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One of the main causes of cardiovascular diseases is atherosclerosis and it strongly correlates with carotid arterial wall

thickening of the intima-media complex. A typical arterial wall consists of three layers: an innermost layer, “the intima™; a
middle layer, “the media”; and an outer layer, “the adventitia”. The intima-media region of the artery is a useful place to probe
in the diagnosis of atherosclerosis. Ultrasound imaging has been a very useful, safe and non-invasive imaging modality for
visualizing the cross section of the arterial wall. Cross sectional imaging of the carotid artery is usually in two planes: the
longitudinal plane and the transverse plane. In a longitudinal cross sectional image obtained by conventional linear scanning,
the anterior and posterior walls are clearly displayed as double line pattern which represents echoes from the lumen-intima and
media-adventitia boundaries. However in transverse cross sectional imaging, the intima-media complex of the carotid arterial
wall is difficult to image using conventional linear scanning because reflection of ultrasound is highly angle-dependent, and in
such scanning, the arterial wall is perpendicular to the direction of the ultrasonic beams in a limited region. This causes the
extent of the arterial wall that is clearly imaged to be very limited. Ultrasound intravascular imaging modality which can be
used to image the transverse cross section is invasive, expensive and can only be applied to patients that have already
undergone surgical operation.

For this research, a parameter is introduced which is termed the angular width of the imaged region of the intima-media
complex of the arterial wall. This parameter as used in this thesis, is a measure of the extent of the anterior and posterior

intima-media walls of the arterial cross section that are clearly imaged, if the transverse cross section of the arterial lumen is



assumed to be circular. For circular structures such as tube phantom, the angular width is a measure of the extent of the anterior
and posterior walls of the tube’s cross section that are clearly imaged.

The primary aim of this thesis is to obtain a wider angular width of imaged region of transverse cross section of the
carotid artery than that is obtainable using conventional linear scanning. In this research, the use of multi element diverging
beam from a linear array transducer with parallel steered receive beamforming and scanning in a linear sequential fashion was
proposed. B-mode image was re-constructed from combinations of many steered receiving beams from multiple transmissions
per frame. This method is expected to obtain a wider angular width of imaged region in carotid artery imaging. Since the
transmitted beams are wide, there is more stringent requirement on the receive beamformer to be less sensitive to receive
grating lobes. A method of modulating the receiving beams was introduced to further suppress grating lobe artifacts. This thesis
is a report of the research that was carried out and it is divided into six chapters.

Chapter 1 describes the problem, motivation, objectives and the proposed method. Also, some fundamentals relating to
ultrasound imaging, carotid arterial wall and other imaging approaches by other researchers are described.

Chapter 2 gives a detailed description of the principle of the proposed method. Generation of multi element diverging
beam; creation of steered receiving beams and spatial combination of steered receiving beams from multiple trzmsmission; are
described. Receive steering angle is limited to +65° with angular separation of 0.5°. This value of angular separation
corresponds to the angle of first nulls with respect to the peak of the main lobe at steering angle of 0°, of overall array directivity
for an array with inter-clement distance of 0.2 mm at a frequency of 10 MHz. The linear array transducer used in experiments
has these specifications.

Parameters to consider for achieving maximum possible angular width of imaged region are described. Also, because the
transmit beam is wide, strong reception is possible from the direction of the receive-main lobe as well as directions of
receive-grating lobes leading to grating lobe artifacts. Therefore, a method of modulation of the receiving beams in order to
suppress grating lobe artifacts without loss in spatial resolution of reconstructed B-mode images is proposed and described.

In Chapter 3, acoustic ficld characteristics of the transmit beam from linear array transducer was mvestigated by
simulation, for beams of various beam-spread angles ranging from 0° to 180°. Beam-spread angle of (° corresponds to a plane
wave. The simulated emitted acoustic waveform was found to be a composite of two components which in this thesis are

referred to as ‘main pulses’ and the ‘trailing pulses’. The main pulses are effective for imaging, but the trailing pulses cause



depth sidelobe and range ambiguity artifacts in B-mode images. It also affects the image contrast. The trailing pulses depends
on the beam parameters especially the aperture length, inter-clement pitch and the beam-spread angle. As thc beam-spread
angle increases, the absolute amplitude of the main pulses is reducing while those of the trailing pulses are increasing. The
spatial and temporal length, as well as the amplitude of the trailing pulses, varies for different locations within the beam.
Simulation shows that the average amplitude of the trailing pulses is lower to that of the main pulses for beam-spread angles up
to 120°.

Moreover, a 2-interface cylindrical tube composed of point scatterers of inter-scatterer distance of 20 um (outer wall
diameter of 10 mm and inner wall diameter of 8 mm) was simulated and virtual scanning in the transverse plane, using
conventional linear scanning and the proposed scheme with a 192-clement linear array transducer, were performed for various
beam-spread angles and sub apertures sizes of 36, 56 and 96 elements. The center of the tube’s cross section is positioned at a
depth of 14.1 mm. The maximum value of observable angular width of 85° with beam-spread angle of 87° and transmit sub
aperture size of 36 elements was obtained from simulations. Also, simulations showed that the observable angular width
reduces with increasing depth of center of tube’s cross section. The proposed method of suppression of grating lobe artifacts by
modulation of receiving beams was applied to reconstructed B-mode image obtained from simulation of virtual scanning of
columns of point scatterers in water and a grating lobe artifact suppression of about 40 dB was realized.

The result obtained in Chapter 3 was validated by phantom experiments in Chapter 4. A silicone-rubber tube phantom in
water was scanned using conventional linear scanning and the proposed method described in Chapter 2 for beams with
beam-spread angles ranging from 87° to 150°; and sub apertures sizes of 36, 56 and 96 elements. Maximum angular width of
60° with beam-spread angle of 87° and transmit sub aperture size of 36 elements was obtained from diverging beam scanning
as opposed to 24° obtained from conventional lincar scanning. This is an increase of about 2.5. A beam-spread angle of 90°
with transmit sub aperture size of 36 elements were selected for i vivo imaging. Also, the proposed method of modulation of
receiving beams, when applied to the phantom B-mode image, suppresses grating lobe artifacts without loss in spatial
resolution.

The receive signal characteristics with wall orientation and scatterers’ distribution were investigated for different regions
of the walls (anterior/posterior walls and the side walls). This was performed by simulations of different scatterers’ distribution

and use of the phantom data. The work reveals that the receive signals (due to constructive and destructive interference)



depends highly on (apart from transducer’s transmit/reccive directivity) orientation of the walls interface with respect to the
direction of propagation of the transmit wavefronts/receiving beams’ direction (which produces “‘edge effects”), and scatterers’
strength and distribution (regular or random) within the walls with respect to the wavelength. The edge effect is angle
dependent and is at play in the anterior and posterior walls of the tube. However, for regions filled with point scatterers, the
receive signal strength is low due to scattering, not angle dependent but depends on the scatterer’s distribution in relation to the
wavelength. This is responsible for speckle observed in ultrasound imaging.

In this study, it is also found that at every point within the walls of the tube, the received signals of the steered receiving
beams of different transmissions are not always coherent which causes partial cancellation effect for the combined signals from
multiple transmissions due to randomness of the scatterers’ scattering amplitude and inter spacing in relation to the wavelength.
If the spacing is less than half a wavelength and regular for all scatterers, total cancellation effect will occur. This phenomenon
i1s found to be at play in the imaging of the sidewalls because the orientation of the edge of the side walls is not normal to the
direction of propagation of the transmit wavefronts/direction of the steered receiving beams of most of the transmissions. Also,
large difference in speed of ultrasound between the material of the silicone-rubber tube phantom and water (which is assumed
same in the imaging) is also responsible.

Having selected the use of beam spread angle of 90° and sub aperture size of 36 elements from the previous chapters,
carotid artery imaging was performed in transverse plane on three adult male human subjects. This is described in Chapter 5.
The average result obtained for the angular width from diverging beam scanning is about 45° and 24° from conventional linear
scanning; yielding a ratio of about 1.9. Application of the proposed method of modulation of receiving beams to the iz vivo
images, suppresses grating lobe artifacts without loss in spatial resolution.

Chapter 6 concludes the thesis, indicates some processing times for some operations with two different versions of
MATLAB software (Version 6.1.0.450 Release 12.1, May 18, 2001 and Version 7.8.0.347 Release 2009a, February 12, 2009)
on two different operating system software (Windows XP and Windows Vista respectively) and hardware (Dell and
Hewlett-Packard) platforms. The processing times are longer with the older version of MATLAB software than the newer

version. Chapter 6 also highlights some contributions and makes some suggestions for future investigations.
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