dynamically responding to the speci“c tissue being im-
aged. There are local and interpatient variations in tissue
type that can distort the sound waves as they propagate
through the tissue [13]. An adaptive imaging system would
take an initial image, characterize the arrival time devia-
tions in the returned sound waves from what is expected,
then retransmit with adjust ed waveforms. The received
signals from this retransmit are adjusted in time again
with the deviations used on transmit and will yield a prop-

in Synthetic Elevation Beamforming.

Breast Breast
ine position sidelying position
2.88 mm/s) (v =0.81 mm/s)
1.3 ns 0.37 ns
0.55 ns 0.16 ns
11.8 ns 3.3 ns
2.8 ns 0.8 ns

sample the aberrators. This 1.75D 8x 128 array forms
a sampling grid of eight rows in elevation and 128 ele-
ments laterally to cover an array footprint of 12 x 26 mm.
The lateral sampling of the aberator is su cient (lateral
pitch = 0.2 mm), and the elevation pitch (1.5 mm) is su -
cient, for most abdominal and breast aberrations clinically
encountered. The main improvement from using a 1.75D
array over conventional 1D arrays is the information re-
ceived about the aberrator in elevation as well as having
shorter element heights in elevation with the 1.75D array.
Breast scanning on volunteers was performed using indi-
vidual RF echo signal acquisition for a 6x 128 subaperture
of this array. A least mean squares algorithm [15], [16] was
used to calculate the arrival time delays associated with
the near-“eld phase aberration model used. Fig. 12 shows

erly focused beam. Individual RF echo signals from each the aberration pro‘le measured from an example of clinical
element are necessary to be db to compute the arrival breast data. Tissue aberration varies along the lateral and
time delays for each A-line. There are several aspects of elevation dimensionof the transducer face, and the arrival
the array geometry, element size, and aberration measure- time delay pro“le shows the two-dimensional variations.
ment algorithm that are outside the scope of this paper. Because of the unique capability of the 1.75D array that
Walker [14], Gauss [5], [15], and Fernandez [16] are ini- enables arrival time estimates to be made in elevation,
tial starting references covering these issues. However, towe can demonstrate the elevation variation of the phase
completely describe the advantages of 1.75D arrays, it is aberration pro“le. This aberration pro“le is measured to
necessary to describe this arrayse use for phase aberrationbe 4.56 mm FWHM (autocorrelation length) and 36.4 ns
experiments. rms amplitude value. We should be able to perform bet-
If we assume a near-“eld aberration model [17], where ter aberration measurements with this array than using
all of the aberration occurs at the face of the transducer, conventional 1D arrays.
then measuring the aberration involves an aberrator sam-  In addition to adaptive imaging, the capability of col-
pling issue for the array. Eachelement becomes a sampling lecting individual channel data is also useful for motion
point for the aberration measurement. From previousin tracking within the scans and between scans used in 3D
vivo and ex vivo studies [5], [15], [18], [19], [20], and [21], volume rendering.
the range of abdominal and breast aberration measure-
ments is 2 to 8 mm FWHM (autocorrelation length of the
aberration pro“le and 20 to 175 ns rms amplitude). The
S6 dB FWHM autocorrelation length metric re’ects the
spatial frequency content of the aberrator. The aberration We describe the capabilities of a 1.75D, & 128 ar-
can vary in both dimensions of the tissue surface (along the ray demonstrating signi“cant imaging improvements made
lateral and elevation dimensbns of the transducer). There- solely from incorporating synthetic aperture imaging in
fore, su cient element pitch (element-to-element spacing) elevation. The costs of synthetic receive imaging is in
is needed in both the lateral and elevation dimensions of a reduction of frame rate and susceptibility to trans-
the array for good aberration measurement. Using these ducer/patient motion. This pap er has shown increased vis-
previous measurements to determine the range of aberra- ibility and contrast improvements of 2- and 4-mm lesions in
tors in breast tissue and the Nyquist sampling criterion, ultrasound phantoms. Although motion artifacts will come
element-to-element spacing should be at most 1 mm in into play with the frame rate costs to perform synthetic el-
both the lateral and elevation dimensions to su ciently  evation imaging, they should not outweigh the gains from

VII. Conclusions
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Fig. 12. Clinical measurement of a 2D aberration pro“le. This ex-
ample was from breast data collected using the 8 x 128 1.75D array.
The aberrator spatial variations are shown along both the lateral and
elevation dimension.

taking advantage of the ability to synthetically adjust the
time delays in elevation for 1.75D arrays.

It is currently feasible, with few system modi“cations
in hardware/software, to perform synthetic elevation aper-
ture imaging. The improved depth-of-“eld for 1.75D array
and improved lesion resolution away from the lateral focus-
ing and mechanical lens elevation focusing are signi“cant
advantages to implementing this system.

Because of the nature of a 1.75D array, acquisition of
each individual channel is also possible. Lateral synthetic
aperture imaging, phase aberration correction, and other
imaging capabilities requiring individual signal data can
be used with 1.75D arrays.
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Equipment and methods for synthetic aperture
anatomic and 3ow imaging

Jérgen Arendt Jensen, Svetoslav |. Nikolov, Thanassis Misaridis and Kim L. Gammelmark

Center for Fast Ultrasound Imaging, rsteBTU, Bldg. 348,
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

Abstract -  Conventional ultrasound imaging is done by | INTRODUCTION

sequentially probing in each image direction. The frame rate

is, thus, limited by the speed of sound and the number of lirdsdern digital ultrasound scanners acquire all images se-
necessary to form animage. This is especially limiting in Boguentially, where one direction in the image is measured at
imaging, since multiple lines are used for Row estimatioa.time. The consequence of this is that the frame rate is lim-
Another problem is that each receiving transducer eleméetl by the image size and the speed of sound. The frame rate
must be connected to a receiver, which makes the expangian be expressed as:

of the number of receive channels expensive. c

MI (l)

f =
Synthetic aperture (SA) imaging is a radical change from '

the sequential image formation. Here ultrasound is emitted ) i
in all directions and the image is formed in all directions SYNerec is the speed of sound, D is the depth aids the

multaneously over a number of acquisitions. SA images (:_%W“bp_'r _of_llnes in one image. For normal ar_1atom|c imag-
therefore be perfectly focused in both transmit and recefAd: tis is in general not a problem. For Bow imaging prob-
for all depths, thus signibcantly improving image quality. /™S aré encountered, since 8 or 16 emissions are necessary
further advantage is that very fast imaging can be done, sifie€ach direction, and the frame rate is correspondingly re-
only a few emissions are needed for forming an image, anﬂl‘}fed' .Imagllng the heart QOwn to 15 cm and creating 100
novel approach of recursive ultrasound imaging can be uddgae Ilne_s gives an ur_13aUsfac_tory frame rate of 6.4 or 3.2
to give several thousand images a second. A commercial §£(16 emissions/direction). This has been attempted solved

imaging system has, however, not yet been introduced dué”t’oUSing explososcarl], where a slightly broader beam is

a number of problems. The fundamental problems are I{ﬁ’mitted withe.g. four lines being simultaneously created in

marily that the signal-to-noise ratio and penetration depth ip&eve 1o y|e_ld afou_r times increase in frame rate. The o_lraw-
low and velocity imaging is thought not to be possible. back is the slightly wider beam, where the effects of the single
transmit focus is evident.

This paper will address all the issues above and show thafnother problem in conventional imaging is the single
they can all be solved using various techniques. The SNRransmit focus, where the image is only narrowly focused at a
increased signibcantly beyond that for normal systems by asigle depth. This is often compensated for by making com-
ing coded imaging and grouping of elements to form largpound imaging, where one image line is made from several
defocused emitting apertures. It is also possible to hamissions with different transmit foci. The drawback here is
many more receive channels, since different elements carttiedegradation in frame rate.
sampled during different emissions. The paper also showdhe frame rate problem also infBuences color Row map-
that velocity imaging can be performed by making a specjhg, since the number of emissions for one direction has to
grouping of the received signals without motion compendae kept to a minimum. The standard deviation of the esti-
tion by using recursive imaging. With this technique contimates are therefore high. Another problem is that only the
uous imaging at all points in the image is possible, which cBow along the ultrasound beam is found, and a transverse
signibcantly improve velocity estimates, since the estimafs®v will no be shown. The correct and accurate velocity is,
can be formed from a large number of emissions (100-208)us, not shown in the current systems.

The research scanner RASMUS, capable of acquiring clini-All of the problems are amplibed when going to real-time
cal SA images, has been constructed and will be describitlee-dimensional scanning. To maintain a good frame rate,
A number of phantom and in-vivo images will be presentdd beams must be reconstructed for each emission. This can
showingin-vivo SA B-mode and 3ow imaging. give 15 volumes per second in the Duke 3D syst&mtjut is
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Figure 1: Principle of synthetic aperture imaging. element #1
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not sufbcient to yield 3D Bow data in real time. The system
also have to use a sparse 2D array and have many channels in
order to yield a good image quality.

The current systems, thus, have many limitations, which current s ()
all can be related to the sequential data acquisition, that is emission #(1) ‘ [ %
limited by the speed of sound in tissue. RF data

A natural step is to devise methods where parallelismrigyyre 2: Recursive ultrasound imaging. In transmit only one
employed, and where the image can be made from only a fgi¢ment is excited. Multiple receive beams are formed simul-
emissions. Many authors have investigated synthetic apgheously for each transmit pulse. Each element is excited
ture imaging as a possible solutio, §, 5, 6, 7, 8]. There again afterNy, emissions wherdm: = Nygc = 10 in this
are, however, also problems here. The penetration dept@ygmple (from 9])
limited, since the emitted Peld is spread out in all directions.

Flow imaging is also thought not to be possible, since the im-

age is constructed from a number of emissions. Signals freaily focused image in both transmit and receive.

moving scatterers will therefore not be in phase, and velocityThis type of synthetic aperture imaging, thus, gives the best
estimation is therefore believed to be impossible. possible resolution for delay-sum beamforming at all places

This paper will give a brief introduction to synthetic apetin the image. The number of receiving elements can also
ture imaging, and it will be shown that the problems witbhange per emission, and many more elements than in tra-
limited penetration depth and Row estimation can be solvefitional imaging can be employed with less electronics. Also
Equipment constructed for measuring such images will be dge frame rate can be increased, since a full image can be
scribed and examples of-vivo anatomic and Row syntheticconstructed for only a few emissions.

(00000000

aperture images are presented. SAimaging can also be used for recursive ultrasound imag-
ing [9], where an image is created after each pulse emission.
Il SYNTHETIC APERTURE IMAGING This is possible since a high resolution image can be made at

all times after a complete set of low resolution images have
The principle of synthetic aperture (SA) imaging is shown ipeen acquired. It is, thus, possible to take the Nagk emis-
Fig. 1. A defocused wave is emitted from a single elemesions to form an image, whefd is the number of emis-
and the signal is received on all elements of the transdu&®ns for one high resolution image. It is sufbcient to re-
The geometric distance from the emission to the imagiptfice the oldest low resolution image with the last as shown
point and back can then be calculated, and a low resolutiorFig. 2, if the data acquisition is performed continuously.
image can be formed for all points in the image. The procéssiew image can then be made after each pulse emission,
is then repeated for other emitting elements and a seriesinfl the frame rate can be maintained at the pulse repetition
low resolution images are formed. All of these are focus&equency.
for the given transmission and receiving elements, and sumThe drawbacks of SA imaging are that the image is formed
ming them gives a high resolution image, that is focused fover several emissions, so it is prone to tissue motion arti-
all transmissions and receptions corresponding to a dynafaéts, and it cannot be used for Row imaging. Also only one
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element is used for a defocused transmission, and very little

energy is therefore send into the tissue resulting in a low pen-

etration depth. Sectionl¥ andV will show that the penetra-

tion problem can be solved, and that SA imaging can attain a

better penetration depth than traditional imaging. The clinidaigure 4: The RASMUS scanner seen from the front with the
images in SectioV also shows that motion is a minor probreceivers on the top, transmitters in the middle and the power
lem for a typical clinical scanning. Sectidfil will show that supplies in the bottom.

it can be used for Bow imaging with better results than tradi-

tional color Row map imaging. The Pnal problem is how

t L . .
construct a SA imaging system and this is addressed in ﬁ‘% gnalog fron_t-end, which is shielded from_ the digital elec-
next Section. tronics. Here linear laboratory power supplies are also used

to supply the front-end to keep the noise low.

[l EQUIPMENT FOR SYNTHETIC APERTURE
IMAGING

Transmitter

Each transmitter board has 16 channels, which consists of a

One of the main problems for investigating SA imaging h&%zg ksamples RAM connected to a 4O.MHZ’ 12 bits DAC.
been that there does not exist systems for acquiring and [;l; e RAM is controlled .by'a.n FPGA (Field Programmable
cessing the necessary data in real-time. We therefore set Ut Array), where the individual wavgforms are selected as
in 1997 to build a fully Bexible system, that could be used f&MeMOry start address and a transmit delay. Both the wave-
all types of imaging. The system should have enough me fm and the (_:Ie_lfay can change fqr gach emission, which en-
ory to sample RF data for each individual transducer elem&Hf®s full Bexibility in the transmissions. The length of the
over a couple of seconds, and the transmitters should bev&g\_/eforms can be set, and waveform durations up toE00

pable of sending any kind of signal for any element and emf@ be emitted.

sion number. A full description of the system can be found in | N€ Systém houses 8 boards for a total of 128 independent
[10] emission channels.

The RASMUS (Remotely Accessible Software conbg- Receiver
urable Multi-channel Ultrasound Sampling) system consists
of four distinct modules: The transmitters, the analog amplihe Receiver board is illustrated in Fi§. It samples and
bers (Rx/Tx amplibers), receivers, and the sync/master upibcesses 8 analog signals selected from 16 inputs through a
The main blocks are depicted in Fig). 2-to-1 multiplexer. Each of the input signals are sampled at

Two 19 inch racks houses the 8 transmitters and the 8 46-MHz and 12 bits into one of the two SRAMs. The one
ceivers, respectively, as shown in Fg.Each of these racksSRAM is used for sampling and the second is used for trans-
also houses a slot PC running Linux, which controls the seffigpring data to the Focus FPGA associated with each channel.
and operation of the boards. A separate enclosure is usedrtoe data is then processed in the Focus FPGA using param-



Figure 5: Main diagram of Receiver board (frof0]).

Figure 6: The receiver board layout without RAM modules
to reveal the processing electronics. The board size is 53 cm
by 36.5 cm.

Software control

From the software point of view, the system consists of sev-
eral computers that are directly connected to a number of
transmitter and receiver boards. The computers are linked
by a 100 Mbit LAN, and uses Linux as operating system and
TCP/IP as the underlying communication protocol. A server
program is running on each of the slot PCs and client pro-
grams can connect to the servers and setup the system.

The interface to the client program is implemented as a
MATLAB toolbox and can be run by any PC connected to
the net. The function calls are implemented to be as close to
the functions in the simulation program Field 111] as pos-
sible. Algorithms created using Field Il can hereby easily be
tested on the scanner with only minor changes in the Matlab

eters from the 128 MBytes Focusing RAM, and the resultpsogram.

passed on to the Sum FPGA. The processing can either be &n example for setting the system to perform phased array
dynamic receive focusing or the data can be passed unalt@etlode imaging is shown below:

for later storage. The Sum FPGA can either store the data in

the 2Gbytes storage RAM or it can sum all 8 channels wigh Auto-detect and initialize the system

the result from the cascade bus and pass it on to the nextsys-init(’ autd);

ceiver board through the cascade bus. The last receiver bdargkt the pulse repetition frequency

in the system then transmits the focused signal to the ADSR -set_fprf( f prf);

SHARC for transmission to the display PC.

The storage RAM can contain more than 3 seconds of roAt
time data for each channel, that later can be accessed from

PCs controlling the system.

% Set the sampling range gate in receive

_set_sampling _interval( start.depth end.depth;

O/fh%et the number of scan-lines per frame

sys_set_no _lines( no.ines);

% Debne the transducer. Necessary for the delay calculations

the system has a size of 53 cm by 36.5 cm, and the receivexio for all lines in the image:

manufactured using 12 layers.

for line_-no= 1:no.lines



% Set the pulse and the apodization for the current line V  ANATOMIC SYNTHETIC APERTURE IMAGES

xmt _excitation( wave fornfline_no));

xmt_apodization( line.noxmtapq(line_no,:)); An example of images measured by the RASMUS system us-
rev apodization( line_notimes rev-apd(line.no, :, :)); ing the method described in the previous Section is shown in
% Set the focus, debned in 3D coordinates Fig. 7, where a number of nylon wires embedded in a tis-
xmt focus( line-no, focugline.no)); - . sue mimicking phantom with an attenuation of 0.5 dB/[MHz
rev dynamic focus( line-no, thetgline-no), fi(line-no)); cm] has been scanned. A 128 element linear 7 MHz array

end probe has been used with the system described in Sedtion

% Set the time-gain compensation curve The left image shows the traditional linear array scan and the
tmg _tgc(tgc_vecto; right image shows the SA image using 33 elements for each
9% Start the continuous imaging process transmission together with a g chirp. It can be seen that
tmg _start the wires are better debPned and that the penetration depth has

been increased by roughly 40 % from 70 mm to 100 mm.
In order to make the system perform linear array imaging

only one line needs to be added, which changes the origin of Linear T™MS
the individual scan-lines. 20 20
IV SOLVING THE PENETRATION PROBLEM 30! 1 30l |
One of the main problems with SA is that only a single el-
ement is used for the emission. The spherical wave emitted 40F 1 40t i
will spread out in all directions, and the emitted intensity is
therefore low, severely limiting the depth of penetration.
One approach to increase the energy is to use a number of __ 50 1 50r .
elements to synthesize the emitted spherical wave thereby in- &
creasing the emitted energy. As showed experimentally by E
Karaman and coworkerg 2], the amplitude of the wavefront :g_ 60y 1 60f i
created by the defocuseﬁ subaperture consistinky; afle- 8
ments is proportional to N;. Using 11 elements, thus, gives 70k 1 70t i
an increase of 10.4 dB.
A second method is to use a coded excitation to increase
the transmitted energy. Using a frequency modulated chirp 80} {1 8of .
and a matched Plter for compression can increase the signal-
to-noise ratio by a factor;B/ (T,Bp), whereT, is the duration
of the chirp and is the bandwidth, and, andBj, are for the 90 1 90r 1
corresponding pulse excitation. An increase of 10 to 15 dB
can be attained without a reduction in axial resolution and ‘ ‘
contrast 1.3, 14]. 1990 0 10 1990 0 10
Combining the two approaches can give a signibcant in- Lateral [mm] Lateral [mm]

crease in SNR, when it is also taken into account that the SA

image is made from combining all the measuremen®.[ Figure 7: Linear array and synthetic aperture scan of nylon
The improvement in signal-to-noise ratio compared to an gvires in a tissue mimicking phantom with an attenuation of
dinary linear array image i<p: 0.5 dB/[MHz cm] (from [L6]).

_ MN: Te

| Figure8 showsin-vivoimages of the abdomen of a healthy
5=

N2 T, 2) 27 year old male for conventional imaging (left) and synthetic
imaging (right) using a convex array transducer. The trans-
whereM is the number of SA emissions aNd is the number ducer used for the measurement is a commercial 5.5 MHz
of emitting elements for linear array scanning. For the typicabnvex array transducer with 192 elements anutch.
case of a 7 MHz system witdl = 96,Ne = 64,N; = 33,Tc = For conventional imaging a 64 elements, Hamming
20us, Tp = 0.29s, and 128 receiving elements, the schemeeighted, transmit aperture is used with a bxed focus at 70
gives an improvement factdg of 17 dB indicating that the mm. A 2 cycle sinusoid at 5.5 MHz weighted with a Han-
SA system has a larger depth of penetration. ning window is used as the excitation pulse, and all 128 el-
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Figure 8: In-vivo images of the abdomen of a healthy 27 years old male using a convex array transducer. The left is the
conventional convex array image and the right is the SA image.

ements are used on receive and for the subsequent beamfor- Transmission

mation. For synthetic imaging an 11 element subaperture is
used to emulate the spherical wave transmission, and all 128 X Iﬂﬂﬂ”ﬂ” e
elements in the aperture are used on receive. The center of the " /
transmit aperture is moved one element after each transmis-

sion, which results in a total of 118 emissions. A20lin-

ear FM signal with a center frequency of 5.5 MHz and 90% Reception

bandwidth is used as excitation signal. The FM signal has
been weighted with a Tukey window to reduce the tempora

‘ (\
\ . e o
The conventional data are beamformed using dynamic re- z P l N

sidelobes13].

ceive focusing with delay updates for each sample. When ) _ ) ] )
beamforming both sets of data the element sensitivity is taken ~Figure 9: Three-dimensional scanning geometry.
into account. The acceptance andigif set tox 50 degrees

for each element, and, thus, an element is not applied in the

beamformer until the point to be beamformed lies inside f§mensional array and then multiplex between the elements
acceptance angle. to measure from a large number of elements to have a good

Figure 8 shows a region of the abdomen, where there"%fge quality L7). Another approach is to use a rotating

motion from the heart and the pulsation of the vessels. It A ased array transducer for sampling all spatial locations in
éotational movement. Such an approach is shown ing=ig.

been seen that the SA image is still of high quality despite t . . .
motion, and motion artifacts, thus, plays a minor role in S%ere the array is cgntlnuously_ rotated an(_JI_the synthetic aper-
imaging for this case. ure datg are acquwgo! from different posmor!s. The position
of the different receiving elements will be different for the
different emissions, but this can be handled in the beamfor-
VI REAL-TIME THREE-DIMENSIONAL mation process by keeping track of the transducer position.

IMAGING For the given position a number of low resolution images
will partly overlap as shown in FiglO. These can be used
SA imaging can also be used for creating three-dimensioimathe beamformation process to form the high resolution im-
images in real time. One approach is to use a twages. The overlap will be high at the center and less at the
















