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ABSTRACT

Cardiovascular disease (CVD) is accountable for majority of the global mortality and is
primarily attributable to atherosclerotic plaques (APs). Intravascular ultrasound (IVUS)
is currently among the most crucial imaging technologies for AP diagnosis. However,
poor spatial resolution is the main drawback of conventional IVUS. To address this
limitation, we proposed two novel ultrasound transducers were developed to enhance
the lateral resolution of IVUS imaging. In one study, a Fresnel zone plate (FZP) layer
was prepared and introduced on the IVUS transducer surface. This FZP layer enhances
the transducer’s focusing effect, thereby improving the lateral imaging resolution. The
structure of the transducer is designed based on theoretical calculations. The acoustic
beam and other important parameters of the transducer are optimized using COMSOL
software. The transducer has an ultrasonic element (dimension: 0.778 x 0.9 mm?). FZP
and planar IVUS transducers were fabricated and compared in the study. The FZP
transducer demonstrates a center frequency (Fc) of 52.5 MHz and a —6 dB relative
bandwidth (BW) of 42%. The planar transducer, on the other hand, has a center
frequency of 51.3 MHz and a —6 dB relative bandwidth of 58%. To evaluate the
imaging performance of the fabricated transducers, imaging experiments with the
house made wire phantom and swine artery sample were conducted. The FZP and

planar transducers achieved axial imaging resolutions of 47 and 44 um and lateral



imaging resolutions of 184 and 314 um, respectively. The study results indicate that the
inclusion of the FZP layer enhances the lateral imaging resolution of the transducer for

IVUS applications.

The other study presents a novel approach for enhancing the spatial resolution of IVUS
imaging by proposing a geometrically focused IVUS transducer that uses PIN-PSN-PT
piezoelectric ceramic with a larger aperture compared with conventional geometrically
focused transducers. The selected PIN-PSN-PT ceramic has a favorable dielectric
constant, allowing a suitable electrical impedance (50 ) at a larger element aperture of
0.6 x 0.6 mm. Acoustic beams and spatial resolutions were simulated using Field II
program. Geometrically focused and planar transducers were manufactured
accordingly. The focused and planar transducers had a center frequency of 42 and 41
MHz and a —6 dB relative bandwidth of 71% and 68%, respectively. The designed
transducers were characterized by conducting imaging experiments of wire phantom
and ex-vivo porcine artery. The focused transducer exhibited superior spatial resolution,
with values of 45 pum axially and 208 pm laterally, to the planar transducer with
resolutions of 48 um axially and 282 pum laterally, respectively. These results indicate
the potential of the focused transducer, utilizing PIN-PSN-PT ceramic, to enhance the

lateral resolution in IVUS imaging applications.

Non-uniform rotational distortion (NURD) encountered in mechanically rotating
VI



catheters hampers accurate image acquisition. We here proposed a dual-element IVUS
catheter to address this concern. In the catheter, two elements with similar frequencies
and other properties are assembled in a back-to-back configuration. In the presence of
NURD during imaging, the abnormal image portion obtained from one element can
be modified by the corresponding regular ultrasound image acquired by another
element in the catheter. This allows the reconstruction of an image without NURD. In
addition, the catheter can obtained two images in a single rotation, effectively
doubling the imaging frame rate compared to a single-element configuration. Wire
phantom imaging was performed for evaluating the imaging resolution of these two
elements. Additionally, the feasibility and overall imaging performance of the
proposed protocol were verified using a tissue phantom and by performing porcine
artery vascular imaging. The results indicate that the novel strategy has substantial

potential for application in clinical settings.

Keywords: Intravascular ultrasound, Fresnel zone plate, Imaging resolution,

Nonuniform rotational distortion, Dual-element catheter
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Chapter 1 Introduction

1.1 Background

1.1.1 Cardiovascular Disease (CVD)

CVDs, a collection of medical conditions, include coronary heart disease (CHD),
hypertension, arrhythmia, and heart valve disease [1]. These disorders frequently
impact the function of the heart and other organs, which often causes poor blood
circulation, insufficient blood flow, and inadequate delivery of nutrients and oxygen to
the blood. As stated by the World Health Organization (WHO), in 2019, CVD caused
17.9 million deaths worldwide, representing nearly 32% of global deaths[2]. CVD is
responsible for the bulk of global mortality. This disease is not only considered a
problem in Western countries but also the developing world[3]. According to Fig. 1.1,
China's CVD death rates in both urban and rural areas are consistently presenting an
increasing trend[4]. Approximately 2.4 million persons in China died from
atherosclerotic CVD (including ischemic stroke and ischemic heart disease) in 2016,
accounting for 61% of all coronary artery disease (CAD)-related deaths[S5].
Cardiovascular disorders, including CHD, myocardial infarction, cerebral infarction,

and others, are highly prevalent among middle-aged and older individuals.
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Fig. 1.1. Mortality of CVD in China from 1990 to 2016 [4].

1.1.2 Atherosclerosis (AS) and Atherosclerotic Plaque (AP)

AS is a systemic disease associated with lipid metabolism disorders. It involves the
accumulation of lipids, specifically cholesterol and fatty substances, within the intima
of arteries. The subepidermal lipids, particularly low-density lipoprotein (LDL),
gradually deposited within blood vessels resulting in vascular wall thickening,

contributing to AS development and varying degrees of plaque formation[6].

AS progression is gradual during the initial decades. However, with chronic
inflammation, APs begin to accumulate in medium- and large-sized arteries[7]. With
plaque buildup, the luminal area of the arteries gradually decreases, resulting in a
reduction in blood flow. This reduction can further lead to myocardial hypoxia and

ischemia[8]. Fig. 1.2 illustrates the process of AS development[9].
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Fig. 1.2. An illustration depicting the process of AS [9].

The consequences of AP occurrence significantly vary depending on whether the
plaque ruptures or remains stable. Plaque rupture is generally associated with more
severe outcomes. Under circumstances, such as a sudden increase in blood pressure or
intense physical exertion, vulnerable and unstable plaques can rupture abruptly, which
leads to acute coronary syndromes (ACS), for example, angina and myocardial
infarction[10]. According to global statistics, nearly 20 million people die annually
from acute vascular events, including ACS and sudden cardiac death, with most
experiencing no preceding symptoms[11]. A study reported that the rupture of

vulnerable plaques (VP) is responsible for ACS in approximately 70% of patients [12].

Plaque formation in coronary arteries is common, and an individual may have multiple

plaques in their coronary arteries. However, not all plaques rupture and lead to clot
3



formation. The vulnerability of the plaque itself determines whether the plaque is prone
to rupture. To elucidate these concepts, two terms need to be explained: culprit plaques
and VP[13]. "Culprit plaque" refers to the specific plaque that causes coronary artery
blockage and is considered the main cause or "culprit" for acute cardiovascular events,
leading to adverse outcomes. On the other hand, VP is a plaque apt for thrombus
formation and can potentially develop into a culprit plaque rapidly. While the culprit
plaque concept is retrospective, as it identifies the plaque causing an acute
cardiovascular event after the event has occurred. By contrast, the VP concept is
prospective, as it aims to predict the plaque that would likely rupture and form a
thrombus before an event occurs. In other words, a VP can be viewed as a "future
culprit plaque." Therefore, the clinical assessment of the VP-associated risk is crucial

for the early prediction and treatment of ACS [14].

1.2 Current Vascular Imaging Technology

Medical imaging technology is a crucial player in the study of mechanisms underlying
AS and VP. Various imaging technologies are currently used to visualize the
components and function of the arterial lumen, APs, endothelial cells, and other
relevant factors. These imaging tools are always categorized as noninvasive imaging

and invasive imaging.



1.2.1 Non-Invasive Imaging Technology

Noninvasive imaging technology is primarily used for examining the carotid artery
because of its relatively large diameter, proximity to the body surface, and limited
movement. The noninvasive imaging techniques mainly employed in this context are
computed tomography (CT), noninvasive ultrasound imaging, and magnetic

resonance imaging (MRI).

1.2.1.1 Computed tomography

In CT, a single-axis X-ray rotation is used to irradiate the human body. Because the
X-ray absorption characteristics of different biological tissues are different, the
detector captures projection data directly linked to the tissue's attenuation coefficient.
By inputting all the projection data into a computer and applying an image
reconstruction algorithm, a two-dimensional (2D) topography of the detection plane
can be reconstructed. The grayscale value of the image corresponds to the tissue's
attenuation coefficient (Fig. 1.3). In coronary artery imaging, two CT types are

commonly used: electron-beam CT (EBCT) and multi-slice CT (MSCT)[15].



Fig. 1.3. A CT image of the coronary artery showing two plaques (white arrows) [15].

EBCT uses a deflection motion of an electron beam instead of the rotating motion of an
X-ray tube, like in conventional CT, for mechanical scanning. Therefore, EBCT can
achieve scanning speeds several times faster than conventional CT[16]. Because of its
short scan duration and exposure time, EBCT scans can be performed during a deep

inhalation hold, thereby effectively eliminating respiration-induced motion errors[17].

EBCT can display APs near the main coronary artery and its branch vessels, and the
plaque density can provide an approximate indication of its type. EBCT exhibits higher
sensitivity in detecting coronary artery calcified plaques than coronary angiography
and intracoronary ultrasound[18]. Although EBCT excels in detecting calcified plaques
for early coronary stenosis, its ability to evaluate subtle plaque tissue structures, such as

fibrous cap thickness, remains limited[19]. Plaque inspection using EBCT is <80%



successful, and the high cost and single-purpose design of EBCT have restricted the

number of manufacturers and hindered its widespread clinical application.

Remarkable advancements have been made in detector structure and data processing
systems of MSCT, thereby resulting in improved scanning speeds that are particularly
advantageous for coronary artery and cardiac imaging. MSCT can visualize the
vascular lumen to detect stenosis. It can also image the vascular, allowing for the
differentiation of various plaque components and facilitating the identification of

vunerable plaques[20].

However, MSCT is dependent on density variations among tissues for surface
reconstruction, and therefore, it cannot accurately represent the color of the vascular
intima. Consequently, displaying flat APs and other superficial mucosal lesions by
using MSCT may be challenging. Furthermore, MSCT may not always provide
information that is completely reliable for measurements, such as lumen wall thickness,
identification of plaque components such as calcified deposits, and distinction of

plaque properties.

1.2.1.2 Noninvasive ultrasound imaging

Sound with frequency above 20 kHz is defined as ultrasound. Each biological tissue
possesses unique acoustic impedance; hence ultrasound waves propagate at different

speeds through these tissues. At the interface of tissues with distinct acoustic
7



impedances, a part of the ultrasound waves is reflected, whereas the remaining part
continues to propagate. On reaching deeper tissue boundaries, the propagated portion is
further divided into components that propagate and reflect. An ultrasound image can be
generated by detecting all the reflected echoes and subjecting them to signal processing

(Fig. 1.4)[21].

Fig. 1.4. Noninvasive ultrasound image of an AP [21].

Ultrasound imaging, particularly B-mode imaging, is extensively used in clinical
practice to assess the health of the carotid arteries. The primary focus of most
ultrasound clinical diagnoses is vascular stenosis evaluation. Through carotid artery
ultrasonography, Mathiesen et al. observed an elevated risk of ischemic stroke
associated with echolucent plaques[22]. Furthermore, ultrasound is used for measuring
carotidintima—media thickness (IMT) as an early predictor of AS development[23].

Apart from B-mode ultrasound imaging, M-mode ultrasound imaging allows for vessel



elasticity assessment by measuring carotid artery pulsation[24].

New ultrasound imaging techniques have recently emerged with the study of
ultrasound radiofrequency (RF) signals. Pulse wave velocity estimation, for example,
contributes to the assessment of arterial wall stiffness[25]. Additionally,
three-dimensional (3D) ultrasound has been proposed to acquire a comprehensive 3D
topography of plaques[26]. These advancements highlight the expanding capabilities

of ultrasound imaging in carotid artery assessment[27].

1.2.1.3 MRI and MRA

Using the motion of nuclear spins, MRI, a form of tomographic imaging, activates
protons within a specific region of interest by applying pulsed RF energy in an
external magnetic field. When protons absorb specific energy, their nuclear magnetic
energy changes with distance. The detector captures MR signals from various spatial
positions. A computer then processes and converts these signals to generate an image

of the region of interest[28].

Magnetic resonance angiography (MRA), a novel MRI technology, takes advantage of
the void phenomenon created by blood flowing within blood vessels. Flow velocity
influences the MR signal intensity in blood. Fast-flowing blood typically exhibits low
signal intensity, whereas slower flow results in high signal intensity. This contrast

between flowing blood and adjacent tissue enables effective vascular imaging[29].
9



MRA is currently employed for diagnosing large and medium vascular lesions (Fig.
1.5)[30], and ongoing advancements continue to enhance the capabilities of

MRA[31].

Fig. 1.5. A whole-heart coronary MRA image[30].

MRA is a noninvasive method of obtaining vascular morphology and tissue function
information, which thus eliminates the need for invasive procedures or contrast agent
injection. This modality allows objective imaging analysis of the anatomical
morphology, wall motion, myocardial perfusion, and cardiac function of the major
heart vessels. Cross-sectional, sagittal, coronal, and various oblique plane views can be

obtained through MRA for comprehensive evaluation[32].

Furthermore, MRA enables the detection of blood flow velocity (BFV), observation of

plaque components, and differentiation of a lipid core and fibrous cap. Specific plaque

10



morphologies, for example a large lumen curvature and thin fibrous cap, which are
strongly associated to plaque vulnerability, can be identified using MRA[33].
Additionally, MRA molecular imaging technology can be applied to find plaque
components[34]. However, these MRA capabilities are primarily applicable to lesions
in the main coronary artery. MRA cannot be used for vessels with small diameters.
Factors such as patient respiratory movement and breath-hold duration can impact the
quality of images obtained through MRA. Moreover, the accuracy of MRA is restricted,
with an imaging resolution of >0.5mm in the absence of a contrast agent[35]. This
accuracy level does not meet the demands for analyzing the structural characteristics of

coronary plaques.

1.2.2 Invasive Vascular Imaging Technology

Invasive vascular imaging is a technique in which a catheter is inserted into a blood
vessel for imaging purposes. This invasive technique helps acquire detailed and
accurate information about the lumen and plaque because of the proximity of the
catheter to the target tissue. Invasive imaging methods can be classified as follows:

Coronary angiography (CAG), optical coherence tomography (OCT), and IVUS.

1.2.2.1 CAG

CAG is a diagnostic technique that requires the entering of a catheter through an artery,

followed by injecting the contrast agent into the arteries via the catheter while acquiring
11



an image of the artery by using X-ray projection technology[36]. CAG provides 2D
contour images of the coronary lumen, thereby allowing plaque identification and
vascular stenosis assessment by observing changes in the vessel diameter (Fig.

1.6)[37].

Fig. 1.6. CAG imaging of coronary angiography with spontaneous coronary artery dissection (yellow

arrow)[37].

CAG is widely considered a primary diagnostic tool for CVD and has conventionally
served as the "gold standard" for clinical decision-making and treatment guidance[38].
However, CAG is associated with several limitations. First, CAG can evaluate the
vascular lumen size and cannot provide detailed information about coronary plaque

characteristics. Second, vascular stenosis assessment by using CAG is primarily
12



dependent on the comparison of lumen diameter ratios between the target segment and
adjacent normal vessels. However, AS is a diffuse process, and the vessel used as a
reference segment in the angiography image may not be healthy, which may lead to an
underestimation of the lesion extent[39]. Third, during early CAD stages, the diseased
blood vessels often undergo compensatory expansion, which can cause an
underestimation of the disease extent by CAG. Fourth, CAG can only provide a visual
representation of the contrast agent filling the vascular cavity and cannot accurately
measure parameters such as the vascular wall thickness and cross-sectional area.
Consequently, detecting coronary abnormalities with CAG is challenging when the
degree of coronary stenosis is <40%. Finally, when intracoronary APs are eccentric or
irregularly shaped, CAG may not allow comprehensive visualization of these
plaques[40]. These limitations restrict the clinical utility of CAG. Intravascular
ultrasound, which offers higher resolution and allows the observation of intravascular
structures, has recently emerged as a preferred method for diagnosing coronary artery
lesions. According to clinical research, many patients with normal CAG results have

early AS and coronary endothelial disorders, as confirmed by IVUS imaging.

1.2.2.2 IVUS

Ultrasound imaging is extensively applied in clinical diagnosis by reason of its safety
and ease of operation. IVUS has recently become a critical coronary artery imaging

modality. During an IVUS imaging process, a catheter is carefully plugged into an
13



artery, and at the remote end of the catheter, an ultrasonic transducer emits ultrasound
signals. By receiving different ultrasound echo signals from various tissue
components with diverse acoustic impedance, real-time tomographic images
including the artery wall structure and plaque tissue cross-section can be obtained[41].
IVUS presents clear sectional views of the adventitia, media, intima, APs, and vessel
walls, thus enabling the diagnosis of early coronary lesions (Fig. 1.7). With IVUS,
plaque tissue components can be differentiated on the basis of their acoustic
characteristics, which facilitates the selection of appropriate treatment strategies[42].
Furthermore, the vascular lumen diameter and area, which are invaluable in
evaluating the degree of coronary stenosis, guiding treatment options and
interventional procedures, and assessing treatment effectiveness, can be measured
using IVUS[43]. IVUS has been widely used clinically for the diagnosis and

interventional treatment of CHD.
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Fig. 1.7. IVUS image showing three lesions (white arrows)[15].

Despite remarkable advancements in IVUS, the ability to accurately differentiate
plaque tissue characteristics is challenging because of low ultrasound image contrast,
and the presence of noise and various artifacts. Although traditional IVUS can
evaluate plaque characteristics based on echo intensity, it is limited in accurately

distinguishing tiny VPs[44].

1.2.2.3 OCT

In OCT, an interferometer that evenly divides the light into detection and reference light
paths is required for using the infrared light within the 800—1300 nm range. The
detection light, which is directed toward the tissue, interacts with it and subsequently
gets reflected. Different biological tissues have varying refractive indices, and so, the

infrared optical density reflected by these tissues also varies[45]. On the other hand, the
15



reference light is modulated and reflected through the movable reference mirror, which
enables it to interfere with the light response from the target tissue. This interference
yields valuable information about the amplitude and delay of the tissue reflections (Fig.
1.8)[46]. The resulting interference light is then transmitted back to the signal
processing system, and a 2D image is generated using specialized computer software

[47].

Fig. 1.8. OCT image of a highly calcified artery. The arrow indicates the border [46].

The technical principles underlying OCT are similar to those of IVUS. In both
techniques, energy beams are used to scan the blood vessel cavity in a 360° manner

aims to acquire cross-sectional morphology of vascular. However, OCT distinguishes
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itself from IVUS through its exceptional spatial resolution. OCT is currently the
technology with the highest spatial resolution (about 10 pm). This high resolution leads
to the production of clear and detailed cross-sectional images of the vascular lumen,

thereby making OCT particularly advantageous for examining plaque morphology.

Notably, OCT allows the visualization of distinct layers of the vessel wall, including the
inner tunica intima, media, and adventitia, with remarkable clarity. Furthermore, it aids
in accurately identifying different plaque types, measuring the fibrous cap thickness,
and determining lipid size deposits within the plaque. Through a quantitative analysis
of OCT signals, the optical attenuation coefficient of AP can be measured, thereby

aiding in the differentiation of plaques from arterial wall components[48].

Notably, OCT extends beyond exhibiting the anatomical structure of the blood vessel; it
also provides valuable insights into the characteristics of plaque, thrombus, tissue
fragments, and other relevant features. Consequently, OCT is of great value in guiding

interventional therapy.

1.3 IVUS Imaging Technology

The IVUS imaging system has three essential components: an imaging console, a
catheter, and a rotation/pullback device[49]. The imaging console comprises the
necessary hardware and software, such as an image processing unit, a computer, and a

monitor. These items are used to convert ultrasonic signals into visual images. The
17



catheter serves as a conduit for the ultrasound transducer, allowing its insertion into
the body’s interior and facilitating direct imaging of the interior of blood vessels. The
catheter is inserted through blood vessels or other ducts within the body. The
ultrasound transducer, a fundamental element of the IVUS imaging system, generates
sound waves and detects the resulting echo signals. Finally, the rotation/pullback
device permits the rotation and pullback of the catheter, thus enabling capturing of

more comprehensive 3D real-time images of the blood vessels.

1.3.1 IVUS Catheter

The IVUS catheter is a medical device designed specifically for obtaining ultrasound
images of the cardiac artery in vivo. Regarding coronary interventional treatment,
IVUS catheters typically have a diameter in the range of 0.9—1.0 mm, while its length
is approximately 1.8-2.0 m. Owing to these dimensions, the catheter can easily reach
the inside of the heart through the coronary artery, thereby facilitating the ultrasound

examination and treatment of blood vessels.

The catheter itself has a flexible and slender shaft, typically composed of a polymer
material. The ultrasound transducer, which is located at the catheter’s tip, transmits
and receives ultrasound waves to capture detailed images of the blood vessel (Fig.

1.9)[50].
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Fig. 1.9. Schematic of a mechanical IVUS catheter[50].

At present, several notable manufacturers produce IVUS catheters, including Boston
Scientific, Terumo, and Philips. They offer a diverse selection of IVUS catheter
products, thereby catering to different needs of the medical field. These advancements
are aimed at promoting the imaging abilities and overall performance of IVUS
catheters. Thus, healthcare professionals are provided with more comprehensive and

precise information for diagnostic and interventional procedures.

1.3.2 IVUS Transducer

At the remote end of the IVUS catheter, a tiny transducer is positioned. The
transducer primarily transmits High-frequency ultrasound (HFU) waves into the blood
vessel and captures the resulting echo signals. After processing, these signals are
converted into image data, and the formed images are displayed on the screen of the
IVUS imaging platform. Thus, the doctors are provided with the detail information

about the structure and size of the blood vessel.
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1.3.2.1 IVUS transducers types

Based on the number of elements, IVUS transducers are categorized into
single-element and phased array transducers[51, 52](Fig 1.10). The single-element
transducer is arranged in a mechanical or rotational catheter, which rotates at high
speeds because of a motor. While rotating, the transducer emits and receives
ultrasound waves, allowing for the formation of cross-sectional ultrasound images of
blood vessels[53]. Because of the rotational movement, detailed information from
different angles can be gathered, which enhances the viewable of the vessel’s internal

morphology.

The phased array transducer has an array of 64 elements arranged radially around
front-end of a solid-state catheter. Unlike the mechanical catheter, this catheter need
not be rotated during imaging. Under the control of an imaging console, each element
of the transducer sequentially transmits and receives ultrasonic waves. This sequential

process allows the reconstruction of ultrasound images of the blood vessels[54].
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Fig. 1.10. Illustration of (a) mechanical and (b) solid-state IVUS transducers [52].

Because of its elevated frequency range (40-60 MHz), single-element IVUS has
superior spatial resolution compared to phased-array IVUS (20 MHz). Nevertheless, a
single-element IVUS has some limitations, namely the presence of guidewire artifacts
and nonuniform rotational distortion, which substantially prevent the accurate

diagnosis of APs.

1.3.2.2 Characterization of IVUS transducer

The IVUS transducer mainly includes electrical, acoustical, and imaging

characteristics.

(1) Electrical characteristics

Impedance curve

The impedance curve of an IVUS transducer presents the impedance values at
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different frequencies across its operating frequency range. It provides the transducer's
electrical behavior and can help in impedance matching and optimizing the
transducer's performance. Typically, the impedance curve is presented as a plot with
frequency and impedance magnitude (|Z|) (Fig 1.11). This curve typically displays a
minimum point called the resonant frequency, which corresponds to the point where
the transducer's electrical and mechanical properties are matched, resulting in

maximum energy transfer efficiency.
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Fig. 1.11. An impedance curve example. Impedance curve (blue), phase curve (red).
Phase curve:

The phase curve of an IVUS transducer presents the phase shift of the electrical signal
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across its operating frequency range. It provides the difference of phase between the
input electrical signal and the transducer-emitted ultrasonic wave. The phase curve is
typically plotted with frequency and phase shift (Fig. 1.11). Similar to the impedance
curve, the phase curve exhibits a characteristic behavior at the resonant frequency.
The phase shift is typically minimal or zero at the resonant frequency, which indicates

a phase alignment between the electrical input and the generated ultrasound wave.

(2) Acoustic characteristics

Pulse-echo curve

The pulse-echo curve illustrates the shape of the received echo signal. It provides
information about the transducer's response to the emitted pulse and the resulting
echoes from a reflector. In general, the pulse-echo curve is plotted with time and
signal amplitude on the X-axis and Y-axis, respectively (Fig. 1.12). The pulse-echo
curve helps understand the transducer's ability to transmit ultrasound waves and detect

reflected signals.
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Fig. 1.12. A pulse-echo curve example. Pulse-echo curve (blue), frequency spectrum (red).

Frequency spectrum

The frequency spectrum generally refers to the distribution of frequencies present in a
signal. In ultrasound imaging, the frequency spectrum is the range of frequencies
present in the received echo signals (Fig. 1.12). An ultrasound wave transmitted into
the tissue contains a range of frequencies because of the wave duration and shape. As
the wave propagates through the tissue and interacts with various structures, echoes
are generated at various frequencies. The frequency spectrum of the pulse-echo
signals can be acquired through Fourier analysis. The Fourier analysis decomposes a
complex signal into its constituent frequencies, and thus, the frequency components

present in the echo signals can be identified.
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The F, and -6 dB BW can be calculated by applying the following equation that

relies on the frequency spectrum:

Fczfz-lz'fh (1.1)
BW = th_fl (1.2)

where f; and f; represent low and high frequencies at which the spectrum reaches -6

dB from the peak response.
Insertion loss (IL)

The insertion loss (IL) reflects the capability of a transducer to transform electrical

signals into ultrasonic waves and detect ultrasound echoes[55].

Vo
IL = 20logqg Ve + Attnyefiecror + Atthygter (1.3)

In the aforementioned equation, V, represents the echo signal, and V; denotes the

voltage of the input electrical signal. Attn,cfiecror and Attnygee, represent the
attenuation of the reflector and water medium, respectively. The IL is critical for the

depth of imaging penetration.
(3) Imaging characteristics

Spatial resolution
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The minimize distance between two distinguishable adjacent characteristics in an
ultrasonic image is identified as spatial resolution[56]. It can be further classified as
axial and lateral resolutions, representing the resolutions in the depth and width
directions of the ultrasound image, respectively. The axial resolution allows the
differentiation of features along the ultrasound propagation direction. The following

formula provide a method to estimate axial resolution[57]:

Roxiat = Z&ﬁ (1.4)

where c is the sound speed. The formula demonstrate that a higher center frequency
and wider bandwidth contribute to the superior axial resolution of the ultrasonic

image.

Lateral resolution in ultrasound imaging is the ability to distinguish features
perpendicular to the ultrasound propagation direction. It can be estimated as follows

[57]:

CFy CcFy

Rigterar = F_c ~ 7D (1.5)

where F, represents the focal length of the ultrasound transducer, D denotes its
aperture size, and Fy is the ratio of the focal length to the aperture size. Consequently,
a higher center frequency and a smaller Fy contribute to an improved the lateral

resolution of ultrasound image.
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Contrast-to-noise ratio (CNR)

The CNR is the ability of IVUS imaging to distinguish the target area from the

surrounding tissue. CNR is calculated as follows[58]:

CNR = Wr-tsl (1.6)

2 2
O'T+O'B

where pur and pp are the mean acoustic intensities within the target and background
area, respectively. or and op are the standard deviations of the acoustic signal
intensity within the target and background area, respectively. The CNR represents the
relative difference in acoustic intensities. Higher CNR values indicate better
differentiation and clearer visibility of small target features against the background

tissue.
Signal-to-noise ratio (SNR)

The SNR is the capability of a transducer to identify the acoustic signal above the
background noise. It is the ratio of the amplitude of the acoustic signal to the

background noise. SNR is calculated as follows:

SNR = 20log,, Ltissue (1.7)

noise

where Viisoue 18 the amplitude of the signal detected from a target area, while V,yise

is the amplitude of noise. SNR indicates the voltage of the signal above the noise. A
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larger SNR demonstrates a more detectable echo signal in relation to the noise, which
leads to improved image quality and enhanced ability to visualize structures of

interest.

1.3.3 IVUS Coded Excitation Technology

The attenuation of sound waves in ultrasonic propagation is proportional to the
frequency. Higher frequencies result in greater attenuation[57]. Consequently, when a
higher resolution is desired by increasing the imaging frequency, a trade-off occurs
with a significant reduction in penetration depth. One direct approach for enhancing
the penetration depth is to increase the transmitting power by raising the excitation
voltage or extending the excitation pulse duration. However, in medical ultrasound
diagnostic systems, the peak intensity of the excitation signal is limited because of

safety concerns.

Coded excitation, an advanced signal processing technique, has made significant
progress in increasing the penetration depth in HFU imaging[59]. Using a modulated
waveform with a longer duration in coded excitation enables multiple energy transfers
into tissues[60]. Compared with conventional short-pulse excitation schemes, coded
excitation imaging offers noteworthy improvements in the SNR, with transmit energy
increasing to more than 10 dB[61]. This enhancement in SNR contributes to improved
image quality and diagnostic accuracy in HFU imaging.
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Fig. 1.13 presents the comparison between traditional ultrasound imaging and coded

excitation imaging. The differences between the two techniques include:

Transmitting part: In coded excitation imaging, the transmitting waveform comprises
a modulated long-pulse sequence. Because of this modulated waveform, multiple
energy pulses are transferred into tissues, extending the penetration depth. By contrast,

traditional imaging employs short pulses for excitation.

Receiving part: In coded excitation imaging, the receiving process involves pulse
compression for achieving an axial resolution comparable to that of traditional
imaging. Pulse compression is a signal processing technique that combines echoes

received over a longer duration, thereby resulting in an improved axial resolution.

(a)

Transmitter
circuit

Pulse generation

Image Image .
display processing Beam forming
Waveform generation Transmitter
and modulation circuit
wm EEEe-
Ir'.nage Image : Pulse . Beam forming
display processing| | compression

Fig. 1.13. Comparison of (a) traditional and (b) coded excitation ultrasound imaging.
29



Coded excitation imaging commonly uses two coding methods: frequency coding and
phase coding. Phase coding is a binary coding form and includes coding techniques
such as Golay code, M sequence, and Barker code. On the other hand, frequency
coding employs Chirp code. Chirp coding is considered the optimal and most stable
coding method in ultrasound imaging[60]. Therefore, in this thesis, Chirp coding was

selected as the coding method for investigation and analysis.

In the Chirp excitation waveform, the instantaneous frequency varies linearly with
time. With this linear frequency modulation, a broad range of frequencies can be

transmitted. The Chirp excitation waveform can be expressed as follows:
s(t) = a(t) - cos(2ufyt + mht?) (1.8)

where s(t) represents the Chirp excitation waveform at time t. a(t) is a window
function used to shape the waveform. The starting frequency of the Chirp waveform is
denoted as fy. b is the sweep rate and can be calculated by (f; - fy) / T, where fj is the

ending frequency and T indicates the waveform duration.

The demodulation process in the receiver involves convolving the echo signal with a

compression filter. Mathematically, the following convolution operation is performed:

sy (&) *p(t) = [ s (@)p(t — 9)do (1.9)

where the ultrasound echo signal is represented as s, (t), and a compression filter is
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denoted as p(t). Because of this procedure, the demodulated signal transforms into a
signal of short-duration, which resembles the echo signal obtained through the

excitation of short-pulse.

By increasing the duration of excitation signal, Chirp coding excitation effectively
increases the transmission power and causes improvements in both the imaging depth
and SNR compared with traditional short-pulse excitation. Fig. 1.14 illustrates the

comparison of imaging effects between these two methods[62].

Fig. 1.14. Images acquired by (a) sine pulse and (b) Chirp-coded excitation[62].

The comparison confirms that Chirp code excitation imaging exhibits a noticeable
increase in both the SNR and penetration depth, which are crucial for obtaining
clearer and more detailed ultrasound images. These images allow better visualization

and analysis of the underlying structures.
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1.3.4 Imaging Process of IVUS System

(1) IVUS signal processing.

In mechanical IVUS, ultrasound imaging involves a single transducer that operates in
a transmit-receive mode. The imaging console generates a trigger signal synchronized
with the transducer’s rotation. Then, the console then transmits an electrical signal to
the transducer. The signal is transformed by the transducer into ultrasound wave,
which is emitted into the target. When the ultrasound waves encounter interfaces
within the target, they are reflected toward the transducer. The transducer then detects
the reflected ultrasound signals and converts them back into electrical signals. This
transmission and reception of ultrasound signals occur repeatedly with each rotation
of the transducer, allowing for image data acquisition for IVUS imaging. Fig. 1.15

illustrates the IVUS signal processing.
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Fig. 1.15. Flowchart depicting the IVUS signaling processing.

(2) IVUS image construction processing.

The image construction process of the IVUS system is displayed in Fig. 1.16[50]. In
Fig. 1.16 (a), the echo data represent information captured from a single scan line
during a single transmission and reception of the IVUS transducer. In Fig. 1.16 (b), a
complete image frame is formed by multiple scan lines. The horizontal value is the
number of scan lines (range: 256—1024 lines), while the vertical value is the number
of sampling points along each scan line, corresponding to the imaging depth. Higher
linear density results in finer image details. However, it also increases the amount of
data per frame, leading to a decrease in frame rate. Fig. 1.16 (b) presents the 2D

matrix of information. However, the actual IVUS image appears circular, as depicted
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in Fig. 1.16 (c). To achieve this circular image, a transformation from Cartesian to

polar coordinates is required.

(a)

Ultrasound signal
e —

Signal-to-image
conversion

Accumulating N-lines acquired Construct one frame by
Time Depth in one radial scanning coordinate transformation

Fig. 1.16. The image construction process of the IVUS system. (a) Single-line scanning. (b) Radial

scanning. (c) Image construction[50].

(3) IVUS imaging data processing.

Fig. 1.17 illustrates the data processing steps involved in IVUS imaging. The original
RF data are obtained using the analogue-to-digital converter (ADC) and collected by
the field programmable gate array (FPGA) in the hardware system. These data serve
as the input data. To eliminate out-of-band noise, the original data are first subjected
to bandpass filtering, followed by envelope demodulation for extracting the amplitude
information of the echo signals, which enables B-mode imaging. In the envelope
extraction process, the in-phase (I) and quadrature (Q) signals are obtained through a
Hilbert transform. By using Cordic, the modulus of the I/Q signal is computed to
eliminate the carrier frequency and extract the envelope. The demodulated data are

logarithmically compressed to facilitate subsequent grayscale display with 256 levels.
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The digital scanning transformation is employed to convert the data from Cartesian to
polar coordinates, thereby a more intuitive display of cross-sectional images of blood

vessels is achieved.

Original
RF data K Envelope extraction I
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Band pass J  Hilbert Cordic , Logarlthml_cally
filter « compressing
Q
\ J digital scanning
transformation
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Fig. 1.17. Flowchart depicting the IVUS imaging data processing.

1.3.5 IVUS Image Post-Processing.

Grayscale IVUS imaging offers valuable details of the artery wall structure and
plaque size. However, this technique has limitations in quantitatively assessing the
plaque tissue composition. Certain plaque components, such as dense fibrotic tissue
and calcified tissue, exhibit strong echogenic reflections, and differentiating these
reflections by using grayscale IVUS images alone is challenging. To address this
problem, various techniques have been proposed to post-process echo signals and
generate images depicting complex and VP tissue. Fig. 1.18 illustrates four commonly

employed clinical IVUS RF signal analysis methods[63]. These methods better
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enhance the characterization and visualization of plaque tissue composition than

conventional grayscale IVUS imaging.

RF-Data
Image data
Quantitative Quantitative
Signal Image
processing processing

Fibrous
Fibro-fatty
Necrotic core

Dense calcium

Fig. 1.18. A variety of IVUS image post-processing. (a) IVUS propagation in tissues. (b) RF signal. (c)

Gray-scale IVUS image. (d) VH-IVUS image. (e) IB-IVUS image. (f) iMAP-IVUS image. (g) ADE

image[63].
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VH-IVUS is the pioneering commercially available tool designed for IVUS that can
analyze tissue composition. It has been widely utilized in clinical medicine[64].
Unlike conventional grayscale IVUS, VH-IVUS uses the envelope amplitude of the
echo signals and performs spectrum analysis on these signals of different tissues. By
leveraging the distinct echo frequencies of various plaque tissues, VH-IVUS simulates
and displays the plaque tissue composition, thereby establishing a corresponding color
atlas. This tool allows a more intuitive qualitative and quantitative evaluation of plaque
composition. VH-IVUS uses a mathematical autoregressive model for identifying four
fundamental plaque tissue components[65]. With the detailed tissue characterization
obtained through VH-IVUS, the evaluation of plaque composition is improved, thereby

supporting clinical decision-making processes.

iIMAP-IVUS uses an algorithm to analyze the echo signal spectrum. It generates
color-coded images that are integrated with the grayscale IVUS images[66]. These
color-coded images provide additional details about the plaque composition by
assigning different colors to specific tissue types. By integrating the images as
mentioned above, iIMAP-IVUS improves the visualization and characterization of

plaque components.

In the IB-IVUS analysis, which is an alternative approach, RF signals are analyzed by
employing a Fast-Fourier Transform (FFT) to calculate the power of the components of

frequency within the backscattered signal. The signal strength can be calculated in this
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analysis, typically in decibels (dB)[67]. Different plaque components exhibit varying
power levels in their reflected RF signals. With the quantification of the signal strength
at different frequencies, IB-IVUS can distinguish between tissue components based on
their distinctive power profiles. This method offers valued information into the relative
composition and characteristics of different plaque tissues, thereby aiding the

identification and assessment of specific tissue styles within the artery.

Unlike the aforementioned analysis methods of RF signals, ADE employs the
differences in grayscale intensity within grayscale IVUS images to characterize the
components of hardened APs[68]. This approach is dependent on the varying acoustic
properties, such as echogenicity, of different tissue components. The quantitative IVUS
analysis determines the relative gray values of specific regions, so as to detect
variations in the grayscale intensity. Plaque components are classified based on these
differences. For instance, hyperechoic regions with grayscale values higher than the
adventitia layer are identified as hardened plaque components. Moreover, bright
components with extremely high grayscale values, accompanied by acoustic shading,
are always recognized as calcium deposits. However, components within the
acoustically shadowed regions, where a calcium layer predominantly reflects the
ultrasound wave, are classified as unknown. This method can be applied to previously

acquired IVUS data, regardless of the specific IVUS console or catheter employed.

1.4 Development of IVUS Transducers
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The preceding section of the thesis clarifies that the sensitivity and resolution of the
transducer significantly impact IVUS image quality. Consequently, numerous studies
have been conducted to enhance these specific aspects of the transducer to improve its

overall performance.

1.4.1 High Resolution IVUS Transducers

1.4.1.1 Broad bandwidth IVUS transducers

Factors such as the Fc and BW of the IVUS transducer decide its axial resolution. To
enhance the bandwidth, the utilization of PMN-PT and PIN-PMN-PT single crystals
have been explored. These particular crystal materials have exceptional
electromechanical coupling coefficients, hence, they are favorable choices for IVUS
transducer production. Furthermore, 1-3 composite materials have been implemented
to further enhance the bandwidth. These composite materials consist of piezoelectric
material rods or fibers embedded in a polymer substrate, which results in increased

bandwidth and improves the overall performance of the IVUS transducer[69, 70].

1.4.1.2 Dual-frequency IVUS transducers

Conversely, research has been conducted to increase the center frequency of IVS
transducers and thus improve their resolution[71]. However, higher transducer

frequencies result in greater attenuation and shallower imaging penetration depths. In
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response to this challenge, Ma et al. introduced a technique called dual-frequency
IVUS (DF-IVUS) in 2015[72]. In this technique, catheters with back-to-back
arrangements of ultrasonic elements operating at different frequencies were used. Fig.
1.19(a) illustrates the structure scheme and prototype of the transducer. These
catheters were used for ex vivo coronary ultrasound imaging (Fig. 1.19). The
high-frequency images generated provided greater details of the vessel wall, whereas
the low-frequency images facilitated imaging of tissues located deeper within the

vessel.

Furthermore, Munding et al. developed another method to fabricate a DF-IVUS
catheter[73] and conducted in vivo experiments on pigs[74]. They demonstrated the
feasibility of using DF-IVUS and showcased its potential for commercial product
development. Another study proposed an optimized structure prototype featuring one
coaxial connection with two elements, thereby further advancing DF-IVUS

development[75].

These collective advancements in DF-IVUS technology have propelled its
progression and hold promise for improving resolution and imaging capabilities in

IVUS applications.
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Fig. 1.19. (a) The structure diagram and (b) prototype of DF-IVUS, ultrasound images of (c) 35/90 MHz

and 35/120 MHz IVUS[72].

DF-IVUS has been used for harmonic imaging (HI) to improve imaging resolution. In
HI, a waveform is transmitted at a fundamental frequency and the response is received
and imaged at multiple frequencies, which are multiples of the transmitted

frequency[76], Using this approach, contrast and spatial resolutions can be improved

simultaneously[77].

In 2015, Ma et al. developed a novel DF-IVUS catheter with a stacked configuration.

This transducer was specifically designed for intravascular acoustic angiography[78].
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This transducer utilized either a 6.5 MHz or a 5 MHz transducer for transmitting
ultrasound waves, while a 30 MHz transducer was employed for receiving the waves
(as depicted in Fig. 1.20a). It employed a 6.5-MHz or a 5-MHz transducer for
transmitting ultrasound waves, while a 30-MHz transducer was employed for
receiving the waves (Fig. 1.20a). The reception transducer was placed in front of the
transmission transducer and had a smaller aperture than the reception transducer.
Therefore, a portion of the transmission transducer was obstructed by the reception
transducer. Lee et al. demonstrated a more refined structure by arranging the elements

side-by-side at an angle[79] (Fig. 1.20b).

The HI DF-IVUS transducers provided several advantages in the acquired ultrasonic
images, such as improved resolution, reduced reverberation effects, high contrast
imaging of hyperechogenic regions, and enhanced imaging depth. Additionally,
studies have investigated super-HI[80] and frequency compound imaging using

DF-IVUS[81], thereby exploring the applications of HI in DF-IVUS.

These advancements in HI DF-IVUS contribute to enhanced imaging capabilities,

higher resolution, and improved contrast for various clinical applications.

42



(a) L -

Side A: front - ::
30 MHz
3
GND See
o~
6.5 MHz intima
media
+ 3 adventitia
Side B:back .5 MHz 30 MHz Isolation layer

Fig. 1.20. The structure scheme of (a) stacked configuration DF-IVUS catheter [80] and (b) side-by-side

DF-IVUS catheter[81].

One approach for increasing the imaging resolution is to focus on the ultrasound beam.
Two primary means for beam focusing a single-element transducer are using an
acoustic lens or a concave geometric surface. However, in IVUS transducers, which
have high frequencies and small sizes, an acoustic lens is not suitable for beam
focusing. Consequently, in numerous studies, the transducer was pressed into a

concave spherical surface to achieve beam focusing.

1.4.1.3 Focused IVUS transducers

Chen et al.[82] and Yoon et al.[83] have used diverse processing procedures to
enhance the imaging resolution of IVUS in which transducers with concave spherical
surfaces were employed. Subsequently, 1-3 composite-focused IVUS has been
proposed to further enhance imaging performance[84]. Moreover, the use of new
piezoelectric materials and structures has been explored for the fabrication of focused
IVUS transducers[85, 86]. Because of the tiny size of these piezoelectric elements in

IVUS catheters, achieving a well-focused acoustic field is challenging.
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1.4.2 Multi-Mode Intravascular Imaging Catheters

1.4.2.1 IVUS/OCT catheters

Although numerous methods have been proposed for enhancing the IVUS imaging
resolution, clear visualization and characterization of the fibrous cap in VPs remain
challenging. A dual-mode imaging approach combining OCT with IVUS has been
employed to overcome this limitation. This combination approach offers
complementary information from modalities, thereby enabling better VP identification

and assessment.

OCT has gained considerable popularity in clinics for intravascular applications
because of its ability to deliver super-resolution (approximately 10 um) images|[87].
To utilize the incorporate strengths of OCT and IVUS, Li et al. demonstrated a
catheter in 2010 that integrates both modalities for intravascular imaging[88]. Their
catheter design incorporated a ring-shaped focused transducer and an OCT probe
positioned inside the transducer's central hole. A 45° mirror was arranged on the front
of the combined probe to direct the light and ultrasound beam to the surrounding
tissue (Fig. 1.21a). The images obtained from the rabbit aorta using this combined
OCT/IVUS catheter had an enhanced penetration depth and resolution. Subsequent
studies by Li et al. further verified the effectiveness and potential of this imaging

technology[ 89, 90].
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Fig. 1.21. (a) Schematic diagram of a typical IVUS/OCT catheter [88], (b) workflow diagram of an

IVUS/ photoacoustic tomography (PAT) system[91].

1.4.2.2 IVUS/IVPA catheters

VPs often contain components such as lipids that cannot be easily distinguished in
ultrasound images alone. Consequently, IVUS/intravascular photoacoustic (IVPA)
imaging leverages the strengths of different imaging techniques and improves the
prediction and evaluation of various plaque components, thereby enhancing the

diagnostic capabilities of VP assessment.

In IVPA imaging, nanosecond pulsed lasers are applied to heat the surrounding tissue,
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thus causing rapid thermal expansion. This expansion generates an acoustic transient
pulse, which is detected by the IVUS transducer and also used for B-mode ultrasound
imaging. Because of its high Griineisen coefficients, lipids are an efficient medium for
generating photoacoustic transients. Consequently, IVPA imaging is excellent in

diagnosing lipid-rich plaque detection[31].

Wang et al. created an integrated IVUS/PAT imaging system (Fig. 1.21b)[91]. In this
system, the IVUS transducer is positioned inside the blood vessel, whereas the optical
fiber is located outside the blood vessel. The IVUS transducer receives photoacoustic
signals generated through laser light irradiation of the tissue[30]. This study presents a
novel approach for detecting lipid-rich plaques. However, the optical fiber placed
outside the vessel may potentially compromise the accuracy of PAT evaluation.
Additionally, other imaging technologies must be used to locate the IVUS catheter

during the experiment.

1.4.2.3 B-mode/Functional parameters IVUS catheters

In addition to traditional B-mode images, the incorporation of other functional
parameters such as BFV can offer valuable insights into plaque properties[92]. With
these additional parameters, a more comprehensive evaluation of plaque

characteristics and potential risk becomes possible.

Hong et al. developed an innovative intravascular catheter combining flow speed
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detection with B-mode ultrasound imaging capabilities[93]. The catheter design
incorporated two ultrasound elements: a 20-MHz element placed at the front of the
catheter for flow detection and a 40-MHz element situated on the side for B-mode
imaging (Fig. 1.22a). With this configuration, flow speed information and ultrasound
images of the vessels can be acquired simultaneously. The integrated catheter serves
as an important device for diagnosing CVD by allowing comprehensive and real-time

assessment of BFV characteristics and vessel morphology.

The aforementioned integrated catheter enables clinicians to obtain important
hemodynamic information and visualize vessel structures. This combined
functionality improves the diagnostic capabilities of the catheter and allows a more
comprehensive evaluation of cardiovascular health. Flow speed and ultrasound
images when acquired simultaneously improve the understanding of CVD and assists

in accurately diagnosing and treating patients.
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Fig. 1.22. (a) The dual-mode catheter, (b) B-mode ultrasound and (c) pulsatile flow images[93].
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1.4.3 Summary

High resolution and multimodality are the primary development directions for IVUS
catheters, which enhance imaging quality. Several methods are used to enhance the
IVUS imaging resolution, including increasing the bandwidth and the center

frequency and implementing acoustic beam-focusing techniques.

bandwidth can primarily be improved by using new materials characterized by high
electromechanical coupling coefficients, piezoelectric coefficients, and a single
crystal structure. Examples of such materials are PMN-PT, PIN-PMN-PT, and 1-3

composites.

Enhancement of the center frequency leads to higher attenuation. Consequently,
DF-IVUS has been developed. In this system, multiple elements (>2) are arranged in
a catheter in a back-to-back or side-by-side configuration to facilitate fundamental
imaging and HI. The low-frequency element ensures sufficient ultrasound imaging
depth, whereas the high-frequency element provides superior imaging resolution.
However, DF-IVUS has drawbacks such as a larger catheter size than standard IVUS

and a complex mechanical connection, which may limit its application.

Geometric focusing is a valuable method for focusing the acoustic beam of IVUS.
However, it is associated with challenges when a well-defined focal acoustic beam is

desired for the miniature size of IVUS transducers. Moreover, fabricating a
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geometrically focused IVUS transducer is arduous because of its tiny size.

Multi-mode IVUS catheters are used to obtain additional assessment parameters by
combining techniques such as OCT, IVPA, NIRS, and NIRF with IVUS. This
integration substantially improves the quality of AP assessments. However, these
technologies also have drawbacks. For example, IVUS/OCT systems tend to be bulky
and expensive. Moreover, the clinical processing of IVPA/IVUS encounters

challenges because of the limitations in the penetration depth of the in vitro laser.

Despite these challenges, ongoing advancements in transducer, optical, and electronic
technologies are expected to overcome these obstacles. Advancements in the quality
of AP assessment and the application of a wider range of evaluation parameters have
made CVD diagnosis increasingly quantitative. Customized diagnosis, where different
assessment methods are used based on patient-specific conditions such as obesity,

vascular stenosis, and hypertension, will soon become a trend.

1.5 Significance of this Thesis Work

The IVUS imaging device has advanced to a great extent in many medical companies,
and its clinical applications are continuously expanding. However, certain technical

limitations related to this device persist and need to be resolved:

Resolution limitation: The spatial resolution of conventional IVUS devices is limited.
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This may result in insufficient clarity when certain structures, such as APs, are

displayed. This limitation can impact lesion detection and diagnosis.

Image distortion: During IVUS detection, the mechanical catheter has to rotate at high
speeds. However, factors such as resistance in narrow blood vessels and mechanical
structures, this rotation may be uneven, leading to distortion of the obtained ultrasound

images.

Imaging depth: Ultrasound waves are absorbed and reflected when propagating through
tissues and organs in the human body. This can make clear visualization of deeper
target areas challenging. Supplementary imaging technologies or adjustments, such as

changing the position or direction of the ultrasound transducer, may be necessary.

To address these issues, we designed and fabricated two focused IVUS transducers by
using different materials and structures to increase IVUS imaging resolution. In
addition, we developed a dual-element IVUS catheter for improving the quality of
mechanically scanned IVUS images. With an improved image resolution, an expanded
visualization range, and advanced imaging capabilities, these novel IVUS technologies
offer clinicians unprecedented insights into the intricate details of arterial walls, plaque
characteristics, and vascular structures. These technologies also provide more accurate
and comprehensive information, thereby enabling precise assessment of disease

severity, better selection of treatment strategies, and improved guidance during
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interventional procedures.

1.6 Research Objectives

This study aimed to implement some precise enhancements to IVUS imaging
technology, with a particular focus on improving the quality of IVUS images. These
enhancements primarily revolve around advancements in transducer technology and

the imaging platform.

The research objectives are as follows:

1. To design and fabricate a focal HFU transducer with a FZP layer for IVUS.

2. To design and fabricate a focal HFU transducer using PIN-PSN-PT ceramic for

IVUS.

3. To design and fabricate a dual-element catheter for upgrading NURD conditions in

IVUS imaging.

1.7 Outline of the Dissertation

This thesisi is arranged as follows:

Chapter 1 explains the background of IVUS imaging in terms of CVD, AS, CVD

imaging techniques, IVUS imaging systems, and IVUS transducers.
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Chapter 2 presents applying an FZP layer on the front face of a HFU transducer with

meant to enhance the lateral imaging resolution of IVUS.

Chapter 3 presents a focal HFU transducer with geometric focusing using PIN-PSN-PT

ceramic meant to enhance the lateral imaging resolution of IVUS.

Chapter 4 presents a dual-element catheter meant to improve the imaging rate and

eliminate the NURD of mechanical IVUS imaging.

Chapter 5 provides a comprehensive summary of the study's results. It also highlights
suggestions for future research, indicating potential directions for investigation in this

field.
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Chapter 2 Focal IVUS Transducer with a Fresnel Zone Plate

Layer

2.1 Introduction

Conventional IVUS imaging is performed at frequencies between 20 and 60 MHz,
with axial and lateral imaging resolutions of 50-120 pm and 150-250 pm,
respectively[94], and these resolution cannot clearly distinguish TCFA thin cap fibro
atheroma (TCFA). While, ultra-high frequency (UHF) IVUS transducers with
frequencies exceeding 80 MHz have demonstrated remarkable axial resolution (~ 20
um)[74], they often face challenges in achieving an ideal lateral resolution. And, the
penetration depth of image is restricted owing to the significant attenuation of UHF
ultrasound waves as they propagate through tissue. Focusing IVUS transducers have
also been proposed to achieve clearer imaging (as shown in Fig.2.1). A focal
transducer is designed by Chen et al. and Lee et al. to concentrate the ultrasound
energy into a narrower beam, allowing for better spatial resolution and enhanced
image quality[95]. However, the fabrication of geometrically-focused IVUS
transducers can be challenging due to their small sizes, typically less than 1 mm.
Additionally, achieving a well-focused acoustic beam in the transducer requires larger
piezoelectric elements compared to traditional planar elements. This size limitation
can pose challenges in practical clinical applications, as the transducer needs to be

inserted into narrow blood vessels.
53



—
fas]
S
=
=2
o
—
o
el

= 30 E
£ E.
E 20 =
[1}] -10 8
8 o -
- 0 0 distinguished
@ -20 a
% 10 ®
@ 20 0 2
Planar & -
-1 -30
NI 20 40 60 80 100 |{-0 10 20 30 40 50
Axial Distance [mm] Axial Distance [mm]
b)) = s (d)_
- 20 = =
g 10 §
-'03 0 70 E"
W S0 =
O T -80 &
— -20 <
Focused % ®
transducer— -30 =
20 40 60 80 100 10 20 30 40 50
Axial Distance [mm] Axial Distance [mm]

Fig. 2.1. Acoustic fields of (a) planar and (b) focused transducers; ultrasonic images obtained by (a)

planar and (b) focused transducers.

Acoustic meta-lenses are currently a bright focusing strategy for a large number of
imaging applications, including ultrasound imaging. Chen et al. designed an
ultra-compact meta-surface lens to focus ultrasonic beam[96]. An acoustic meta-lens
based on super-oscillating wave-packet was designed by Shen et al. and published in
Nature Communications, which can break the far-field diffraction limit and improve
the imaging resolution[97] (Fig 2.2). These acoustic lenses are applied to
low-frequency (<IMHz) transducers to improve the imaging performance at those
frequencies. The design and implementation of meta-lenses for high-frequency
transducers pose additional challenges owing to the increased attenuation of HFU

waves by the meta-lens layer.
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Fig. 2.2. (a) Super-oscillating acoustic meta-lens sample; (b) Diffraction effect of FZP on ultrasound; (c)

Ultrasonic image of ordinary transducer; (d) Ultrasonic image of super-oscillating transducer[97].

FZP is a type of lens that has a foundation for the theory of diffraction and
interference. It is composed of a range of concentric rings or zones that alternate
between transparent and opaque regions. These zones are designed in a way that they
cause constructive interference at a specific focal point, allowing the FZP to focus
wave fields. Phase-reversal (PR) FZPs and Soret-type FZPs are the main types of
FZPs[98, 99]. In Soret-type FZPs the transparent and opaque regions of the zones
have different thicknesses. The difference in thickness creates a phase delay in the
transmitted wavefront, leading to constructive interference at the focal position.
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Soret-type FZPs are commonly used in optical systems[100]. These FZPs can be
easily implemented in air[101, 102], where solid materials are used as the opaque
zones and air acts as the transparent zones. The solid materials used in the FZP can
have huge attenuation or large impedance differences with the surrounding medium,
making them acoustically opaque. In contrast to the Soret-type FZPs, the transparent
and opaque regions of PR-FZPs have the same thickness, but they alternate in phase.
The phase shift between adjacent zones causes constructive interference at the focal
area, resulting in focusing of the wave field. PR-FZPs are widely used in acoustic and
ultrasonic imaging applications[98, 99]. Thus, in a Soret-type FZP, only sound waves
passing through the acoustically transparent region contribute to the focus. However,
in a PR-FZP, both sound waves passing through the acoustically transparent region
and those passing through the obstructed region contribute to the focus. Therefore, a
PR-FZP lens specifically designed for HFU transducers is proposed here due to its
higher lens efficiency and focal strength. The ultrasound waves transmitted by the
transducer will undergo diffraction by the Fresnel zone of the FZP lens stacked on the
surface of the planar transducer and converge to the focal area[103], Additionally, the
full width at half maximum (FWHM) of the focal region of the FZP transducer is
smaller compared to that of a planar transducer without an FZP layer. This implies
that the FZP serves the dual purpose of increasing the sound intensity of the

transducer and reducing focal spot size.
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This work stacks an FZP layer on the front surface of a planar HFU transducer,
developing an FZP transducer and applying it to IVUS imaging. The FZP layer has
the ability to diffract HFU waves passing through it. This diffraction makes the HFU
waves to combine in the focal area, thereby enhancing the imaging resolution of
IVUS. Finite element simulation software is utilized to simulate the acoustic beams
produced by FZP transducers and planar transducers. Additionally, the measurement
of transducer’s electrical impedance and pulse echo are conducted. To evaluate the
imaging resolution of the transducer, it is driven by the ultrasound imaging platform

developed in Chapter 2 for imaging wire phantoms and porcine blood vessels in vitro.

2.2 Methods

2.2.1 FZP Design

Fig. 2.3 illustrates the schematic of the designed catheter. In front of the matching
layer of the proposed transducer, a FZP layer is positioned, and its parameters are

calculated by the Fresnel principle, as follows:

57



Fresnel Zone Plate layer

Matching layer

Piezoelectric
material layer

Backing layer

Transducer stack

Vascular

Coaxial cable

Torque cable
Housing

Fig. 2.3. Schematics of (a) the FZP layer, (b) transducer element, (¢c) FZP IVUS catheter.

In this study, the parameters of the Fresnel zone of the FZP transducer are calculated

using the plane wave equation[104]:

2
MZU%M1+d2+nM2+(ﬁiﬁé)—2@%+ﬁﬂ“2 2-1)

di+d, +T
In the case of plane wave incidence, where d;—o0, the focal length F is represented

by d,, and formula (3-1) can be simplified as:

%:hﬁ+§y (2-2)

The width of each zone, d, (n =1, 2, ..., N), is arranged from the center of the Fresnel
zone, and N represents the zone number, and the focal length is denoted as F =2 mm.

The width of a zone (indicated by the green zones in Fig. 3.2) is W, = da,-day.1.
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To achieve the desired focusing quality of the FZP transducer, it is necessary to have a
phase difference of m between the FZP zones and grooves (indicated by the red zones

Fig. 2.3). The phase difference Ap was computed using the following equation:

Ap = 21 |co= al t (2-3)

A Cq

Here, ¢y and c; represent the sound velocity of water and FZP layer material
respectively, A represents the wavelength of water and t denotes the thickness of FZP

layer.

2.2.2 COMSOL Simulation

The finite element simulation is often used in calculations in the fields of fluid
mechanics, structural mechanics, and electromagnetic mechanics. The main principle
of finite element simulation is to discretize the unit in the continuous solution domain,
and transform a continuous degrees of freedom (DOF) problem into a discrete finite
DOF problem by solving an approximate function for each discrete unit. In this study,
COMSOL software was utilized to simulate the acoustic beam of the transducer. The
obtained results were used to optimize the transducer parameters accordingly.
COMSOL simulation software provides a significant advantage through its capability
to perform multi-physics coupling calculations. By utilizing the finite element
calculation approach, the software can mathematically solve partial differential

equations for both single and multi-physics scenarios, thus enabling the simulation of
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real-life physical phenomena. The simulation steps are shown in Fig 2.4.

Set up model Build geometric
environment objects
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boundary conditions
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ild simulation |
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Fig. 2.4. The Comsol simulating workflow.

To construct a simulation model, it is necessary to select the pressure acoustics

physical field and create the model. The selection of the simulation domain for the

frequency domain field is determined by the calculation type being performed. Next,

the transducer structure and simulation domain range and shape are drawn according

to the actual parameters of the proposed transducer. We selected the piezoelectric

material and sound pressure domain material parameters from the software material

library. For the piezoelectric material, PZT-5H ceramic is used, and for the sound

pressure domain material, Water is used. To mitigate reflections at the interface

between the transducer and water, the inclusion of a matching layer is necessary. The

design parameters of the FZP and planar transducer, which were optimized using

simulation software, are provided in Table 2.1.
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Table 2.1. Parameters of the planar and FZP transducer.

Parameter FZP transducer Planar transducer
Aperture (mm) 0.778x0.9 0.778x0.9

Piezo- material PZT-5H PZT-5H
Thickness (um) 35 35

The material of 1% Matching layer ~ Ag/epoxy Ag/epoxy
Thickness (um) 10 10

The material of 2™ Matching layer N/A Parylene C
Thickness (um) N/A 12

FZP layer material Ag/epoxy N/A

hickness (um) 8 N/A

Backing layer material

Thickness (um)

E-solder 3022

300

E-solder 3022

300

To avoid sound wave reflection at the boundary, the piezoelectric material is added as
the boundary load to serve as the excitation power of the transducer. The acoustic
radiation boundary condition is set as the sound pressure domain boundary condition
to accurately calculate the sound field distribution of the transducer. Proper grid
division is performed on the entire calculation area to ensure accurate sound field

distribution calculation, where the maximum size of the grid division is typically A/6.

To conduct the calculation, appropriate analysis parameters are added, and the Fc of

the transducer is set as the calculation parameter for the frequency domain field
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simulation. After calculation, the corresponding drawing group is added according to

the data that needs to be viewed by reading the calculation data.

2.2.3 Fabrication

3203HD ceramics (CTS Co., Tianjin, China) is chosen as the piezoelectric material
for fabricating the transducer owing to its desirable characteristics. It possesses a high
electromechanical coupling coefficient, a small particle size of ceramic powder, and
exhibits stable performance when ground into ultra-thin sheets. These properties make
it suitable for creating HFU transducers. Firstly, the sputtering machine (NSC-3500,
NANO-MASTER Inc., TX, USA) was utilized to sputter Cr/Au electrodes onto one
surface of the ceramic sample. The sputtering system can be seen in Fig. 2.5. Next,
the electrode-plated surface of the wafer was bonded on the surface of a sapphire slice
using wax. The slice, with the sample bonded to it, was then putted on a grinder for
the grinding process, as illustrated in Fig. 2.6. The ceramic sample was ground down
to a 35 um thickness. Following the grinding process, Cr/Au electrodes were

sputtered onto the ground surface of the sample.
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Fig. 2.5. Magnetron sputtering system.

Epoxy (Insulcast 502, ITW Performance Polymers, Montgomeryville, USA) serves as
the primary material for manufacturing both the matching and FZP layer. To create a
conductive mixture with appropriate acoustic impedance, silver powder with a
particle size of 2~3 um (Sigma Aldrich, Burlington, USA) is mixed into the epoxy as
filler. The prepared mixture was utilized to fabricate both the matching and FZP layer,
which were subsequently deposited onto the surface of the ceramic sample. The
deposited layer was then ground down to 18 um. For planar transducer, the thickness
is 10 um. Finally, the sample was flipped and bonded to another sapphire plate. The
backing material, which is conductive epoxy, was stacked on the other surface of the

sample to serve backing layer and provide support and electrical conductivity.
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Fig. 2.6. Precision lap machine.

After grinding the backing material to the desired thickness, the sample is flipped over
once again. The upper surface of the sample is then etched using a laser instrument to
create grooves according to the designed size. This process completes the shaping of
the FZP layer on the sample upper surface. After etching the grooves to a depth of 8
um, the sample is divided into small piezo stacks with dimensions of 0.778 x 0.9 mm?
using a dicing device (ADT 7122, ADT Co., Israel). The dicing machine is displayed

in Fig. 2.7.
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Fig. 2.7. Dicing machine.

Fig. 2.8(a) displays a representative piezoelectric stack. To link the positive and
negative electrodes of the piezoelectric stack, three steps are involved. First, a
conductive epoxy is used to connect the conductive backing layer to the signal wire of
a coaxial cable. Next, the piezoelectric stack is mounted into a copper housing. The
housing is also boned to the ground wire of the cable using conductive epoxy. In the
final step, epoxy is used to fill the space between the piezoelectric stack and the
housing, as shown in Fig. 2.8(b). Additionally, a Cr/Au layer is sputtered onto the
surface of the copper housing and the matching layer of piezoelectric stack to

establish an electrical connection between them.

65



Fig. 2.8. Image of (a) a piezoelectric stack, (b) an assembled transducer.

2.2.4 Transducer Performance Characterization

The electrical performance of the FZP and planar transducer are measured using an
impedance analyzer, as depicted in Fig. 2.9. A quartz reflector is positioned on front
of the transducers. Both the reflector and the transducers are immersed in deionized
water for pulse-echo test experiments. A pulser/receiver (UT340) is utilized to excite
the transducer. The excitation pulse wave is set to a length of 2 ns with a voltage of
100 V. The received echo is displayed on a digital oscilloscope after a gain of 10 dB.

The instrument setup is displayed in Fig. 2.10.
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Fig. 2.9. Impedance analyzer.

Fig. 2.10. Pulse echo test platform.

2.2.5 Phantom and Ex Vivo Tissue Imaging

The imaging evaluation system is shown in Fig. 2. 11. A house made imaging
platform, which can be found in our previous work, was used to drive the
transducers[105]. The platform comprises integrated excitation pulse generation and
data reception functions. The excitation pulses are amplified in two stages and then
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passed through a customized power amplifier for high-voltage short or coded pulse
output. The transducer is attached to a rotation device, enabling the easy acquisition
of sectional images. An interactive interface based on Visual Studio 2013 (Microsoft
Corporation, Redmond, WA) permits the easy configuration of ultrasound transmit
and receive parameters, including pulse repeat frequency (PRF), depth, and frame rate,
and supports real-time image display and raw data storage. Imaging software acts as
an important bridge between the hardware platform and personal computer (PC). The
parameters of the software interface are transmitted via USB 3.0 to the FPGA of the
hardware platform, which subsequently analyzes the parameters sent by the software
and configures them in the appropriate registers to control the ultrasound transceiver

process.

Imaging platform

Motor
USB 3.0

Rotating device
Catheter &

. o

Water tank
Vascular

Fig. 2.11. Imaging evaluation system
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The signal gain of the imaging platform is set to 35 dB for data acquisition. To
evaluate the imaging quality of the transducers, a house-made wire phantom is used.
The wire phantom is created by making a workpiece with a series of holes arranged in
a regular pattern on concentric circles of varying radii. In this particular wire phantom,
three tungsten wires (OD: 12.7 um) are installed in the holes located on concentric
circles with radii of 2, 3, and 4 mm, respectively. The wire phantom is illustrated in
Fig. 2.12. The transducers were positioned at the central of the wire phantom to
ensure accurate imaging and proper alignment. The transducer is equipped with a
motor that allows it to rotate. During the acquisition process, the data will be collected
and recorded by the imaging platform in real time. To further verify the tissue imaging
quality of the planar and FZP transducers, a porcine blood vessel was isolated and

prepared as a specimen.

2mm

Fig. 2.12. Wire phantom.
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2.3 Results

2.3.1 Simulation Results

The simulation results were acquired by the Comsol software. The simulated acoustic
field of the transducer is demonstrated in Fig. 2.13. As depicted in Fig. 2.13(a), the
planar transducer generates an acoustic field with a natural focus located at 7.5 mm,
accompanied by side lobes exhibiting weaker sound pressure. Conversely, the FZP
transducer produces an acoustic field with a focal point at 1.8 mm, as displayed in
Fig.2.13 (b). Fig. 2.13(c) displays the signal amplitude distribution along the dashed
line on the focal plane depicted in Fig. 2.13(a) and Fig. 2.13(b). It is evident that the
FZP transducer exhibits a smaller FWHM at the focal point (FWHM = 0.0755 mm)
compared to the planar transducer (FWHM = 0.3603 mm). Additionally, the side-lobe
of the FZP transducer is narrower than that of the planar transducer, indicating a more

focused and improved imaging performance.
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Fig. 2.13. The acoustic beams of (a) the planar and (b) FZP transducers. (c) The amplitude of the planar

and FZP transducers.

The simulation results demonstrate the effective modulation of ultrasonic waves by
the FZP layer integrated with the planar transducer. The comparison of the FWHM of
the amplitude, computed for both the FZP transducer and the planar transducer,
indicates that the FZP transducer is capable of achieving higher lateral imaging

resolution compared to planar transducers. These findings highlight the potential of
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FZP transducers for improving imaging resolution in various applications.

2.3.2 Electrical and Acoustic Performance

Fig. 2.14 (a) and (b) display the electrical performance of the FZP and planar
transducers, including impedance and phase curves. The curves display that the FZP
transducer has a resonant frequency of 57.3 MHz, with an impedance of 10.3 Q at that
frequency. Similarly, the planar transducer exhibits a resonance frequency of 56.3
MHz, with an impedance of 4.5 Q at that frequency. These results demonstrate that
both transducer types yield comparable outcomes, indicating that the FZP layer

attachment affects the transducer's electrical impedance to a limited extent.
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Fig. 2.14. Impedance and phase curves of the (a) FZP and (b) planar transducers. Pulse echo and

spectrum curves of the (¢) FZP and (d) planar transducer.
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The echo received by the FZP and planar transducers were displayed and recorded by
an oscilloscope, as depicted in Fig. 2.14 (¢) and (d). The FZP transducer has an Fc of
52.5 MHz and a -6 dB BW of 42%. In contrast, the planar transducer has an Fc of
51.3 MHz and a -6 dB BW of 58%. The performance of FZP and planar transducers
are shown in Table 2.2. The results show that the -6 dB BW of the FZP transducer is
inferior to that of the planar transducer. This is mainly due to the weakening caused

by the FZP layer and the absence of a second matching layer.

Table 2.2. The performance of FZP and planar transducers

FZP transducer Planar transducer
Resonant frequency (F) 57.3 MHz 56.3 MHz
Impedance at F; 10.3 Q 4.5Q
Center frequency (F;) 52.5 MHz 51.3 MHz
-6 dB bandwidth 42 % 58 %
Axial resolution 47 pm 44 um
Lateral resolution 184 pm 314 pym
SNR 37.2dB 33.9dB
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2.3.3 Imaging Measurement

The wire phantom ultrasound images were reconstructed using Matlab software
(MathWorks Inc., Natick, USA), and the imaging resolution was analyzed and
calculated by the software. An ultrasound image of the wire phantom acquired with
the planar transducer is depicted in Fig. 2.15(a). The axial beam profile of the planar
transducer is depicted in Fig. 2.15(b), while the lateral beam profile is depicted in Fig.
2.15(c). The planar transducer achieved axial and lateral resolutions of 44 um and 314

um respectively.
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Fig. 2.15. (a) A wire phantom ultrasound image of the planar transducer. (b) Axial and (c) lateral beam

profiles of the ultrasound image. In both (b) and (c), the red lines indicate the -6 dB magnitude.

Fig. 2.16(a) displays an ultrasound image of the wire phantom obtained using the FZP
transducer. The axial beam profile of the FZP transducer is depicted in Fig. 2.16 (b),
while the beam profile is depicted in Fig. 2.16(c). The FZP transducer achieved axial

and lateral resolutions of 47 um and 184 um respectively.
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Fig. 2.16. (a) A wire phantom ultrasound image of the FZP transducer. (b) Axial and (c) lateral profiles

of the ultrasound image. In both (b) and (c), the red lines indicate the -6 dB magnitude.

To calculate the SNR, one can subtract the average background noise from the
magnitude of the largest signal obtained from the image. The FZP transducer
exhibited an SNR of 37.2 dB, while the planar transducer had an SNR of 33.9 dB. The
FZP transducer exhibits a higher SNR, indicating its superior imaging capability

compared to the planar transducer.

Ultrasound imaging was conducted on an ex vivo porcine artery using both FZP and
planar transducers. The obtained ultrasound images are presented in Fig. 2.17. In the
FZP transducer ultrasound image, there is clearer distinguishable between the blood

vessel wall and fatty tissue, indicating improved distinguishability compared to the

planar transducer images.
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Fig. 2.17. Ultrasound images of a swine artery acquired by the (a) FZP and (b) planar transducers.

2.4 Discussion

IVUS imaging is a crucial diagnostic tool for detecting AP. However, the conventional
IVUS catheters suffer from limitations in terms of poor lateral resolution, which
restricts their applications. To address this issue, a HFU transducer incorporating an
FZP layer is developed to enhance the lateral imaging resolution of IVUS. The acoustic
beams of the FZP transducer, along with a planar transducer of identical dimensions,
were simulated using COMSOL. In the proposed FZP transducer, the focal spot is
obviously decreased compared to the planar transducer. However, due to the second
matching layer is replaced by the FZP layer, the -6 dB BW of the FZP transducer (42%)
is inferior to that of the planar transducer (58%). Consequently, the axial resolution of
FZP transducer presents a slightly worse axial resolution than that of the planar
transducer. On the other hand, the imaging of the wire phantom and their beam profiles

indicate that the FZP layer effectively improves the lateral imaging resolution of the
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transducer.
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Chapter 3 Geometrically Focused IVUS Transducer using
PIN-PSN-PT Ceramics

3.1 Introduction

Atherosclerosis (AS) contributes significantly to the growth of large number of CADs,
including stroke and ischemic cardiomyopathy[3]. In the advanced stages of AS,
atherosclerotic plaque (AP) formation occurs. Some plaques are classified as
vulnerable, and a plaque rupture will cause severe conditions, such as angina pectoris
and other ACS[10]. Thus, the development of a imaging technology with high
resolution that can identify vulnerable plaques, accurately characterize coronary AS
patterns, and monitor morphological changes in plaques after intensive drug therapy

holds significant clinical implications[106].

The IVUS catheter is a minimally invasive diagnostic technology that offers high
resolution, thereby enabling clear differentiation between the arterial wall and lumen. It
effectively detects various plaque morphologies, such as fiber, fibrous fat, calcification,
and necrosis. In addition, IVUS provides the measurements of artery size; lumen zone;
and the depth, extent, and profile of calcification, making it an indispensable diagnostic
tool for assessing arterial vascular lesions[107]. Regarding the treatment of vulnerable
plaques, one safe and effective method involves the deployment of a stent within the

artery stenosis. IVUS is a crucial character in guiding the clinician in determining the
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appropriate size and location for stent placement. Moreover, IVUS facilitates the

postsurgical assessment of the stent’s fit and overall performance[108].

In Chapter 2, our research focused on the design and fabrication of an FZP layer to
enhance the lateral imaging resolution of IVUS by effectively focusing the acoustic
beam. However, there was a challenge due to the mismatch in electrical impedance
between the transducer, which was fabricated using PZT-5H ceramic and had a size of
0.9 x 0.778 mm (resulting in an impedance of approximately 10 ), and the imaging
platform, which had an impedance of 50 Q. This impedance mismatch can have a
passive effect on the imaging quality of IVUS. Lee et al.[85] reported on a focused
IVUS transducer with element sizes of 0.5 x 1 mm. However, this transducer only
focused in one direction, which means that its elements had a cylindrical surface rather
than a spherical surface, consequently weakening the focusing effect of the transducer.
Another IVUS transducer proposed by Chen et al.[82] featured geometrical focus on
the upper surface only, whereas the lower surface remains planar, resulting in
suboptimal focusing capabilities. Jian et al.[84] developed a geometric focusing
transducer; however, its electrical impedance was relatively low (approximately 10 Q).
This low impedance can lead to certain disadvantages, such as decreased insertion loss

(IL), in the transducer.

In this study, a geometrically focused IVUS transducer that utilizes PIN-PSN-PT

piezoelectric ceramics was proposed. The choice of PIN-PSN-PT ceramics was based
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on its favorable dielectric constant, which enables a sufficient match of electrical
impedance between the transducer and imaging platform. This impedance match is

crucial for enhancing the sensitivity of IVUS imaging.

3.2 Field II Simulation

Field II, a comprehensive and flexible software, is used in the field of medical
ultrasound research for its ability to simulate complex ultrasound scenarios and
accurately model ultrasound wave propagation. These capabilities make it an
indispensable tool for studying, optimizing, and advancing ultrasound imaging

technologies[109-111].

3.2.1 Acoustic Field Simulation

We simulated the acoustic beam of transducers with different geometries using the
Field II program. Fig. 3.1(a) schematically shows the geometry of the focal IVUS
transducer. The focal length of the transducers is designed at 2.25 mm. The geometric
focus is situated at the center of the sphere, whereas the acoustic focus is located at
the position with the highest amplitude of the acoustic field. The acoustic focal depth
is usually smaller than the geometric focal depth. Figs. 3.1(b) and (c) illustrate the
acoustic field of the planar and focused transducers with an aperture of 0.3 mm. It is
evident that the beam profiles of the acoustic field for both transducers rapidly

diverge after the acoustic focus, and the focusing has minimal impact on the beam
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pattern as the geometric focal depth surpasses the natural focal depth. However, when
the aperture is increased to 0.6 mm, the effect of focusing becomes prominent,
resulting in intensified intensity at the acoustic focus (illustrated in Figs. 3.1 (d) and
(e)). Furthermore, the acoustic focal depth of the focused transducer is smaller than

that of the planar transducer owing to the focusing effect.

(c) (d)

(a) Acoustic beam pattern (b) e
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——
Fig. 3.1. (a) Diagram of the focused IVUS transducer. Simulated acoustic field of (b) 0.3-mm planar

(unfocused) transducer, (c) 0.3-mm focused transducer, (d) 0.6-mm planar transducer, and (e) 0.6-mm

focused transducer.

The —6 dB beam width is a commonly used parameter to depict the main lobe width
of the beam pattern produced by an acoustic transducer. The lateral imaging
resolution is depending on the beam width of the acoustic field. A smaller -6 dB
beam width indicates a narrower main lobe and better lateral resolution, enabling the

system to resolve smaller details and separate closely spaced reflectors more
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accurately. The —6 dB beam widths of the acoustic field for transducers with different

geometries were included in this study.
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Fig. 3.2. A —6 dB beam width with respect to depth for the (a) planar and (b) focal transducers with

different aperture size.

Figs. 3.2(a) and (b) depict the relationship between the beam width and depth of
several planar and focused transducers with different aperture sizes. For the planar
transducer, the minimum beam width is attained at the natural focal depth. It is
noteworthy that the beam width is directly in proportion to the square of the aperture
size, which means that as the size of aperture expands, the beam width also increases,
resulting in a worse lateral imaging resolution. Meanwhile, the focal transducer beam
width is influenced by the focusing effect and the beam width at the acoustic focus is
narrower, indicating improved lateral resolution. Furthermore, the effect of focusing
becomes more significant as the aperture size increases, strengthening the intensity at

the acoustic focus and further enhancing the lateral imaging resolution. Overall, the
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comparison of beam widths demonstrated that the focusing technique could have a
substantial impact on the lateral imaging resolution of transducers, particularly for

larger aperture sizes.

3.2.2 Ultrasonic Imaging Simulation

We conducted wire-imaging simulations to assess the spatial resolution of planar and
focused transducers with varying apertures. The imaging method was arranged as
horizontal scanning, and there were 1500 scan lines along the horizontal direction.
Transducers with an aperture of 0.3 and 0.6 mm were simulated, respectively. The Fc of
these transducers was set at 40 MHz and the focal length of all focal transducers was
2.25 mm. Five wires were arranged in the front of the transducer in a sequential
manner, each located distance 1 mm from the previous wire and starting 1 mm away
from the transducer. The simulation imaging area covered a region of 6 x 6.5 mm.

The resulting simulated ultrasonic images are presented in Fig. 3.3.
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Fig. 3.3. Ultrasonic imaging simulations of (a) 0.3-mm planar transducer, (b) 0.3-mm focused transducer,

(c) 0.6-mm planar transducer, and (d) 0.6-mm focused transducer.

We also calculated the axial and lateral imaging resolutions of the transducers at
different locations, as outlined in Table 3.1. The axial resolutions of focused
transducers were similar to those of unfocused transducers with the same apertures.
However, significant improvements in lateral resolution were observed with focusing.
Moreover, transducers with larger apertures exhibited greater improvements in the
lateral resolution. Of note, the natural focus lengths for transducers with the aperture

sizes of 0.3 x 0.3 mm and 0.6 x 0.6 mm were 0.6 and 2.4 mm, respectively.
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Consequently, the lateral imaging resolutions of unfocused transducers with a 0.3-mm
aperture decreased as the imaging depth improved. By contrast, the lateral imaging
resolutions of unfocused transducers with a 0.6-mm aperture initially increased before

reaching the optimal resolution at 2.4 mm.

Table 3.1. Axial and lateral resolutions of different transducers at different locations.

Resolution | Transducers’ | Aperture Wire location (mm)
type type (mm) 1 2 3 4 5

Axial Unfocused 0.3 41.2 40.9 40.7 40.0 41.7
resolution 0.6 42.3 43.8 41.8 41.2 41.0
(um) Focused 0.3 40.9 40.4 40.9 41.7 41.5
0.6 45.4 40.6 40.9 41.0 41.5
Lateral Unfocused 0.3 143.2 273.5 388.2 493.3 633.7
resolution 0.6 320.7 158.0 218.4 283.0 3533
(um) Focused 0.3 137.9 262.9 378.4 503.5 603.3
0.6 82.8 139.1 203.1 273.1 328.6

3.3 Materials and Methods

3.3.1 Preparation of High-Performance Textured PIN-PSN-PT Ceramics

The textured PIN-PSN-PT ceramics were produced via the conventional templated
grain-growth method using the 0.19PIN-0.445PSN-0.365PT powder and 2.5 vol.%
<001>-oriented BaTiO3 (BT) templates, as described earlier[112]. The microstructure
of the ceramics was characterized using FE-SEM and XRD (Smart Lab, Japan), and a
quasi-static ds;3 meter was used to measure the piezoelectric coefficient of the ceramics.

The measurement of the material's permittivity was performed using an LCR meter
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(E4980A, Agilent, USA) at a frequency of 1 kHz. All measurements were performed
using a program-controlled furnace. The coercive field (EC) was obtained from the
polarization-electric (P-E) field hysteresis loop, which was plotted operating a
ferroelectric testing system. The longitudinal sound velocity and 4; in the thickness
mode of the ceramics were calculated using the methods specified by the IEEE
standards[113]. The clamped dielectric constant (£°33/g9) was calculated by measuring
the capacitance at twice the anti-resonant frequency using a precision impedance

analyzer (HP4294A, Agilent, USA).

3.3.2 Fabrication of the Focused IVUS Transducer

Fig. 3.4(a) illustrates the schematic of the focused IVUS catheter, which comprised the
focused acoustic stack, brass housing, torque coil, and coaxial cable. The fabrication of
the acoustic stack followed the conventional technique described by Cannata et al.[114].
According to the properties of the textured PIN-PSN-PT ceramics, the structural
parameters of the acoustic stack were optimized using a simulation software
(PiezoCAD, Sonic Concepts, USA). The ceramics were lapped to 38 pum thick. Cr/Au
electrodes (thickness: 50/150 nm) were deposited onto the both surfaces of the
ceramics via DC magnetron sputtering (NSC-3500, NANO-MASTER, USA). The first
matching layer was fabricated by blending epoxy with silver powder and then casting it
onto the negative electrode of the ceramics. The material was subsequently lapped to 10

um thick according to the design specifications. Some of conductive epoxy was laid on
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the positive side of the ceramics to serve as the backing material. The acoustic stack
comprised the Ag-epoxy layer and piezo-ceramic wafer, and conductive layer was then

ground to a final thickness of 350 pm and diced into 0.6 x 0.6 mm pieces.

(a) (b) Stain]\ess steel Heating

90°C
Focused acoustic stack

' Cooling '
silicone rubber
S M B

Vascular

. Planar acoustic stack Focused acoustic
Housing stack
(C) Epoxy
S Coaxial cable
Coaxial cable > -
_
Polyimide tube\ \ Sputtered

Parylene Au-Cr

Fig. 3.4. (a) Schematic diagram of focused IVUS catheter. (b) Fabrication of focused acoustic stack using

the press-focusing technique. (c) Cross section of the focused IVUS transducer.

The press-focusing technique was employed to achieve a spherical shape for the
acoustic stack (Fig. 3.4(b)). The planar acoustic stack was placed into a soft silicone
rubber mold and was compressed using a stainless-steel cover with a 4.5-mm diameter
ball, which was conformal with the soft mold. The entire assembly, comprising the
stack, mold, and cover, was heated to 90°C and maintained for 30 min. This process
resulted in the formation of a spherical-focused shape, with the geometric focus located

at 2.25 mm.
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Fig. 3.5. Parylene deposition system.

The assembly of the acoustic stacks into the catheters involved the following steps.
First, the signal wire of a 50-Q micro-coaxial cable (48AWG, Hitachi Metals, Japan)
was bonded to the acoustic stack connective-backing layer. Next, the acoustic stack and
ground wire were affixed to a brass housing using instant adhesive (Super Glue, 3M,
China) and conductive adhesive, respectively. A polyimide tube was inserted between
the stack and housing to provide electrical insulation. The remaining space within the
housing was filled using epoxy. A Cr/Au layer was fabricated to electrical connected

the housing with the matching layer of the piezoelectric stack to establish an electrical

88



connection between them. Finally, the catheter was placed in a vapor deposition system
(P6, Diener, Germany), and parylene C powder was evaporated in the system and
deposited on the catheter’s surface. The parylene deposition system is shown in Fig.
3.5. This layer is not only a second matching layer, but also provided waterproof
protection. Fig. 3.4(c) provides a schematic representation of the longitudinal-section
view of the IVUS catheter structure. Figs. 3.6(a) and (b) display the assembled focused
and planar acoustic stacks within the brass housings, respectively, and Fig. 3.6(c) is a

photograph of the developed focused IVUS catheter with the torque coil.

(a) (b)

Fig. 3.6. Photographs of the (a) focused and (b) planar IVUS transducer. (c¢) Photograph of the

as-developed focused IVUS catheter.
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3.3.3 Transducer Characterization

The electrical impedance curves of the focused and planar transducers were obtained
using a precision impedance analyzer. An ordinary pulse-echo test was executed to
characterize the impulse response, Fc, and BW of the focused and planar transducers.
The transducer was submerged in deionized water and connected to an ultrasonic
pulser/receiver (DPR500, JSR Ultrasonics, USA), and a 3 pJ energy negative pulse was
applied on the transducer for transmitting. So as to obtain the echo signal with
maximum amplitude reflected from a polished quartz target, the adjustment of the
position and emit angle of the transducer was performed using a multi-axis moving
stage. The received signal of echo was finally displayed on a oscilloscope. The
frequency response was then computed using FFT analysis performed by the

oscilloscope.

3.3.4 Imaging Evaluations

A house made wire phantom was fabricated in this study for measuring the imaging
resolution of the IVUS transducers. Three tungsten wires (OD: 10 um) were securely
placed in the phantom at the depths of 2, 3, and 4 mm. In addition, the imaging
capability evaluation of transducers was performed by employing a swine coronary

artery.

In the imaging procedure, both the phantom and artery sample were immersed in
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deionized water. At the center of these objects, the transducers were positioned ready
for imaging. To obtain real-time IVUS images, a servomotor operating at 20 rotations
per minute (r.p.m.) was utilized to rotate the IVUS transducer through the torque coil.
The transducer was connected to the ultrasonic imaging platform via a slip ring and
coaxial cable. Chapter 2 provides additional details regarding the imaging platform as

well as the data acquisition and processing methods.

3.4 Results

3.4.1 Properties of Textured PIN-PSN-PT Ceramics
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Fig. 3.7. Characterization of the textured PIN-PSN-PT ceramics. (a) SEM image of the fracture surface,
(b) XRD pattern, (c) P-E loop, and (d) dielectric constant at 1 kHz. The red arrows in (a) indicate the

<001>-oriented BT template seeds in the crystalline grains.
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Figs. 3.7 (a) and (b) depict the microstructure of the textured PIN-PSN-PT ceramics as
characterized via SEM and XRD. In the SEM image (Fig. 3.7 (a)), the crystalline grains
were observed to grow along the [001] direction with the guidance of <001>-oriented
BT templates, indicated by the red arrows. The XRD pattern (Fig. 3.7(b)) revealed only
the presence of the characteristic <001> peaks of the perovskite structure, confirming

the <001> orientation of the textured PIN-PSN-PT ceramics.

Fig. 3.7(c) and (d) present the P-E field hysteresis loop and permittivity of the textured
PIN-PSN-PT ceramics, respectively. The coercive field (Ec) was 5.8 kV/cm, whereas
the Curie temperature (TC) was 250°C. These values are higher than those of
relaxor-PbTiO3 crystals (phase transition temperature Tr-t < 130 °C, Ec < 4.5 kV

cm—1).

For comparison, Table 3.2 summarizes the main characteristics of the textured
PIN-PSN-PT ceramics and commonly used piezoelectric materials for IVUS
transducers. Of note, the textured PIN-PSN-PT ceramics presented a ds; of 900 pC/N
and k; of 0.60, which are similar to those of the advanced relaxor-PbTiO3 crystals. This
performance can be attributed to the [001]-oriented growth of crystalline grains.
Furthermore, the textured PIN-PSN-PT ceramics demonstrated excellent temperature
and electric field stability, making them resistant to depolarization during transducer

fabrication (such as hot press-focusing) and the ultrasonic imaging process.

Of particular importance, the clamped permittivity of the textured PIN-PSN-PT
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ceramics was lower than that of relaxor-PT single crystals and other piezoelectric
ceramics used in previous studies[115, 116]. This characteristic is advantageous for
focused IVUS transducers, considering the requirement of 50-Q electrical impedance

matching.

Table 3.2. Characteristics of some piezoelectric materials commonly used in IVUS transducers

[115-117].
. . Relative . o .
Piezoelectric 1 q Electromechanical Longitudinal Density
clampe
Materials coefficient ] p . coupling coefficient velocity vl p
permittivity 3
(pC/N) s kq (m/s) (kg/m”)
£/gy
PMN-PT single
1400 850 0.58 4600 8000
crystal
PIN-PMN-PT
] 1450 780 0.58 4450 8180
single crystal
LiNbOs; single
100 39 0.34 7340 4700
crystal
PZT-5H ceramic 593 1470 0.51 4590 7500
Sm-PMN-PT
) 1000 3000 0.54 4450 7690
ceramic
Textured
PIN-PSN-PT
900 440 0.60 4480 7650

ceramic (This
work)

3.4.2 Characterization of the textured PIN-PSN-PT-based IVUS Transducers

Figs. 3.8(a) and (b) present the frequency-dependent electrical impedance
measurements of acoustic stacks before and after being shaped by pressing,
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respectively. The impedance values of both the planar and focused stacks fell within the
range of 32—-62 Q, satisfying the requirement of 50-Q electrical matching. Of note, the
resonance peaks were highly damped after the pressing process. This damping effect
can be attributed to the residual stress generated during the high-temperature
press-focusing process, which occurs at approximately 90°C. The presence of residual
stress increases the mechanical loss within the acoustic stack, leading to a reduced
mechanical quality factor. Figs. 3.8(c) and (d) show the measured impedance of the
planar and focused IVUS transducers after encapsulating into the IVUS catheters. The
impedance spectra exhibited three resonance peaks because of the parylene coating,
which serves as the second matching layer. In addition, the impedance values were

reduced by approximately half owing to the effect of the 50-Q micro-coaxial cable.
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Fig. 3.8. Impedance (blue) and phase angle (red) of the textured PIN-PSN-PT-based transducers. (a)

Planar acoustic stack, (b) focused IVUS acoustic stack, (c) planar IVUS transducer, and (d) focused

IVUS transducer.

Figs. 3.9(a) and (b) present the echo responses and normalized spectrum for the planar

and focused IVUS transducers, respectively. The peak-to-peak voltages (V) of the

unamplified echo signals were 1.8 V for the planar IVUS transducer and 1.9 V for the

focused IVUS transducer. The focused transducer has higher echo amplitude attributed

to the focusing effect, which enhances the ultrasound energy at the focal point.
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Fig. 3.9. Pulse-echo (black solid line) and spectrum (red dotted line) of planar (a) and focused (b) IVUS

transducer.

The center frequencies of the planar and focused IVUS transducers were measured as
41 and 42 MHz. Furthermore, the —6 dB relative BWs were 68% for the planar
transducer and 71% for the focused transducer. The BW of the focused IVUS
transducer was slightly higher than that of the planar IVUS transducer. This difference
can be attributed to the lower mechanical quality factor caused by the pressing process,

which causes damping and broadens the frequency response.

3.4.3 Imaging Evaluation of the textured PIN-PSN-PT-based IVUS Transducers

Figs. 3.10(a) and (b) present the wire phantom images acquired by the planar and focal
PIN-PSN-PT-based IVUS transducers. It is evident that the focused transducer

provided superior lateral resolution than the planar transducer at different depths.
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Fig. 3.10. The images of wire phantom acquired by the textured PIN-PSN-PT-based (a) focused and (b)
planar IVUS transducers. axial resolution of the (c) focused and (d) planar IVUS transducers. lateral

resolution of the (e) focused and (f) planar IVUS transducers. Dynamic range: 50 dB.

Fig. 3.11 displays the axial and lateral beam profiles used for resolution calculation.
The axial and lateral resolutions of the focused transducer, determined using the
FWHM width, were 45 and 208 um, respectively. By contrast, the planar transducer
exhibited the axial and lateral resolutions of 48 and 282 um, respectively. Thus, these

experimental results aligned well with the simulated results. The focused transducer
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exhibited improved resolution performance in both axial and lateral aspects compared

with the planar transducer.

Table 3.3. Comparison of simulated and measured spatial resolutions for the planar and focused IVUS

transducers.
Axial resolution (um) Lateral resolution (pum)
Simulated Measured Simulated Measured
Focused 41 45 203 208
Planar 42 48 243 282

A segment of porcine coronary artery was selected for ultrasound imaging to assess the
tissue imaging capabilities of the textured PIN-PSN-PT-based focused and planar
IVUS transducers and traditional PZT-5H-ceramic-based planar transducer (Fig. 3.10).
The resulting images from both types of transducers revealed fatty tissue-surrounded
vessel walls in 50 dB dynamic range. The focused transducer provided a clearer
distinction of the inner tunica intima of the vessel wall. Moreover, the focused
transducer exhibited better imaging contrast than the planar transducer, resulting in a
brighter image view. It is noteworthy that the PZT-5H-ceramic-based transducer
exhibits significantly inferior imaging contrast, limiting visualization to approximately
0.5-mm-thick tissues. In contrast, the PIN-PSN-PT-textured ceramic-based focused and
planar transducers allow visualization of thicknesses around 1 mm and 0.9 mm of

tissues, respectively, under the same conditions. These results highlighted the potential
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of focused IVUS transducers constructed with the textured PIN-PSN-PT ceramics for
intravascular applications. The improved spatial resolution and SNR of the focused
transducer can contribute to the enhanced visualization and characterization of vessel

structures, making it a promising tool for intravascular imaging.

(a) Inner tunica intima (b)

Vessel wall

<0.5 mm

Fatty tissue

Fig. 3.11. Porcine artery ultrasound images acquired using the textured PIN-PSN-PT-based (a) focused
and (b) planar IVUS transducers and commercial PZT-5H based planar IVUS transducer with dynamic

range of 50 dB.

3.5 Discussion

In the field of vascular imaging, IVUS is a frequently employed technique owing to its
capability to offer a real-time 3D visualization of plaque morphology. However, the
imaging resolution of conventional IVUS is limited with regard to the diagnosis of
early-stage plaques. Thus, there have been proposals for the use of UHF IVUS, which
offer superior resolution[72, 118]. Nonetheless, the application of UHF ultrasound is
restricted by their limited penetration depth because of its high attenuation [57]. In

addition, geometrically focused IVUS has been suggested to enhance imaging
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resolution[82-86]. However, the tiny size of the piezoelectric elements employed in

IVUS poses a challenge in achieving a well-focused acoustic field.

The present study introduced a novel approach to focused IVUS catheters utilizing
textured PIN-PSN-PT ceramics. The presence of electrical impedance mismatch in the
transducer leads to a decrease in signal amplitude and SNR[119]. Conventionally, in
order to achieve an appropriate electrical impedance (50 Q), the aperture of the IVUS
element is restricted to a small dimension of 0.4 x 0.5 mm®. However, with the
implementation of textured PIN-PSN-PT ceramics, the proposed transducer attains
suitable electrical impedance while possessing a larger size of 0.6 x 0.6 mm”. The
simulation results confirm that this larger-scale transducer design generates a
well-focused acoustic field. Comparative analysis indicates that, compared to the
planar transducer, the focusing transducer exhibits negligible change in axial resolution,

which is associated with bandwidth, while significantly improving lateral resolution.
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Chapter 4 Dual-Element IVUS Catheter

4.1 Introduction

As discussed in Chapter 1, solid-state [IVUS imaging and mechanical IVUS imaging are
commonly used imaging modalities in clinical practice. The key distinction between
these two modalities lies in the type of ultrasound transducer employed. In solid-state
IVUS, the transducer is an array transducer with elements evenly arranged in a circular
pattern in the tip of the catheter. Transmit and receive beamforming of ultrasound can
be executed by employing different electronic delays to different elements to acquire
ultrasound images[120]. However, due to their small size and processing challenges,
solid-state IVUS transducers typically operate at 20 MHz frequency, resulting in

limited imaging resolution.

In mechanical IVUS imaging, a HFU transducer with one element is installed in the
distal end of a torque cable, and a motor is used to rotate the torque cable in circular
motions. This scanning mechanism enables the acquisition of cross-sectional
ultrasound images of intravascular morphology. Notably, the resolution of the image
improves with higher ultrasound frequencies[121, 122]. Compared to solid-state IVUS,
mechanical IVUS has a simpler design and the ability to achieve higher transducer
frequencies, resulting in improved resolution and wider application potential. However,

one limitation of mechanical IVUS arises when the catheters are maneuvered through
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tortuous vessel segments. The friction between the sheath and drive shaft can lead to
NURD [51, 123, 124]. Indeed, the NURD in mechanical IVUS catheters is an
undesirable characteristic that can negatively impact the quality of IVUS imaging (as
shown in Fig. 4.1). It makes it challenging to obtain accurate assessments of sharply

curved coronary vessels[51, 125, 126].

One approach of image processing techniques is to track and predict tissue motion by
analyzing the cross-correlation between different frames of IVUS images[127].
Additionally, structural markers such as scaffolds can be utilized to enable accurate
registration and alignment of the acquired data[128]. Frequency-domain analysis of
IVUS vascular image textures can provide valuable information for image
compensation, specifically regarding the rotation velocity and angle of the transducer.
[129]. Nevertheless, all of these techniques almost need a high degree of correlation
between consecutive IVUS frames. Moreover, these techniques can be computationally
intensive, especially when processing large amounts of image data. This can pose
challenges when it comes to real-time implementation, as the processing time may

exceed the desired frame rate for real-time imaging[130, 131].

Connecting the catheter ultrasound transducer or mirror directly to a built-in
micromotor can indeed help improve NURD in mechanical IVUS imaging. However,
integrating a micromotor directly into the catheter increases the processing complexity

and aperture of the catheter. The motor rotational speed can be raised by increasing the
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current magnitude, which in turn enhances the frame rate of the image acquisition.
Nevertheless, this approach poses challenges related to heat dissipation[132-135]. The
concept of integrating two array elements with different frequencies into a single
ultrasound catheter has been proposed. This configuration allows for the utilization of
super-harmonic imaging techniques[136] and represents a promising technique to
optimizing the trade-off between spatial resolution and penetration depth[72, 73, 75,

137, 138].

A dual-element IVUS catheter is developed to address NURD encountered in
mechanically rotating catheters in this work. In the catheter, two elements with similar
frequencies and other properties are arranged in a back-to-back configuration. When
the catheter experiences NURD during the imaging process, the abnormal image
portion obtained from one element can be substituted with the corresponding good
ultrasound image acquired by the other element in the catheter. In addition, it allows
for obtaining two images in a single rotation, effectively doubling the imaging frame
rate compared to a single-element configuration. To evaluate the imaging resolution
of these two elements, wire phantom imaging was performed. Additionally, the
feasibility and overall imaging performance of the proposed protocol were identified
using a house made tissue phantom and porcine vascular imaging. The outcomes

indicate that the strategy of this word has the potential to improve NURD artifacts.

4.2 Methods
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4.2.1 Design and Fabrication

According to the typical clinical application requirements, the catheter's two elements
are designed with the same size and an center frequency of 40 MHz[139]. To ensure
that the two elements of the catheter can capture ultrasound images in the same
cross-section as the catheter rotates one full revolution, they are arranged
back-to-back within a copper casing. Fig. 4.1 presents a schematic diagram

illustrating the structure of a dual-element catheter.

Matching
Piezoelectric
material
Torque
cable Backing

Coaxial cable
Housing

Insulation

Fig. 4.1. Structural schematic diagram of the dual-element catheter.

The transducers in this study were made using PZT-5H ceramics as the piezo-material.
PZT-5H is chosen for its excellent stability due to its high Curie temperature. The
transducers made from PZT-5H typically do not require repolarization[73, 75]. The
transducer surface is deposited with two matching layers. Table 4.1 provides the

parameters and materials of the proposed catheters.
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Table 4.1. Parameters and materials of the dual-element catheter.

Number of elements 2

Fc (MHz) 40

Aperture (mm) 0.4 x0.6

The material of piezoelectric layer 3203HD ceremic
The material of 1% matching layer Siliver powder/epoxy
The material of 2™ matching layer Parylene C

The material of backing layer Conductive epoxy

The fabrication process for the transducer’s elements involves the following steps:
First, The piezoelectric ceramic raw material is bonded onto the sapphire substrate
using wax. Second, the ceramic is ground down to 50 pm thick using a grinding
machine and polished it. Third, Cr/Au layers are sputtered onto both surfaces of the
ceramic, serving as the electrode layer of the transducer. Fourth, 2-3.5 pm silver
powder and epoxy are prepared and thoroughly mixed. This mixture is then cast onto
the negative electrode surface, serving as the 1¥ matching layer and it is subsequently
ground to 10 pm thick. Fifth, A conductive epoxy is applied onto the opposite
electrode surface, acting as a backing material. It is then cured to ensure its
solidification. Subsequently, the backing material is ground to obtain the desired
thickness. Finally, the sample is divided into tiny stacks with dimensions of 0.4 x 0.6

mm?.

An insulating epoxy is used to bond and assemble the two transducer elements into a
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copper tube (OD: 0.96 mm). Two coaxial cables, each consisting of a ground and a
signal wires, are employed to link the elements to the imaging platform. The signal
wires of the cables are bonded to the conductive backing of each transducer element
using E-Solder. The two cables are inserted within a torque cable (OD: 0.86 mm).
Cables’ ground wires are connected to the tube through the use of E-solder. A Cr/Au
layer is sputtered on the tube to insure a sufficient connection to the ground. Lastly,
Parylene is deposited on the catheter assembly to play the role of matching and

protective coating.

4.2.2 Characterization

To acquire the measured Fc and -6 dB BW of the developed transducer, the following
procedure is followed: The catheter is placed in deionized water. A polished quartz
blocks is positioned on the front of the elements. A pulse generator/receiver is utilized
to stimulate the transducers, and the received signals are shown on an oscilloscope.
By analyzing the data obtained from the oscilloscope, the Fc and -6 dB BW of the

transducer can be calculated.

An ordinary crosstalk measurement method was performed to evaluate the
transmission crosstalk between the two elements. The following steps are performed:
A function generator (AFG31252) with burst mode was employed, generating a

40MHz signal with a duration of 15 cycles with amplitude of 10V,,. The generated
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signal is used to excite one of the elements of the catheter. An oscilloscope is used to

measure the voltage across the other component. The method of dual-element

crosstalk test was shown in Fig. 4.2. The transmission crosstalk of the two elements

was calculated according to the following formula[140]:

Crosstalk; = ZOIOg%

where V. is the excited voltage, V. is the received voltage.

Function Generator

burst mode,10 Vpp

Sine wave, 40 MHz,15 cycle,
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Fig. 4.2. Schematic diagram of crosstalk test method between elements.

4.2.3 Dual-Channel Imaging System

(4-1)

A system for dual-channel HFU imaging has been developed in this work, as depicted

in Fig. 4.3. The system comprises several components, including a dual-element

catheter, a multi-channel rotator, a dual-channel platform, and a personal computer.



The platform is implemented as a 12-layer PCB, housing two pulse
generators/receivers. The imaging platform incorporates a power supply unit capable
of generating high amplitude bipolar pulse with positive and negative signals. The
excitation strategy is executed using metal-oxide-semiconductor field effect transistor
(MOSFET) with characteristics of significant amplitude, significant output current
and small threshold signals. These MOSFET drivers are manipulated by the FPGA to

regulate the characteristics of the excitation pulses.
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Fig. 4.3. Working diagram of the proposed imaging system for IVUS application.

In the rotation imaging of the IVUS system, the catheter is connected to a mechanical
device equipped with a rotating motor. The rotation of the motor drives the catheter to
achieve 360° imaging. Regarding the receiving part of the ultrasonic signal, the echo

signal undergoes specific processing. Firstly, the transceiver switch (TRSW) clamps
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the high-voltage portion of the received signal to 0.6V. This prevents the high-voltage
transmission from damaging the components of the receiving channel. Subsequently,
a two-stage small-noise amplifier is employed to amplify the clamped echo signal.
This amplifier is designed to have a lower noise figure, ensuring minimal noise
interference. The total gain of the system, after the two-stage amplification, is 52.6

dB.

To ensure accurate and reliable signal processing, a Sth-order analog LPF is designed
in the system. This filter is responsible for attenuating HFU noise and reducing the
aliasing of noise and signal. The analog-to-digital conversion stage utilizes a 14-bit
dual-channel high-speed ADC. This enables the conversion of the dual-channel
ultrasonic signals into digital format. Once digitized, the digital signals are
transmitted to the FPGA through the JESD204B interface. This interface ensures
high-speed data transmission with a maximum rate of 12.5 Gbps. In the FPGA, the
echo data undergoes various signal processing operations, including low-pass filtering,
Hilbert transform and envelope detection. These processing steps refine and enhance
the captured ultrasound signals. Finally, the processed dual-channel ultrasound data is
transmitted to the computer via the USB 3.0 interface. The data is displayed on the PC,

providing immediate visualization and analysis capabilities.
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4.2.4 Evaluation of Wire Phantom

To evaluate the spatial resolution, structural symmetry, and performance consistency
of the two elements in the IVUS catheter, a tungsten wire phantom is created. The
mold comprises 10 um tungsten wires. The experimental setup involves placing the
tungsten wire mold in deionized water. The dual-element catheter is then positioned at
the center of the wire mold. A rotating device is connected to the catheter and used to
drive it at a speed of 20 revolutions per minute. Each frame of the imaging consists of
500 scan lines. During the rotation, the IVUS system captures and saves the real-time
imaging data of the tungsten wire model using the dual-array elements of the catheter.
The subsequent image processing and analysis are conducted using Matlab, allowing

for further evaluation and examination of the acquired imaging data.

4.2.5 Evaluation of Tissue Phantom

To evaluate the improvement of NURD condition by the dual-element IVUS catheter,
verification experiments were conducted using tissue body membranes and isolated
porcine blood vessels. The tissue body membrane is fabricated by blending Sigmacell
cellulose and polyvinyl alcohol powder. The design requirements of the tissue
phantom are detailed in Fig. 4.4. Two hypoechoic holes, one with a diameter of 2mm
and the other with a diameter of 3mm, are created within the membrane. The central 3

mm hole functions as the imaging hole for the dual-element catheter. The 2 mm hole

110



serves as a reference for evaluating the preservation of tissue facts after image
modification. Because of the hole of the tissue phantom is a regular circle, an isolated
porcine blood vessel with an irregular lumen is selected to further assess the
corrective capability of the dual-element catheter for NURD. This blood vessel
provides a more realistic and challenging scenario for evaluating the correction

capabilities of the catheter.
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Fig. 4.4. Schematic of the house made tissue phantom: (a) top and (b) three-dimensional view.

4.2.6 Image Reconstruction

The rotational speed of the catheter is maintained at 20 rotations per minute. For each
rotation, the imaging system is capable of simultaneously acquiring two frames of
image. Importantly, one of the frames is identical to the other when rotated by 180°,
thereby providing a symmetrical image. When the catheter passes through a section of
an acutely curved vessel resulting in NURD, the same distortion will appear on the

symmetrical position in the subsequent frame. By extracting accurate information
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from both frames, a more complete image can be reconstructed. To ensure smooth
image stitching, three adjacent lines at the location of the stitching are smoothed. This
helps to minimize any visual discontinuities in the final image. By utilizing the
accurate information from two frames, a comprehensive image can be reconstructed,
enabling a more accurate representation of the imaged area. This technique helps to

mitigate the impact of NURD on the final image quality.

4.3 Results

4.3.1 Performance of the Imaging Platform

Fig. 4.5 showcases the various components and equipment used in the imaging system.
These components mainly include a rotator, a mechanical catheter, a power source, a
tissue phantom, an imaging software and a dual-channel imaging PCB. The receiving
channel of the system has a bandwidth of 20-75MHz, allowing for a wide range of

frequency reception.
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Fig. 4.5. Prototype of the dual-channel IVUS imaging platform.

The dual-channel pulse transmitting circuit generates a bipolar pulse (as shown in Fig.
4.6) with an Fc of 44.9MHz, a V,value of 94 V, and a 141% -6dB bandwidth. This
pulse waveform is designed to cover the range of the frequency applicable to the
dual-element transducer. The imaging platform utilizes the JESD204B interface for
high-speed data transmission between the FPGA and ADC. The maximum channel
rate achievable with this interface is 12.5 Gbps, ensuring efficient data transfer. After
undergoing digital signal processing in the FPGA, the ultrasound data is transmitted
to the host computer through a USB3.0 interface. The data transfer rate exceeds 100
MB/s, enabling real-time acquisition and presentation of the dual-channel imaging

data.
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Fig. 4.6. The pulse waveform and spectrum of the bipolar pulse.

4.3.2 Characteristics of the Dual-Element Catheter

Fig. 4.7 presents the photographs of the prototype of the proposed catheter and
transducer, providing a visual representation of the actual devices used in the system.
In Figs. 4.7(b) and (c), the pulse-echo responses of the two elements are depicted.
Element A has a center frequency of 40.4MHz, while element B has an center
frequency of 41.1MHz. The -6 dB bandwidths of element A and element B are

measured to be 67% and 63.3%, respectively.
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Fig. 4.7. (a) The image of the proposed catheter, echo curves of element (b) A and (c) B.

Furthermore, testing revealed that the crosstalk between the two components is -68
dB. Crosstalk refers to the interference or leakage of signals between adjacent
transducer elements. A value of -68 dB indicates a minimal level of crosstalk between
the two elements. According to the results, it can be deduced that the property of both
elements is similar and meets the expected design requirements. The performance of

both elements is shown in Table 4.2.
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Table 4.2. The performance of element A and B.

Element A Element B
Center frequency (F,) 40.4 MHz 41.1 MHz
-6 dB bandwidth 67% 63.3%
Axial resolution 31 um 34 um
Lateral resolution 167 pm 185 um
SNR 25.2dB 23.4dB
Crosstalk -68 dB

4.3.3 Wire Phantom

Fig. 4.8(a) and (b) display the tungsten wire phantom imaging performed using the
proposed catheter. In these two images, the echo amplitudes of the two sets of
tungsten wire phantom are very similar. This demonstrates the consistency of the
imaging performance between the two elements. Furthermore, the location of the five
tungsten lines in Fig. 4.8(a) ranges from 21° to 31°, while in Fig. 4.8(b), it ranges
from 198° to 208°. Observing the image, the difference of the angle between the
tungsten wires imaging of the two elements is almost 180°. This illustrates that the

two elements symmetry meets the design requirements.
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Fig. 4.8. Wire phantom images acquired by element (a) A and (b) B. Dynamic range: 35dB.

The resolution data analysis of the two elements is presented in Fig. 4.9(a-d). The
axial and lateral imaging resolutions for elements A are 31 um and 167 pm,
respectively, while the axial and lateral resolution for elements B are 34 um and 185
um, respectively. The SNR of the images obtained by element A was calculated as

25.2 dB, while element B is 23.4 dB.
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Fig. 4.9. The (a) axial and (b) lateral beam profiles of element A, the (c) axial and (d) lateral beam

profiles of element B.

4.3.4 Tissue Imaging

Figs. 4.10(a-c) depict images of tissue phantoms representing a regular circular lumen.
For ease of comparison, the starting locations of the two image frames are positioned
symmetrically. During the real-time acquisition process, the image data is displayed
sequentially in the direction of counterclockwise. Fig. 4.10 displays the images of
NURD obtained from both elements. These images are acquired by significantly

winding the torque coil. From Fig. 4.10(a), it can be concluded that the right
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component of the ultrasonic image appears good result, while the left component
exhibits NURD result (blue arrow), resulting in the loss of details from the
hypoechoic hole. And, Fig. 4.10 (b) displays NURD on the right side (blue arrow
zone), while the left component of the image appears normal, allowing the
hypoechoic hole to be visible. To overcome the NURD effects and obtain a more
complete image, Fig. 4.10 (c) demonstrates the extraction of the normal half of the
tissue in the image of Fig. 4.10 (a) and (b). These extracted portions are then
reconstructed into a single, complete frame. Gaussian filtering is applied to smoothen

the image splicing process.

(a)

Fig. 4.10. NURD tissue phantom image of (a) element A and (b) element B. (c) Reconstructed image.

Dynamic range: 35dB.

Figs. 4.11(a-c) showcase images of isolated porcine blood vessels, where the imaging
lumen exhibits an irregular circular shape. Fig. 4.11(b) and (c) display the images
with NURD zone captured by elements A and B, respectively. In Fig. 4.11(a), the

NURD is appeared in the lower left component of the image (yellow arrow zone),
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while the other component of the image appears available. And, Fig. 4.11(b) displays
the top right component of this image is NURD (yellow arrow zone), while the other
component of the image remains unaffected and appears normal. To obtain a complete
and improved morphology of the swine artery, the right component of element A
image and the left component of element B image are extracted. These extracted
portions are then combined and reconstructed into a single frame. As illustrated in Fig.
4.11(c), this reconstruction process significantly improves the NURD phenomenon.
By integrating the unaffected portions from both elements A and B, the negative
impact of NURD is mitigated, resulting in a more coherent and representative image

of the blood vessel structure.

Fig. 4.11. NURD ex vivo porcine vessel image of (a) element A and (b) element B. (¢) Reconstructed

image. Dynamic range: 35dB.

4.4 Discussion

One of the significant advancements in modern medical technology is the application

of IVUS in the early prediction and intervention of AS in arteries. Among the two
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main types of IVUS catheters, the mechanically rotating IVUS catheter offers
advantages in terms of design simplicity and the ability to achieve higher spatial
resolution by operating at higher frequencies. As a result, it has found extensive
applications in clinical settings. However, when mechanically rotating IVUS catheters
are maneuvered through highly curved vessel segments, NURD often occurs. NURD
is an inherent characteristic of mechanically rotating IVUS catheters. It can cause loss
of image information in the affected segment, thus impacting the precise evaluation of
acutely tortuous arteries. Prior studies have explored various methods to optimize
NURD in catheter-based imaging tools, for example IVUS and OCT. Some
approaches involve utilizing cross-correlation algorithms to track tissue motion and
analyze the similarity of different frames of IVUS images, enabling compensation for
NURD. Others employ frequency-domain analysis of IVUS vascular image textures
to assess the rotation velocity and angle of the transducer, enabling appropriate
adjustments. However, these techniques typically require high similarity among
images, which may not always be achievable. Additionally, these methods involve
substantial computational complexity, making real-time correction of NURD images

challenging.

A dual-element IVUS imaging catheter that two elements were assembled
back-to-back in one catheter was introduced in this work. The array elements in the

catheter are designed to have the same center frequencies and dimensions.

121



Furthermore, an imaging platform with two channels was developed, incorporating a
specially designed imaging platform with a dual-channel transceiver. To ensure the
imaging consistency and similarity among the two elements, tungsten wire phantom
imaging was performed and verified. The results demonstrate that the axial imaging
resolutions of the two elements are 31 pm and 167 pum, respectively, and the lateral
imaging resolutions of them are 34 um and 185 pum, respectively. The effectiveness of
the both elements in complementary imaging was further validated through the

imaging of tissue phantom and isolated porcine blood vessels.

The tissue phantom, with its regular circular imaging aperture and uniform tissue
composition, exhibits a better image reconstruction effect compared to isolated
porcine blood vessels. The smoothing and filtering techniques applied during image
reconstruction minimize the traces of splicing, resulting in a more seamless and
visually coherent image. While there may be some traces of image splicing in the
reconstruction of isolated porcine blood vessels, it does not hinder the overall
observation and interpretation of missing tissue information. The fabrication of a
dual-element IVUS catheter presents certain challenges. The two elements need to be
precisely assembled within the metal housing, ensuring alignment and stability.
Moreover, the alignment of the metal casing with the drive shaft must be maintained
in a straight line. These intricate assembly requirements contribute to the complexity

of manufacturing a dual-element IVUS catheter. In commercial IVUS -catheters
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commonly available today, the occurrence of NURD artifacts typically involves an
area of less than 180 degrees. However, in extreme cases where the drive shaft
becomes stuck or unable to rotate, it can significantly distort the imaging of both
elements. The strategy proposed in this work may not be applicable in such extreme
scenarios. Currently, the image data from both elements can be simultaneously
acquired and subjected to offline processing. However, the future plan is to develop
real-time compensation techniques to address NURD artifacts in the acquired images.
This will enable on-the-fly correction of NURD artifacts and further enhance the

imaging capabilities of the dual-element IVUS catheter.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

In this thesis, several novel IVUS transducers were developed to improve the image

quality of IVUS. Detailed research works were summarized as follows:

1. High frequency Focal IVUS transducer with a FZP layer

A HFU transducer with a FZP was developed in Chapter 3 for IVUS imaging. By
employing theoretical calculations, the transducer's structure and parameters were
optimized to achieve HFU capabilities. The COMSOL software was utilized to
simulate the acoustic beam. The ultrasound element's aperture size is 0.778x0.9mm?.
In this study, both FZP and planar transducers were manufactured. The FZP
transducer exhibited an Fc of 52.5 MHz and a -6 dB BW of 42%. In contrast, the
plane-shape transducer possessed an Fc of 51.3 MHz and a -6 dB BW of 58%. To
assess the transducers' performance, imaging experiments were performed using wire
phantoms and porcine arteries. The FZP transducer demonstrated imaging resolutions
of 47 um axially and 184 um laterally, while the planar transducer displayed imaging
resolutions of 44 um axially and 314 um laterally. These findings indicate that the
FZP transducer outperforms the planar transducer in terms of lateral resolution for
IVUS applications. Consequently, this research presents a novel imaging tool could

enhance the imaging quality of [VUS.
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2. Geometrically focused IVUS transducer using PIN-PSN-PT ceramic

A focused IVUS catheter based on textured PIN-PSN-PT ceramics is designed and
fabricated in this section. The focal transducer exhibited an Fc of 42 MHz and a -6 dB
BW of 71%. For comparison, we also fabricated a planar transducer with identical
parameters, featuring an Fc of 41 MHz and a BW of 68%. To assess the transducers'
performance, the experiments of imaging were performed using wire phantoms and
porcine arteries. The focused transducer demonstrated lateral imaging resolutions of
208 pum, while the planner transducer displayed lateral imaging resolutions of 282 um.
The focused transducer demonstrated superior lateral resolution, enabling enhanced
visualization and differentiation of vascular structures. This advancement holds great

potential for improving the efficacy and applicability of IVUS technology.

3. Dual-element IVUS catheter

Chapter 4 introduces a dual-element IVUS imaging catheter, where two elements with
similar performance and the same center frequency are assembled back-to-back at the
catheter head. The Fc and -6dB BW of these elements are 40.4 MHz with 67%
bandwidth and 41.1MHz with 63.3% bandwidth, respectively. This configuration
allows the catheter to acquire two frames of images during a single mechanical
rotation. When NURD occurs due to extreme bending of the catheter, the distorted

image from one element can be modified by the accurate image from the symmetrical
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side element. This process enables the reconstruction of a complete and accurate
image. Furthermore, in situations where NURD is not present, one rotation yields two
frames of images, effectively doubling the imaging frame rate. To evaluate the
symmetry and consistency of the two elements, a house made tungsten wire phantom
was employed. The comprehensive imaging capability of the two transducers was
validated using both tissue phantoms and isolated porcine blood vessels. Experimental
results indicate that the proposed strategy effectively improves NURD condition and

enhances the overall imaging performance.

5.2 Future Work

The IVUS imaging catheter holds significant value in the context of AP evaluation.
However, despite its advantages, certain limitations have restricted its widespread
application. The current research findings have made strides in addressing some of
these issues. Nonetheless, there remains a need to explore and develop novel

techniques to further optimize and enhance IVUS imaging:

1. High frequency array transducer

The implementation of an IVUS array transducer offers several advantages, including
the ability to eliminate the need for mechanical transducer scanning, thus enabling
safer and higher frame rate imaging. However, the fabrication of IVUS array

transducers presents significant challenges, particularly as the frequency increases.
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Consequently, conventional IVUS array transducers are typically limited to
frequencies of up to 20 MHz, resulting in restricted resolution for visualizing
atherosclerotic plaque (AP). To address this limitation, the development of HFU array
transducers holds great potential for providing clearer ultrasonic images and

becoming a crucial diagnostic tool for AP.

Therefore, it becomes imperative to explore novel fabrication methods and new
materials for HFU array transducers. Such advancements could not only help reduce

costs but also mitigate the fabrication difficulties associated with these devices.

2. Multi-mode imaging catheter

In recent times, there have been significant advancements in integrating IVUS with
novel imaging modalities, including OCT, IVPA, fluorescence spectroscopy, and
near-infrared reflectance spectroscopy (NIRS). These integrated techniques have
proven to be valuable in enhancing diagnostic accuracy by providing additional
information. However, the existing techniques face limitations in terms of their
structural design and materials, hindering their widespread application and
industrialization. Therefore, it is crucial to explore and develop novel materials and
methods to optimize these multi-mode catheters. Such advancements hold the
potential to promote the broader use of multi-mode catheters and offer effective

diagnostic options for cardiovascular diseases.
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