
CHAPTER

ONE

Introduction

1.1 Incentive for the work

Before we answer the question ”why three-dimensional ultrasound imaging” we should give
an answer to the question ”why ultrasound imaging ?” in the first place.

Throughout the years the ultrasound imaging has established itself as one of the main imaging
modalities because:

• it is considered to be relative safe, since there have not been any reports showing the
opposite;

• it involves no ionizing radiation;

• it is non-invasive and most of the examinations do not distress the patient;

• it does not require special facilities as the X-ray, CT and MRI imaging require. Portable
ultrasound scanners exist, enabling the use of ultrasound even in field conditions.

• it displays the dynamics of anatomy due to its real-time capabilities, and gives a real-time
view of the functions of the organs;

• it allows for the estimation of such vital parameters as the function of the organs.

The portability and the real-time display are the two key factors for the success of the ultra-
sound imaging. At present day most ultrasound scanners are capable of displaying only two
dimensional cross-sections of the anatomy, and the clinician must reconstruct mentally the
three-dimensional structure of the organs under investigations.

Add-ons are used for ultrasound scanners, enabling off-line reconstruction of the 3D images.
Although this method gives images with high quality, it loses one of the main advantages of
ultrasound, namely the real-time display of the function of organs.

The real-time capabilities are preserved in scanners by using 2-D matrix arrays, which allow for
real-time 3D imaging. This, however is accompanied by an immense increase in the complexity
and cost of the ultrasound scanner, which cancels the advantage of being relatively cheap and
accessible. As it can be seen, there exists a trade-off between scanner complexity and real-time
capability. This trade-off comes from the way the ultrasound data is collected and processed:
the volume is divided in planes, the plane in lines, and the lines are acquired one-by-one.
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An alternative approach exists - instead of sending a pulse and receiving an echo from a single
direction, the ultrasound energy can be spread into the whole region of investigation and con-
secutively processed using synthetic aperture focusing. This approach is capable of decreasing
the acquisition time without trade-off in resolution. Until recently it was perceived as inappli-
cable for flow imaging and was not regarded as a viable alternative to the established imaging
algorithms. This dissertation deals with some of the weaknesses of the synthetic transmit aper-
ture imaging and tries to develop methods for estimating the blood velocity.

1.2 Contributions of the dissertation

The primary contributions of this dissertation are in the design of recursive algorithm for syn-
thetic aperture imaging, an unified view of the virtual source element, the exploration of the
effects of motion on the different acquisition methods, the use of recursive imaging for motion
compensation and velocity estimation at the same time, and the use of virtual source element
for 3D imaging.

Some work on 2D sampling patterns for matrix transducers has also been done and is presented
in the thesis. Practical aspects of how to visualize 3D data using current mass-production
computer hardware are also considered in the report.

Most of the work has also been presented at conferences and in articles. These are:

1. S. Nikolov, and J. A. Jensen: Velocity estimation using synthetic aperture imaging. The
paper will be presented at the IEEE Ultrasonics Symposium in Atlanta, October 2001,
and will be published in the proceedings of the conference.

2. S. Nikolov, J. P. G. Gonzaléz, and J. A. Jensen: Real time 3D visualization of ultrasonic
data using a standard PC. Presented at the Ultrasonics International ’01 Holland. The
paper will be published in Ultrasonics.

3. S. Nikolov, K. Gammelmark and J. A. Jensen: Velocity estimation using recursive ul-
trasound imaging and spatially encoded signals, Proceedings of the IEEE Ultrasonics
Symposium in Puerto Rico, October 2000.

4. S. Nikolov and J. A. Jensen: 3D synthetic aperture imaging using a virtual source element
in the elevation plane, Proceedings the IEEE Ultrasonics Symposium in Puerto Rico,
October 2000.

5. J. A. Jensen and S. Nikolov: Fast simulation of ultrasound images, Proceedings of the
IEEE Ultrasonics Symposium in Puerto Rico, October 2000.

6. Svetoslav Nikolov and Jørgen Arendt Jensen: Application of different spatial sampling
patterns for sparse-array transducer design, Presented at the Ultrasonics International
’99 and 1999 World Congress on Ultrasonics, Denmark, 1999, published in Ultrasonics
February, 2000.

7. Jørgen Arendt Jensen, Ole Holm, Lars Jost Jensen, Henrik Bendsen, Henrik Møller Ped-
ersen, Kent Salomonsen, Johnny Hansen and Svetoslav Nikolov: Experimental ultra-
sound system for real-time synthetic imaging, Proceedings of the IEEE Ultrasonics Sym-
posium, October, 1999.
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8. Svetoslav Nikolov, Kim Gammelmark and Jørgen Arendt Jensen: Recursive Ultrasound
Imaging, Proceedings of the IEEE Ultrasonics Symposium, October, 1999.

Two patent applications are made:

• Jørgen Arendt Jensen and Svetoslav Ivanov Nikolov. Recursive Ultrasound Imaging,
International Application Number PCT/DK00/00245.

• Svetoslav Ivanov Nikolov and Jærgen Arendt Jensen. Velocity Estimation Using Syn-
thetic Aperture Imaging.

A talk describing the exploso-scan and presenting some original 2D matrix arrays was given at
the 25th Anniversary of the Danish Biomedical Engineering Society, November 1998, Copen-
hagen. The title of the talk was: “An approach for three-dimensional real-time ultrasound
imaging”.

Some of the more relevant software written through the course of my Ph.D. study is:

• The system software for the RASMUS system. This project was by far the largest for
the last three years. It includes low-level Linux kernel modules (drivers), TCP/IP com-
munications, custom made remote procedure calls and connectivity with Matlab. The
software features a client/server architecture at all levels. The documentation in terms of
users’ and developers’ guides exceeds 300 pages. The total number of files (including
the documentation) is more than 1000.

• PCI toolbox. This is software for testing any PCI device. It consists of custom made
kernel module and a library with unified API. The functions can be also called directly
from Matlab.

• Beamformation toolbox. This is a C library implementing time-domain beamformation.
Most of the procedures are optimized for speed and realize only linear linear interpola-
tion. High-order interpolation using filter banks is also available to the user. There is a
Matlab interface, which closely resembles the interface of the main simulation program
Field II.

• Color flow mapping toolbox. This is a combination of a C library and Matlab scripts for
creating color flow maps. The flow is found either by estimating the phase or the time
shift of the signal. Also frequency based velocity estimator is available.

• Libraries for storing envelope detected data and interpreting initialization files. The latter
is shared across several projects - from the system software for RASMUS to the 3D
display program. The former has a Matlab interface and is also used in the program for
visualization 3D data.

• Parts of a the visualization program by J. P. G. Gonzaléz: the scan conversion engine,
the support for initialization files and the loading of envelope detected data. Also the
program was ported to Linux by me and some bugs were removed.

• A collection of Matlab scripts for synthetic aperture imaging, motion compensation and
velocity estimation.
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Each of the individual projects is accompanied by a user’s guide, which is bundled with the
distribution of the software package.

Some programs not directly related to the scientific part of the project were also made, such as
the collection of scripts for 2D and 3D vector graphics. These scripts were used to draw most
of the figures in the dissertation.

1.3 Organization of the thesis

The thesis is primarily devoted to the synthetic aperture focusing algorithms. Before diving into
the essence of the work, the conventional ultrasound scanning methods are overviewed and the
foundations of acoustics is given in Chapters 2 and 3, respectively. Among the conventional
methods and trends, the use of standard PC components is considered and the OpenGL scan-
conversion algorithm presented.

The rest of the dissertation is divided into two parts: “Synthetic aperture tissue imaging” and
“Synthetic aperture flow imaging”. In the first part an attempt is made to introduce some clas-
sification based on which aperture is synthesized: the transmit, the receive or both. The basic
principle of synthetic aperture focusing is given in Chapter 4, and its variations are presented
in Chapter 5. Further, the idea of creating an output image at every emission using recursive
ultrasound imaging is introduced in Chapter 6. In this part of the thesis some of the problems
of the synthetic transmit aperture imaging are outlined such as a relatively large number of
emissions and low signal to noise ratio. Several solutions exist to the latter problem such as the
use of multiple elements in transmit. This idea is further developed into the unifying concept
of the virtual ultrasound sources, which is given in Chapter 7. The chapter finishes by present-
ing the use of virtual sources to increase the resolution in the elevation plane for 3D synthetic
aperture imaging with a linear array. The number of emissions is decreased by using sparse
synthetic arrays as shown in Chapter 8. The design of 1D and 2D sparse arrays is outlined, and
the performance of several 2D designs is compared. This part of the dissertation finishes with
a presentation of spatial and temporal encoding for increasing the signal to noise ratio.

The second part of the dissertation is devoted to the velocity estimation using synthetic aperture
imaging. It starts with a description of velocity estimation by measuring the time shift of the
signals in Chapter 10. This velocity estimator is chosen because it performs well with short
transmit pulses. The velocity cannot be estimated using the images created with the recursive
ultrasound imaging. The cause of the failure are the motion artifacts, a model of which is
developed in Chapter 11. Based on this model a motion compensation scheme is designed.
Chapter 12 presents the results of the motion compensation, and shows that the velocity can
be estimated using the compensated images. In order to eliminate the motion compensation as
a step in the flow imaging, the cross-correlation velocity estimator is modified in Chapter 13
using the model of the motion artifacts. This part of the dissertation ends with a discussion of
how other velocity estimators can be modified for use with synthetic aperture imaging.

The Appendix contains the papers published in the course of the Ph.D. study and a description
of some of the equipment used for the experiments.
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