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ABSTRACT

 

K. Heath Martin: Intravascular Detection of Microvessel Infiltration in Atherosclerotic Plaques: 

An Intraluminal Extension of Acoustic Angiography. 

(Under the direction of Paul A. Dayton) 

 

Cardiovascular disease is the leading cause of death worldwide, surpassing both stroke 

and cancer related mortality with 17.5 million deaths in 2014 alone. Atherosclerosis is the build-

up of fatty deposits within arteries and is responsible for the majority of cardiovascular related 

deaths. Over the past decade, research in atherosclerosis has identified that a key limitation in the 

appropriate management of the disease is detecting and identifying dangerous fatty plaque build-

ups before they dislodge and cause major cardiovascular events, such as embolisms, stroke, or 

myocardial infarctions. It has been noted that plaques vulnerable to rupture have several key 

features that may be used to distinguish them from asymptomatic plaques. One key identifier of a 

dangerous plaque is the presence of blood flow within the plaque itself since this is an indicator 

of growth and instability of the plaque. Recently, a superharmonic imaging method known as 

ñacoustic angiographyò has been shown to resolve microvasculature with unprecedented quality 

and could be a possible method of detecting blood vessel infiltration within these plaques. 

This dissertation describes the material and methods used to move the application of 

ñacoustic angiographyò to a reduced form factor typical of intravascular catheters and to 

demonstrate its ability to detect microvasculature. The implementation of this approach is 

described in terms of the contrast agents used to generate superharmonic signals, the dual-

frequency transducers to image them, and the hardware needed to operate them in order to 
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establish how these design choices can impact the quality of the images produced. Furthermore, 

this dissertation demonstrates how image processing methods such as adaptive windowing or 

automated sound speed correction can further enhance image quality of vascular targets. The 

results of these chapters show how acoustic angiography may be optimized using engineering 

considerations both in signal acquisition and post processing. Overall, these studies demonstrate 

that acoustic angiography can be performed using a catheter-deployable dual-frequency 

transducer to detect microvasculature through superharmonic imaging methods. 
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CHAPTER 1

INTRODUCTION  

 

1.1 Motivation  

Atherosclerotic cardiovascular disease is a leading cause of death worldwide which can 

manifest without warning [1]. Acute coronary syndromes are postulated to be initiated by 

atherosclerotic plaque ruptures in up to 75% of cases [2, 3]. For this reason, detection of 

atherosclerotic plaques prone to rupture is one of the most active areas of research in cardiology 

and biomedical imaging [4].  

Intravascular ultrasound (IVUS) uses standard brightness mode (B-mode) imaging which 

is the current imaging gold standard to determine plaque composition. Tissues containing 

heterogeneous density and compressibility such as plaques, media, and smooth muscle layers are 

detectible on B-mode images, but tissue lacking these variations in material properties do not 

scatter ultrasound well enough to cause measurable reflections. A multitude of plaque 

characteristics exist that, if detected, can indicate whether the plaque is at a higher risk of causing 

a future ischemic event, however current IVUS imaging methods cannot detect these symptoms 

of a vulnerable plaque [5]. 

Recently, a new way of visualizing vessels using ultrasound has been developed and used 

to image tumor vasculature in response to therapy [6]. This technique, termed acoustic 

angiography, has resulted in high resolution and contrast three dimensional imaging of vascular 

networks previously unobtainable when using ultrasound. Acoustic angiography has only 
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recently been developed because it uses wide-band separation between the operating frequencies 

of two different elements that cannot normally be achieved using conventional transducer 

designs. A low frequency element is used to generate nonlinear harmonics using high pressures 

while another high frequency element (4-10x higher) is used to receive only the nonlinear signals 

generated by microbubbles. This produces contrast only images with a very high specificity that 

can clearly resolve vessel networks when the system is operated to acquire 3D volumes. Dual-

frequency transducers are the only type of ultrasound devices that have previously demonstrated 

the ability to produce acoustic angiography images. 

Current intravascular ultrasound transducers are poorly optimized for nonlinear contrast 

imaging strategies such as those used in acoustic angiography based on their inherent high 

frequency design. However, a dual-frequency IVUS transducer could surpass this limitation to 

enable assessment of plaque risk of rupture by using contrast specific imaging (CSI) to detect the 

presence of microvessels within a plaque. Translation of acoustic angiography into the IVUS 

environment has not yet been performed but could result in identifying vulnerable atheroma by 

detecting neovascularization within the plaques associated with the deadly disease of 

atherosclerosis.  

1.2 Dissertation scope and objectives 

The goal of this dissertation is to develop, optimize, and determine the clinical relevance 

of acoustic angiography in an intravascular platform using a newly developed dual-frequency 

transducer. Chapter 2 begins by giving background information regarding the severity of 

atherosclerosis and how the disease is currently managed today. Microbubble contrast agents are 

introduced in the next chapter as theranostic agents capable of both therapy and diagnostics. It is 

then followed by Chapter 4 which is an introduction to dual-frequency transducers. This chapter 
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also highlights important finding gleaned from dual-frequency transducers used in previous 

works while also providing detailed fabrication and operation strategies that are unique to these 

ultra-broad bandwidth devices. In Chapter 5, a prototype dual-frequency IVUS transducer design 

is discussed and preliminary results are gathered using in vitro setups. Chapter 6 is focused on 

optimizing the hardware and operating electronics to improve the image quality and ease of use 

of the prototype device while Chapter 7 provides a series of experiments that quantify the 

behavior of this approach in clinically relevant models included ex vivo and small animal in vivo 

studies to assess image quality metrics. While the previous three chapters were concerned with 

optimizing the acquisition of the data using a dual-frequency probe, Chapter 8 reviews advanced 

post-processing methods that can be applied to these datasets. Beamforming methods are 

introduce for intravascular acoustic angiography as well as automated error correction algorithms 

to estimate the appropriate speed of sound needed to perform image reconstruction. Finally, 

Chapter 9 discusses the conclusions derived from this work, areas of future research, and other 

applications for dual-frequency IVUS probes.  
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CHAPTER 2

CLINICAL B ACKGROUND  OF ATHEROSCLEROSIS 

 

Atherosclerosis is a pathological build-up of a lipid burden in arteries that can result in 

ensuing cardiac events such as stroke or myocardial infarction. Atherosclerosis is associated with 

a large portion of reported sudden deaths in the United States as well as world-wide.  While the 

etiology of the atherosclerosis is still being studied, the epidemiology of the disease as well as 

the consequences of leaving the matter untreated necessitates further advances in its field of 

study to preserve global health. A background of atherosclerosis outlining the phases of 

development, diagnosis, and treatment will be covered in this chapter. Finally, the relationship of 

microvasculature with vulnerable plaques will be defined in terms of lesion assessment and 

treatment response.   

2.1 Dysfunction of normal vasculature due to atherosclerosis 

Atherosclerosis impedes the function of normal, healthy arteries preventing them from 

exchanging metabolites and waste products from regions of tissue that they would normally 

supply (Figure 2.1). Arteries are composed of 3 basic layers that serve different functions ï the 

intima, media, and adventitia. The outermost layer is the adventitia or tunica externa and is 

composed mainly of connective tissue and provides a support function for the artery. Owing to 

its composition of mostly collagen and elastin fibers, the adventitial layer is tough and durable to 

give protection to the remaining, inner two layers which are considerably more delicate. The 

adventitia of larger arteries also functions similar to basement membranes found in other organs 
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given they support a delicate network of vessels (vasa vasorum) and nerves (nervi vasorum). The 

vasa vasorum is a microvascular network that provides blood flow to diffusion limited regions of 

larger arteries while the nervi vasorum are primarily used to control vasoconstriction and 

vasodilation performed by the smooth muscle cells located in the media. The majority of vasa 

vasorum originates form the adventitia, but some vasa vasorum comes from the intimal or 

medial layers [7]. Vasa vasorum is present only in larger arteries and typically will not be found 

in healthy human vasculature with a lumen less than  0.5 mm in diameter [8] or in vessels having 

a wall thickness less than 29 cells [9, 10]. While it is still undetermined if their role is causal or 

reactive, vasa vasorum proliferation is enhanced in regions affected by cardiovascular diseases 

such as atherosclerosis and the detection of enhanced microvascular networks would be a 

valuable diagnostic tool as an indicator of imminent rupture [8].  

 

Figure 2.1:  Comparative anatomy of cardiovascular disease states. The artery is composed of 3 

distinct layers that may be affected differently depending upon cardiovascular health. Figure 

reused with permission from [11] (Copyright © 2014 Wolters Kluwer Health)  

 The media or tunica media is the middle layer of an artery and is oftentimes the thickest 

layer of an artery. The layer is populated by a lamella of smooth muscle cells responsible for 

adjusting the size of the blood vessel. Vascular patency is important for maintaining proper 
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systemic blood pressure and can also be used to regulate blood flow to specific regions. Smaller 

arteries may only have a single layer of smooth muscle cells, but larger arteries will have 

multiple layers connected with elastic tissue arranged in varying orientations. The elastic tissues 

in the media not only connect individual sheets of muscle, but also provide pulsation dampening 

which gives smaller arteries a nearly time-invariant blood velocity. Additionally, elastin has roles 

that exist outside structural support such as the prevention of over-proliferation of smooth 

muscle cells [12]. 

Finally, the innermost layer is the intima or tunica intima and is composed mainly of 

endothelial cells. Except in the largest arteries, the intima is composed of a single layer of cells 

attached with a delicate connective layer. The intima is in direct contact with blood flow and is 

the principal site for molecular imaging strategies since microbubbles cannot extravasate (see 

Chapter 3 for more discussion). The intimal layer of arteries is the primary site affected by 

atherosclerosis where the buildup of plaque burden occurs within the arteries.  

Atherosclerotic related cardiovascular disease is a principal cause of death worldwide and 

is a disease which can manifest without warning [1]. Acute coronary syndromes are postulated to 

be initiated by atherosclerotic plaque ruptures in up to 75% of cases [2, 3]. For this reason, 

detection of atherosclerotic plaques prone to rupture is one of the most active areas of research in 

cardiology and biomedical imaging [4]. The imaging of coronary atherosclerosis and developing 

methods to noninvasively assess the instability of atheromatous plaques is critically important to 

reduce patient mortality due to cardiovascular disease. Furthermore, the identification of 

vulnerable plaques that may detach would enhance patient treatment and reduce the risk of 

complications such as myocardial infarction [13-17]. Computed tomography, magnetic 

resonance angiography, and gray scale intravascular ultrasound are currently utilized in 
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atherosclerotic plaque assessment, but all of these methods provide limited information in 

regards to degree of stenosis or plaque morphology [18].  

Atherosclerosis is often considered in light of its consequences, namely coronary 

blockages that cause heart attacks in unhealthy individuals. The disease is one that culminates 

over several decades and is a silent killer that manifests itself in a sudden thrombolytic event 

which causes the most significant impacts on health. Thrombosis formation is a result of 

atherosclerotic lesions building up and exposing their inner core to the blood where the bodyôs 

natural thrombolytic cascade begins and forms a clot. When the thrombosis dislodges, it 

becomes an embolism and travels downstream in the circulatory system where it occludes the 

vessel. At this point, the embolism cannot travel further and will block blood flow to regions 

normally supplied by the artery. Atherosclerosis mediated embolisms are the principal cause of 

deadly complications such as heart attacks and stroke and it is very difficult to detect plaques 

prone to rupture when they are relatively safe to treat.  

While atherosclerosis is considered a systemic disease that affects the cardiovascular 

system, the most dangerous plaques tend to develop in specific locations of the arterial anatomy. 

It is important to note that the plaques that are frequently studied are those that cause the more 

severe complications since they impact patient health severely and researchers acknowledge that 

there may be a bias on underreporting plaques that do not cause significant medical issues [19]. 

The propensity of plaques to form in the aorta, coronary, carotid, and femoral arties is higher 

than in other regions of the cardiovascular system [20].  The spatial distribution of acute 

coronary occlusions in 208 patients have identified that the majority of occlusions happen within 

the proximal third of the right coronary (RCA), left anterior descending (LAD), and left 

circumflex (LCx) arteries [21].  A graphical depiction of the frequency of occlusions is given in 
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Figure 2.2 which summarizes the findings of Wang et al. The coronary sites within 25 mm of the 

ostium contained at least 50% of the observed occlusions.  

 

Figure 2.2:  Spatial distribution of coronary occlusions indicates that the vast majority of lesions 

prone to rupture develop in the proximal portions of the right coronary (RCA), left anterior 

descending (LAD), and left circumflex (LCx) arteries. The percentage of all occlusions identified 

in the study of 208 patients is given per artery. Image modified and reused with permission from 

[21] (Copyright © 2004 Wolters Kluwer Health, Inc.) 

The formation of plaques is promoted based on the rheological conditions of the artery. 

As blood flows through an artery, the velocity profile through the lumen varies spatially as well 

as temporally in larger arteries. Near the center of the vessel, blood velocities are typically at 

their highest as predicted by the Poiseuille model for pressure driven flow through a tube. While 

this model is not satisfactory to model hemodynamics due to its simplicity, it does demonstrate 
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that the velocity of the blood flow through the artery approaches zero near the vessel wall. 

Conservation of energy requires that shear stress develops at the wall-fluid interface and this 

shear stress has been studied with respect to atherogenesis. It was observed in the carotid 

bifurcation that regions having lower wall shear stress (Űwss) have a positive correlation with 

plaque formation [22]. Computational fluid dynamics have studied patient derived blood flow 

simulations and have confirmed that low Űwss promotes plaque formation and that certain blood 

flow patterns such as flow separation can additionally increase propensity for lesions to form 

[23]. Figure 2.3 illustrates an example of the complex flow profiles that can be found in the 

carotid bifurcation. While under-stressed regions of the endothelium promotes atherogenesis and 

lipid culmination, it has been observed that high regions of Űwss can destabilize plaque bodies and 

is a likely route to plaque rupture [24].   

 

 

Figure 2.3:  Spatial variations of atheroma formation at the carotid bifurcation. Regions of flow 

separation correspond to areas of low wall shear stress and lipid accumulation (yellow) in the 

sub-intimal space. Blood flow stream lines are depicted in solid black arrows and show regions 

of flow detachment. ESS ï Endothelial Wall Shear Stress. Illustration modified and reused with 

permissions from [25] (Copyright © 2007 Elsevier). 
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2.2 Plaque classification 

 The American Heart Associate has established a classification system used to describe 

plaques based on morphology and associated risks. This classification system is the result of a 

mid-1990s Committee on Vascular Lesions of the Council on Arteriosclerosis that reviewed 

histological sectioning of numerous plaques types [26-28]. In this classification system, plaques 

are numbered using Roman numerals with letter suffixes to designate specific variations from the 

general histological motif of the current plaque level. The table below (Table 2.1) summarizes 

the AHA classification system and gives a brief description of plaque features that describe the 

plaques within that category while Figure 2.4 provides an illustration of the morphologies within 

a given type. An overview of the different plaque types will be highlighted briefly.  

Table 2.1:  Descriptive summary of the AHA plaque classification system. 
AHA Atherosclerotic Plaque Classification 

Type Description 

Non atherosclerotic 

0 Normal, healthy artery 

I 

Adaptive thickening due to mechanical 

stresses. Present from birth. Intimal 

macrophage foam cell accumulation. 

II  
Intimal xanthoma: Fatty streaks visible and 

infiltration of SMC with foam cells 

III  
Pre-atheroma: Extracellular lipid in small, 

isolated pools appear. Intermediate lesion. 

Atherosclerotic 

IV  

Atheroma: Lipid pool or necrotic core 

encapsulated by fibrous tissue, potentially 

symptom producing 

V 
Fibroatheroma: Thick fibrous cap covering a 

lipid/necrotic core 

VI  
Complicated lesion: Fissures, ulcers, or other 

indications of previous damage present 

b 
Subtype indicating the presence of 

calcification within the lesion 

c 
Subtype indicating the lipid core has been 

replaced with fibrous tissue  
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Figure 2.4:  Graphical summary of the AHA plaque classification system. Figure reprinted with 

permission from  [28] (Copyright © 1995, Wolters Kluwer Health, Inc.).  

The first type of plaque identified in the AHA classification system is Type I lesions. 

Commonly referred to as initial lesions, Type I ñplaquesò are typically comprised of regions of 

adaptive wall thickening with the presence of a few lipid-filled macrophages (foam cells) in the 

intima. Adaptive wall thickening refers to hypertrophy of vascular tissue in response to the 

mechanical stresses imparted on the vessel wall due to blood flow and are found from birth 

onward. The defining feature that distinguishes Type I lesions from adaptive thickening is the 

presence of foam cells in the intimal regions of the vessel wall which marks the beginnings of 

atherosclerosis. Type II lesions (intimal xanthomas) have an escalated amount of lipid in the 

form of streaks, which are bands of foam cells. Smooth muscle cells are noticeably more 

proliferated at this stage and contain some foam cell infiltration.  Type III lesions are classified 
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as ñpre-atheromaò or intermediate lesions because they represent the stages between those that 

are typically asymptomatic and those that cause complications (Type IV+). Lipid accumulation 

appears not only within foam cells, but also in the extracellular space of the vessel wall in small, 

isolated pools. Until this point, all listed classifications of atherosclerotic lesions were considered 

non-atherosclerotic and are generally not symptom producing. Type IV lesions are atheroma and 

are potentially symptom producing lesions. The plaque is formed by a lipid or necrotic core that 

is encapsulated with connective tissue. If the encapsulating material is breached, the core of the 

plaque is considered ruptured and exposes thrombogenic material to the blood to promote the 

formation of a blood clot and possible embolism. Because of the lesions intimal disorganization 

and predisposition to sudden advancement to ischemic events, the Type IV plaque is classified as 

an advance lesion and at risk for future complications. If the encapsulating material is 

considerably thick, the plaque may be classified as Type V. The Type V lesion may also be 

referred to as a fibroatheroma or sub-classified to Type Vb (if calcifications are present) or Type 

Vc (if the lipid pool is minimal or absent). If any signs of rupture, hemorrhage or ulceration 

occurs in the plaque, it is immediately classified into the final category, Type VI. Type VI 

lesions are considered complicated lesions and may be sub-categorized based on any identified 

feature including (a) surface disruption, (b) bleeding, or (c) thrombosis. In contrast to other 

lesions, Type VI lesions are very obstructive and oftentimes are detected due to the symptoms 

that they cause. Ruptured and healed plaques are stentotic with the majority of them (75%) 

reducing lumen diameters by 50% or more [29].  

Recently, Virmani has proposed a modification to the AHA classification system to 

include possible causes of thrombosis other than rupture such as endothelial erosion and the 

exposure of calcified nodules to the lumen of the vessel [30]. This modified classification was 
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formed in response to growing evidence that suggests that other origins of atherothrombosis 

manifests itself in poor clinical outcomes. In one study, 75% of patients with acute myocardial 

infarction occurred due to plaque ruptures and the remaining 25% were caused by plaque erosion 

[31].  

2.3 The vulnerable plaque and implications of intraplaque blood flow 

While disease progression of atherosclerosis is still under investigation, lesions with 

certain characteristics are more prone to rupture and are considerably more dangerous than 

others. Muller was the first to describe these lesions as ñvulnerable plaquesò referring to their 

likelihood to cause future coronary thrombosis [32].  Since then, clinicians and researchers have 

been identifying key features of vulnerable plaques that may be used to distinguish them from 

plaques that under changes in stress or rheological environment will not rupture and thus 

considered stable.  Transient ischemic events are a severe complication arising from untreated 

vulnerable plaques and there is an unmet need of identifying these plaques early, before 

complications can arise. Both morphological and functional differences exist between stable and 

unstable (vulnerable plaques).   

The characteristics that define a vulnerable plaque results from the pathological course 

preceding those plaques that have been found to rupture. A graphical summary is given from 

Vancraeynest et al. (Figure 2.5). 
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Figure 2.5:  Identifying features of a vulnerable plaque.  Figure reprinted with permission from  

[5] (Copyright © 2011, Elsevier). 

Of the several characteristics said to identify a vulnerable plaque, several of them may be 

detected using contrast enhanced ultrasound methods. Active areas of inflammation are common 

in vulnerable plaques and it has been shown that molecularly targeted microbubbles can be used 

to selectively enhance areas of inflammation from atherosclerosis using ultrasound [33]. Areas of 

platelet aggregation are also a characteristic found in vulnerable plaques [1] which are possible 

targets for molecular imaging by using GPIIb IIIa binding receptors [34]. Intraplaque blood flow 

in the form of complex ulcerations, hemorrhage, or neoangiogenesis also signifies a lesion that is 

either at risk for rupture or has already ruptured and healed. Current imaging methods have 

difficulty detecting this blood flow, especially in coronary arteries. Methods like contrast 

enhanced ultrasound have a great potential for detecting this complication in vivo and has already 

shown improvement of plaque visualization in carotid lesions using transcutaneous contrast 

enhanced ultrasound [35]. By designing an IVUS transducer capable of contrast specific 

imaging, vessels other than the carotid arteries could be imaged to classify and assess plaque 

vulnerability and would be a valuable addition to current percutaneous interventions.  
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2.4 Imaging modalities 

Intravascular ultrasound is one of the leading technologies used in the assessment of 

atherosclerosis disease progression. While other modalities can image the vessel lumen with the 

aid of contrast, no other imaging modality can resolve the small structure composition of plaques 

and endothelial structure in real time. Some of the competing technologies are in the fields of X-

ray, nuclear medicine, magnetic resonance (MR) or optics, but there are also several other 

ultrasound based modalities that provide assessment of the vascular health of a patient. A review 

of all these modalities will be discussed in context of assessing vascular health describing their 

use, benefits, and disadvantages. 

2.4.1 X-ray 

X-ray based approaches are invaluable tools for clinicians assessing vascular health by 

visualizing vast regions of the body. They provide a large field of view, can be noninvasive, and 

have excellent resolution. However, these approaches have limited application in disease models 

such as atherosclerosis which is characterized by complications associated with plaques growing 

inside the vessel. While they can provide a detailed view of the lumen of the vessel, the majority 

of atherosclerotic vessels do not exhibit narrowing of the vessel lumen until the final stage of the 

disease. Instead, as plaque continues to build up, the arteries compensate by dilating outward 

such that blood flow remains largely unchanged in a process known as Glagov remodeling [36]. 

While it is true that stenotic vessels are at a greater risk for complications compared to non-

stenotic vessels, the frequency of non-stenotic vessels is much greater in the population and thus 

imaging of the blood lumen alone cannot provide a means of detecting the disease for the 

majority of those afflicted by it [1]. 
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X-ray angiography is performed by injecting a radio-opaque contrast agent into the lumen 

of the vessel and then imaging a patient with x-rays to track the flow of the contrast. Dynamic 

and real-time information can be extracted by analyzing the flow of radio-contrast agents directly 

using x-ray fluoroscopy and provides a wide field of view that is very useful for interventional 

procedures. Cardiac interventions such as tracking guidewire advancement or confirming 

coronary blood flow after angioplasty are almost exclusively performed using this imaging 

modality. Fluoroscopy provides detailed 2D projections which may be combined with 3D 

morphological information by advancing the gantry that houses the receiving equipment around 

the patient in a rotational angiography procedure. Computed tomography angiography (CTA) 

create 3D volumes of the patientôs vasculature in a similar manner by injecting a dye 

systemically in a peripheral artery instead of catheter delivery as done in the previously 

described approach.  X-ray angiography requires contrast and ionizing radiation, but has 

excellent resolution, can be done in real time, and can image a large area quickly making it the 

workhorse of the interventional radiology department.  

Nuclear medicine is a field of medicine that uses radiolabeled isotopes to selectively 

image areas of disease. The method is performed by injecting a radioactive isotope into the 

patient, typically designed to accumulate at regions of interest such as markers of disease. The 

injected marker will spontaneously decay to a lower energy level which typically produces high 

energy (140-512 keV) ionizing radiation that can be detected with gamma cameras to form 

images. Three dimensional imaging in nuclear medicine is primarily performed with single 

photon emission computed tomography (SPECT) using rotating gamma cameras or with positron 

emission tomography (PET) using a detection ring to measure simultaneous pairs of positrons. 

SPECT and PET can image a variety of diseases by conjugating radioactive labels such as 
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technetium-99m or fludeoxyglucose (FDG) to binding ligands, peptides, monoclonal antibody 

fragments, or cellar receptors that would enhance uptake of the material into tissue to 

preferentially target specific areas within the body. Nuclear medicine has numerous applications 

in the field of cardiology. Some of the more popular methods include radionuclide 

ventriculography and myocardial perfusion which allow physicians to measure cardiac output 

and identify regions of cell viability within the heart tissue, respectively. Imaging atherosclerotic 

lesions have been studied with SPECT to identify regions of enhanced lipid uptakes in diseased 

arteries, sites of endothelial damage, and macrophage accumulation [37]. Likewise, similar 

studies in carotid, femoral, and iliac arteries have been conducted to track inflammation in 

atherosclerosis using PET imaging of 18F-FDG [38]. Nuclear medicine approaches are extremely 

valuable diagnostic tools that can be implemented in assessing plaque functionality in 

atherosclerosis, but image quality degrades substantially when trying to image coronary vessels 

due to the high mobility of the heart and tidal blood volume [37]. 

2.4.2 Magnetic Resonance 

Similar to CTA, magnetic resonance angiography (MRA) can create excellent images of 

blood vasculature either with or without contrast agents by magnetically inducing decaying 

nuclear spins (typically hydrogen). Several methods exist to image blood flow, but MRA is most 

different from CTA in that images of vessels are gathered using non-ionizing magnetic fields by 

gathering spectral information in k-space. MRA can visualize vessels with or without the aid of 

contrast agent making it an attractive option for patients with kidney disease, but without 

contrast the technique is sensitive to flow making it more difficult to image smaller vessels that 

have lower flow rates. The resolution obtained using MR techniques depends upon how well 

sampled the image is in k-space. Thus, higher resolution MRA images take longer to acquire 
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making them subject to motion artifacts which must be accounted for in moving structures like 

coronary vessels. Additionally, the MR equipment used to obtain vascular images are expensive 

to purchase, operate, and maintain [39]. MRA approaches have improved over the past decade 

and provide an alternative to ionizing imaging approaches with spatial and temporal resolutions 

coming close to those achieved through X-ray methods [40].  

2.4.3 Ultrasound 

Intravascular ultrasound is commonly performed by inserting a catheter in a large 

peripheral vein and then guiding it to the target location. Once in place, an ultrasound transducer 

is passed within the catheter to image the surrounding structure by using conventional pulse-echo 

B-mode imaging to reveal the internal structure of the vessel. Because the ultrasound transducer 

is located very close to the target to be imaged, ultrasound attenuation is low allowing for the use 

of high frequency sound waves which give better axial and lateral resolution (typically ~40 MHz 

single elements, ~20 MHz for arrays). B-mode images using such frequencies allow visualization 

of vessel structures such as endothelium, media, and adventitia in healthy vessels and can also 

image plaques to determine composition based on morphology. Traditional IVUS imaging is 

frequently used to determine the accuracy of stent placement for coronary interventions and can 

determine if a vessel is hemorrhaging from vessel dissection post-balloon angioplasty.  

Intravascular ultrasound has many specializations that can compete with the presented 

dual-frequency transducer design presented herein. Of these specializations, several seek to 

better characterize plaques based on the composition of the plaque. One such commercially 

available tool is Virtual Histology (VH) provided by Volcano. VH incorporates spectral analysis 

of raw radiofrequency (RF) data in order to determine composition of the area by categorizing 

tissue in one of four categories (fibrofatty, fibrous tissue, necrotic core, or dense calcium) and it 
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has been shown that VH correlates well with traditional histology following atherectomy [41]. 

However, VH and other methods like it have room to improve since (1) the broad categorization 

of plaque composition is limited to only 4 categories, (2) these categories do not fully describe 

the characteristics of a vulnerable plaque, and (3) must be gated to occur only during the R-wave 

portion of the cardiac cycle [1, 42]. Other composition determining methods have been 

developed such as integrated backscatter IVUS and iMAP, but are similar to VH because they 

perform spectral analysis to identify tissue types in plaques [43-45]. 

While the previously discussed methods seek to characterize plaques based on their 

composition, analysis of plaques may be based on their mechanical properties to provide 

additional information into the behavior of the plaque. Elastography in ultrasound is a method of 

imaging the stiffness of tissue and can be performed in a number of ways. One such way is by 

using acoustic radiation force (ARF) using 2 different pulse types ï one pulse to push tissue and 

another to track the motion of the tissue upon release of the pushing pulse [46]. Tissue properties 

such as viscoelasticity and stiffness can be estimated from this type of imaging and can be used 

to map the relative mechanical properties of a plaque highlighting areas of concern. This method 

is a major advancement in determining deformation behavior of tissue types using IVUS and was 

initially developed as displacement tracking of vessel walls under diastole compared to systole 

[47, 48]. However, ARF imaging is computationally expensive and processing of individual 

images is usually performed offline and thus not real-time, although there are studies that use 

graphical processing units to significantly decrease processing time, leading to real-time ARF 

imaging at lower resolutions [49]. Elastography is a promising field of research in assessing the 

vulnerability of atherosclerotic lesions by determining the varying degrees of stiffness of the 

tissue and thus provides valuable information on the morphology of the plaque. However, to 
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accurately identify a vulnerable plaque, one needs to know both the morphology and the activity 

[1]. Active plaques exhibit inflammation, invasion of foam cells and macrophages, have higher 

metabolic activity, and undergo angiogenesis in the plaque. The critical need to assess the 

activity level of plaques is left largely unanswered by most in vivo imaging modalities presenting 

an opportunity for contrast agent use in IVUS. 

Microbubble contrast agents (MCAs) have already been used to identify molecular 

markers associated with intravascular inflammation [50] and new transducers in IVUS are being 

developed for the sole purpose of detecting contrast flow in microvessels such as the vasa 

vasorum which are considered possible etiologic factors associated with a growing, active plaque 

requiring treatment. Much research has already been performed studying MCAs in molecular 

imaging. Thus, the remaining challenge behind using contrast in IVUS is detecting the presence 

of an agent while suppressing surrounding tissue signal. Numerous approaches exist to create a 

contrast only image that would be competitive to acoustic angiography. These contrast detection 

methods can broadly be categorized into single pulse or multiple pulse detection strategies.  

Multiple pulse contrast detection can be performed on a limited bandwidth transducer and 

is currently the preferred method used by commercial vendors in transcutaneous contrast 

imaging. The most basic contrast imaging technique is pulse inversion which sums the traces 

recorded by a pair of inverted waveforms in order to cancel out the linear reflectors, such as 

tissue, while retaining the even harmonics generated by nonlinear scatterers, such as contrast 

agents [51]. Although easy to implement, pulse inversion imaging is not ideal to create images 

with high contrast to tissue ratio (CTR) since it has been shown that tissues can produce 

harmonic signal in the first harmonic which composes the majority of the signal content used to 

create pulse inversion imaging [52, 53]. 
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Single element transducers for second harmonic and subharmonic imaging have been 

developed to have high transmission efficiency at the fundamental frequency, fc, while 

maximizing reception sensitivity at 2fc or 0.5fc [54, 55]. However, strong fundamental signals are 

present due to the combined channel sensitivity so filtering and pulse inversion are required to 

make contrast-only images [56]. Other pulse inversion approaches in IVUS have been studied 

and compared to chirp reversal contrast imaging by Maresca [57]. The use of pairs of either up-

sweeping or down-sweeping chirps delivers more energy into the tissue, but requires match 

filtering of the received signal to compress the rather long transmitted pulse length to retain 

decent axial resolution. This matched filtering is not perfect and usually results in poorer 

resolution than other approaches (as noted by Maresca, ultrasonic pulse inversion could resolve a 

200 µm channel that chirp reversal imaging could not). Radial modulation in IVUS imaging has 

also been demonstrated to detect contrast agents using a 20 MHz IVUS commercial catheter in 

vitro by (likely) exploiting non-thickness mode excitations exhibited by a commercial catheter 

[58]. Care has to be used when using radial modulation since the low frequency pulse used to 

modulate microbubbles can cause distortion of properties that varies with depth [59]. This can be 

corrected for if nonlinearity parameters can be obtained, but presents a problem in environments 

with multiple structures each having different nonlinearity as seen in the layers that compose a 

vessel. 

2.4.4 Optical  

The final imaging modality to discuss would be those pertaining to optical imaging. 

Optical based approaches are attractive because the wavelength of light is extremely small giving 

them resolution on the order of several microns [60]. Additionally, some biological tissue can 

selectively absorb different wavelengths of light much like infrared spectroscopy is used to 
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identify chemical structures in analytical chemistry. Near infrared spectroscopy has been used to 

identify and help characterize plaques using this patented idea [61]. Lipid rich plaques have been 

noted to be characterized especially well using this technique [62]. However, using light as the 

source for imaging also presents a limiting depth since it is subject to a higher degree of 

scattering. Since the wavelengths of the light source are so small, small scatterers such as 

individual red blood cells can severely limit the depth at which this imaging technique may be 

used (~ 1 mm). Optical coherence tomography (OCT) is yet another way of using light to image 

the endothelial layer of plaques but also makes a trade-off between higher resolution and reduced 

depth of penetration that is common to most coherent imaging.  

Lastly, researchers have explored combining different modalities together to get the best 

picture of how vessel diseases such as atherosclerosis behave. The finer resolution of OCT is 

used in the near-field while the depth of penetration of IVUS is exploited to look at deeper 

structures that cannot be seen with optical based approaches [63]. Hybrid OCT/IVUS catheters 

are promising, but are difficult to manufacture since the specialized needs of two separate 

imaging modalities must be combined in a limited amount of space. Additionally, this type of 

system may be better at assessing fine morphological features such as the presence of a thin 

fibrous cap, but would have trouble detecting vasa vasorum and intraplaque neovascularizations 

since they typically originate from the adventitial layer of the vessel and would likely be too 

deep to image using either modality. 

2.5 Vascular response to statin therapy 

Patients diagnosed with atherosclerosis or those with prior history of cardiovascular 

disease may be prescribed lipid lowering treatments either for treatment of disease or prevention 

of it. Low cholesterol diets can help some patients with atherosclerosis, but not others especially 
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if anabolism of cholesterol is hyperactive. Coupled with dietary and activity level precautions, 

patients are often prescribed a class of drugs called statins. Statins help reduce cholesterol levels 

by inhibiting the rate limiting enzyme of cholesterol synthesis in the liver, 3-hydroxy-3-

methyglutarl-coenzyme-A reductase (HMG-CoA reductase). Statins such as lovastatin produced 

by the fungus Aspergillus terreus prevent this enzyme from creating 3R-mevalonate which is one 

of the first reagents needed toward synthesis of cholesterol [64]. 

When plaques are detected and statins administered for treatment, the ideal outcome is 

regression of the plaque to a small, stable level. Thus, it is likely to suspect that statin therapy 

alters the physical composition of the plaque itself. Analysis of clinical outcomes of patients 

undergoing statin therapy compared to those that do not suggests that plaques are targeted by the 

therapy; the growth of plaques is retarded, and in some cases, regression of the plaques may 

occur [65]. Statins lower levels of low density lipoprotein (LDL) concentration and may increase 

high density lipoprotein (HDL) concentration not only systemically, but also within the plaque 

[66, 67]. This intraplaque decrease in cholesterol levels indicate that plaques are at a lower risk 

of causing future cardiac events becoming more ñstabilized.ò  

One hallmark of plaque vulnerability this course of study wishes to leverage is the 

presence or absence of neovascularizations in the plaque as an indicator of increased 

susceptibility to plaque rupture. The presence of blood vessels in a plaque has already been 

identified to precede plaque growth and reacts to anti-angiogenic therapies [68]. While not anti-

angiogenic in nature, vasa vasorum has similarly shown response to statin therapies with 

decreasing vascular density in plaques undergoing reduced progression or regression [69, 70]. It 

is possible that the loss of vascularity in plaques could be used as an indicator of growth 

inhibition and effective treatment in response to statin therapies.  
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Since the proposed transducer is designed to visualize microvessel contrast flow, 

specifically originating inside the plaque, future in vivo validation must be considered. It has 

been suggested that a minimum of 19.7 months of statin treatment are required to identify plaque 

regression in atherosclerosis [65]. Based on the previously discussed literature, we expect to see 

vasa vasorum reduction near the conspicuous plaque, meaning the signal of interest should go 

away in response to effective statin therapies. Studies with measurands that reduce over time can 

be difficult to perform since conducting the study incorrectly could have the same results as the 

expected longitudinal outcome from treatment. Additionally, statins are contraindicated with 

patients with liver disease. Since the primary site of elimination of most contrast agents are the 

lungs for gas core release and the liver for shell material removal [71, 72], it is unclear if the 

injection of a phospholipid shell contrast agent will cause liver dysfunction for the animals or 

patient undergoing statin therapy. A secondary form of measurement is proposed by following 

the precedent set by contrast enhanced ultrasound examination of carotid plaques. A review of 

the benefits associated with this approach is given by Feinstein, some of which are not applicable 

upon translation to IVUS such as enhanced delineation of intima-media thickness (IMT), which 

is normally easy to see in IVUS without contrast since higher frequencies are used [35, 73]. 

However, contrast enhancement for complex lesions such as those with dissections or ulcers 

could be improved by using a transducer designed to image contrast agents [74].  
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CHAPTER 3

CURRENT STATUS AND PROSPECTS FOR MICROBUBBLES IN ULTRASOUND 

THERANOSTICS 

 

Microbubble contrast agents are capable of performing diagnostic and therapeutic 

behaviors based on their application and design when manufacturing them. The first section of 

this chapter will provide a brief discussion of the advantages of microbubbles combined with 

ultrasound. The following section will give a detailed description on how the design of the 

microbubble material impacts its utility in theranostics and will be followed by a section that 

details the physics of how microbubbles behave when insonified. The chapter will then conclude 

by providing both diagnostic and therapeutic applications of microbubble contrast agents 

(MCAs) as well as address some of the current challenges of using MCAs.  

Theranostics refers to the combination of diagnostic and therapeutic approaches, typically 

for assessing response to therapy. Although it is possible for an agent to be used simultaneously 

for imaging and therapy, by definition, theranostics is fundamentally the combination of a 

diagnostic test with a therapeutic approach. Thus, theranostics can involve either application of a 

diagnostic technique followed by a therapeutic, or vice versa [75]. Theranostic approaches are a 

key aspect in the drive toward personalized medicine, where the tailoring of decisions and 
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treatment practices for individual patients is based on diagnostic information specifically from 

that patient. In this chapter, we illustrate how microbubbles can be used for imaging, for therapy, 

or for both simultaneously. Because of this broad application, microbubbles combined with 

acoustics may be one of the most universal theranostic tools. 

3.1 Introduction  

3.1.1 Advantages of ultrasound 

Ultrasound is already one of the most widespread diagnostic modalities, routinely used in 

cardiology and obstetrics, but also commonly used for imaging soft tissues [76]. The utility of 

the ultrasound platform is further enabled by recent advances in electronics. Rapidly shrinking 

and more powerful application-specific integrated circuits have led to ultrasound being one of 

the most portable imaging modalities. Many ultrasound manufacturers now offer imaging 

systems which are the size of laptop computers, and some of the latest devices are only slightly 

larger than smart phones. In contrast, the sizes of other clinical imaging systems such as MRI, 

CT, SPECT, and PET are substantially larger and therefore remain less portable and accessible. 

Although ultrasound does not provide the large region volumetric imaging that is provided by 

these other modalities, its acquisition rates exceed that of MRI and nuclear imaging technologies 

by several fold. This high-frame rate provides an advantage in therapeutic applications with real-

time feedback, which can be cumbersome with other imaging techniques. Another advantage of 

ultrasound is the significant soft-tissue contrast obtained in its images, although tissue 

attenuation severely limits the resolution and contrast of ultrasound for deep tissue applications. 

Furthermore, ultrasound imaging delivers no ionizing radiation, and thus is considered one of the 

safest imaging modalities [77]. Although the safety of ultrasound contrast agents still needs to be 

examined for many applications, initial evaluations of contrast ultrasound in cardiology suggest 
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that adverse effects resulting from contrast use are very rare [78-80]. Furthermore, ultrasound 

contrast may play an important role in patient populations where MRI and CT contrast agents are 

contraindicated (such as renally compromised patients) [81]. Along with the inherent safety and 

portability of ultrasound imaging, the equipment cost is significantly lower in comparison with 

other imaging modalities. With these advantages, the future role of the microbubble platform in 

both diagnostics and therapeutics is highly promising. 

3.1.2 Advent of microbubbles for medical imaging 

Ultrasound image formation relies on the reception and interpretation of acoustic 

reflections scattered by blood and tissue. However, the scattering components associated with 

blood are weak, and thus blood flow in tissues and small vessels is challenging to image. 

Gramiak and Shah are credited with the first publication of the contrast ultrasound technique as 

they described the application of bubbles produced by rapid intracardiac saline injections to 

enhance delineation of aortic blood flow [82]. It was not until over two decades later, with the 

marketing of Albunex, Mallinckrodt Medical, Inc., St. Louis, MO, that microbubbles became 

commercially available for use as an ultrasound contrast agent [83]. 

3.2 Microbubble composition 

3.2.1 Encapsulating shell 

Initial studies of gas bubbles for acoustic enhancement utilized unencapsulated 

microbubbles that were generated in situ. Because of the solubility of air in blood, 

unencapsulated microbubbles dissolved in seconds [84], and could not traverse the pulmonary 

vasculature [85, 86]. First generation contrast agents utilized a stabilizing albumin shell which 

improved circulation time substantially over unencapsulated microbubbles. The shell reduces the 



 

28 

rate at which the gaseous core diffuses into the surrounding media [87]. Microbubbles are 

normally injected intravenously as suspensions meaning they are exposed to aqueous solutions 

during clinical use. As such, shells composed of amphiphilic molecules help ensure 

microbubbles can achieve thermodynamic stability with a hydrophobic gas core. Various 

compositions have since been used to provide an encapsulating shell, including proteins, lipids, 

and polymers. The commercially produced contrast agents Optison (Mallinckrodt, San Diego, 

CA) and Definity (DuPont Pharmaceuticals Co., North Billerica, MA) are currently the only two 

Food and Drug Administration (FDA) approved agents in the United States still in production. 

Optison and Definity utilize albumin and phospholipid encapsulation, respectively, to provide 

their stabilizing shell material for the inner gas core [88]. 

The diversity of encapsulating material composition, thickness, stiffness, charge, and 

surface area enables tailoring of bubble design for custom applications [89]. Shell material 

choice is important in microbubble formulation and design because the shell functions as a 

scaffold for ligand binding, prevents core gases from diffusing, and influences biocompatibility. 

Phospholipid shells are widely used because they are easily modifiable for ligand-binding and 

targeting applications. The polar heads of these phospholipids are frequently the site of 

conjugation to make targeted microbubbles [90]. Direct modifications of the microbubble shells 

have been used in specialized applications to explore novel methods of enhancing microbubble 

function [90-95]. 

Polyethylene glycol (PEG) chains of varying length attached to the shell of the 

microbubble act as steric brushes, reducing microbubble aggregation and immune recognition 

while also providing an attachment point for bioconjugates [90, 96, 97]. 
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3.2.2 Gas core 

The composition of the gas core also determines the stability of the microbubble. 

Commercial formulations of the inner gas core have included air (Albunex), sulfur hexafluoride 

(Sonovue, Bracco SpA, Milan, Italy), or perfluorocarbons (Definity, Lantheus Medical Imaging, 

North Billerica, MA).The transition from air to high molecular weight fluorinated gas cores has 

improved microbubble stability. Gases with lower blood solubility and higher molecular weight 

take longer to diffuse across the microbubble shell allowing for longer persistence times [98]. 

3.2.3 Microbubble size control 

Most lipid and protein encapsulated microbubbles are formed through either mechanical 

agitation or sonication to produce a suspension of encapsulated bubbles. These methods result in 

microbubble populations that are polydisperse. The acoustic response of microbubbles varies 

with respect to many parameters but the largest contributor is diameter [99, 100]. Acoustic 

scattering cross section is a function of size, and microbubbles of decreasing diameter naturally 

oscillate at higher resonant frequencies. By tailoring microbubble size distribution, imaging 

sensitivity can be optimized [101-104]. Microbubble size also plays a significant role in 

therapeutic effects, as size is proportional to drug loading, and smaller microbubbles require 

lower pressure magnitudes to cause shell rupture [105]. Microbubble size is also related to 

cavitation magnitude and corresponding changes in bloodïbrain barrier permeability during 

microbubble-enhanced focused ultrasound treatment [106, 107]. 

Microbubble preparations with custom or narrow size distributions are generally obtained 

in one of four ways: microfluidics [108, 109], electrohydrodynamic atomization [110], filtering 

[111], or differential centrifugation [102]. In microfluidics and electrohydrodynamic 

atomization, microbubbles are produced with uniform diameters by precisely controlling the 
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flow rates of the encapsulating (usually lipid) phase that sheaths around the inner phase (usually 

high molecular weight gas). Microfluidics uses flow-focusing devices driven by pressure along 

with advantageous channel geometries to direct and control flow while electrohydrodynamic 

atomization utilizes electric fields to pull droplets from a fluid cone. In contrast to the previous 

two techniques, differential centrifugation and filtering do not create microbubbles at a given 

size but instead refine a polydisperse population into sorted samples. Both methods are generally 

of higher throughput than either microfluidic or electrohydrodynamic techniques. Some groups 

have utilized filtering to refine microbubble populations, although this method can be 

challenging due to the fact that most microbubbles are very susceptible to destruction at high 

shear rates or pressure changes [112], and soft-shelled microbubbles are deformable and thus 

may not be efficiently sorted by specific pore sizes. Centrifugal sorting is commonly used in 

microbubble size refinement as it can be performed on large batches of microbubbles using 

common laboratory equipment. 

3.3 Microbubble behaviour 

3.3.1 Acoustic response  

The gas core of a microbubble has a compressibility that is several orders of magnitude 

greater than an equivalent volume of blood. It is this combination of high compressibility 

coupled with the low density of the core that provides a substantial impedance mismatch 

between microbubbles and surrounding blood or tissue, and thus makes microbubbles excellent 

ultrasound contrast agents [113]. When exposed to an ultrasound pulse, microbubbles oscillate in 

response to the acoustic pressure waves (Figure 3.1) [84, 114]. 
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Figure 3.1:  High-speed optical photography of acoustically excited microbubbles illustrating 

microbubble fragmentation as well as stable oscillation. (A) Diameter versus time streak 

photography showing a 3-µm bubble in response to two cycle insonation at approximately 1.5 

MHz and 1200 kPa. The microbubble is observed to expand and contract substantially and then 

fragment (B). Standard two-dimensional framing photography acquired simultaneously to the 

diameter versus time image presented in (A); (C) 20-cycle insonation of a 3.5-µm bubble at 

approximately3.5 MHz and 200 kPa, showing stable, linear, low-amplitude oscillation. 

At low acoustic pressures, most microbubbles oscillate stably, scattering sound energy as 

they resonate. At high acoustic pressures, large cycles of expansion and contraction can result in 

instability that results in fragmentation of the shell and consequential microbubble destruction 

with diffusive loss of the gas core. Microbubble destruction can also result in the release of any 

incorporated payload, facilitating the use of microbubbles as a therapeutic agent [105, 115]. 

Microbubble behavior depends on many factors, including acoustic frequency and pressure, 

bubble size, and physical properties of the shell and core. Environmental conditions such as 
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hydrostatic pressure and dissolved gas saturation are also influencing factors. In general, low 

acoustic frequencies, high acoustic pressures, and smaller diameters increase the likelihood of 

microbubble destruction [105, 116]. 

The phenomenon of acoustic radiation force provides an additional method to increase 

theranostic utility of microbubbles. Primary radiation force displaces bubbles along the direction 

of acoustic wave propagation. This force can physically displace microbubbles from the center of 

flow of a vessel and concentrate them against the endothelium [117]. Secondary radiation force 

can cause groups of microbubbles to aggregate together and is most significant when 

microbubbles are in close proximity (several bubble diameters) of one another [118]. Radiation 

force has been shown to both enhance the in vivo retention of molecularly targeted contrast 

agents [79, 119, 120], as well as increase the local delivery of drug-carrying microbubble 

vehicles [121-123]. 

3.3.2 In vivo behaviour 

During a contrast imaging exam, a solution of microbubbles is injected through a 

peripheral vein. Typically, circulation half-life is fairly short, and microbubbles remain in 

circulation on the order of several minutes [124]. Gamma scintigraphy of commercially available 

Quantison, Quadrant Healthcare Ltd, Nottingham, UK suggests the liver and spleen as the final 

destination of most microbubble shell components [125]. These observations have been 

corroborated more recently by PET imaging with lipid-shelled microbubbles [126]. Inert gases 

from defunct microbubbles are rapidly cleared through exhalation from the lungs. 
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3.4 Diagnostic applications 

3.4.1 Contrast specific imaging methods 

There are two primary categories of methods for detecting microbubbles that enable 

contrast-specific imaging. First, the oscillation of microbubbles in an acoustic field results in 

scattered broadband acoustic energy with a frequency range much greater than that produced by 

tissues. This signal is separated from tissue response via high- or low-pass filtering of the 

backscattered signal. Techniques include subharmonic imaging [127-129], the detection of 

microbubble signal at frequencies half of the imaging frequency; harmonic imaging [130, 131], 

the detection of microbubble signal at twice the imaging frequency; and superharmonic imaging 

[132, 133], the detection of higher harmonic multiples of the imaging frequency. A high-

frequency contrast imaging technique called acoustic angiography is a subtype of superharmonic 

imaging which requires low-frequency excitation and high-frequency detection of the broadband 

response using specialty wide-bandwidth transducers [134-136]. The isolation of the 

microbubble-specific signal enables visualization of contrast agents without the high background 

signal from tissue which could otherwise contaminate the image. Acoustic angiography has an 

advantage of only needing a single pulse of ultrasound for each line of sight to create image data 

and therefore can operate at least twice the speed needed for multi-pulse imaging strategies. 

Multi -pulse imaging strategies detect nonlinear response from microbubble using consecutive 

acoustic pulses, as opposed to linear responses from tissue. In order to separate microbubbles 

from tissue echoes, these nonlinear imaging strategies excite microbubbles with two or more 

pulses of varying amplitude or phase and then combine the resulting response across multiple 

pulses [51, 137-139]. Nonlinear components of the received signal, such as those from the 
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echoes of microbubbles, will remain after the images are combined, while linear components 

such as echoes from most tissues, will ideally cancel each other out. 

3.4.2 Perfusion imaging 

Ultrasound contrast-enhanced imaging can be used to monitor tissue or organ perfusion 

rates by measuring the transit time of microbubbles into or out of tissue. This is accomplished 

through observation of a single contrast agent bolus, or by modulating contrast agent wash-in 

acoustically. The latter is achieved by sending a short, high intensity ultrasound pulse that 

fragments microbubbles in the field of view. After this clearance pulse, the returning 

microbubble signal wash-in rate is measured and can be correlated to microvascular flow. This 

method is typically performed under constant infusion of contrast agents, and imaging is 

performed using low intensity contrast-specific imaging in order to preserve the microbubble 

population during the measurement phase [140, 141]. This method, often referred to as 

ódestruction-reperfusionô, óflash-replenishmentô, or óclearance-refillô imaging, can detect changes 

in very small flow rates below the tissue motion noise level that limits conventional color 

Doppler velocity estimates [142]. Use of perfusion imaging has been demonstrated to be 

effective in assessing blood flow in the kidneys [143-145] and capillary beds of tumors [146-

150] among others. 

The ability of contrast ultrasound perfusion imaging to detect small changes in blood 

flow conditions, such as those found in capillary beds, suggests substantial potential for 

assessing response to therapeutic approaches that affect tissue blood flow (such as antiangiogenic 

therapies, Figure 3.2) [149, 151-156]. Antiangiogenic treatment of tumors attempts to decrease 

tumor viability by inhibiting vascular function and development in order to curb tumor growth 

and cause eventual ischemic and necrotic conditions within the tumor [157]. Initial studies 
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focusing on antiangiogenic therapy response in tumors using perfusion imaging have reported 

ease of use, low cost, and high spatial resolution [149]. Similarly, contrast ultrasound perfusion 

imaging has been utilized as an immediate means to assess clinical response to high intensity 

focused ultrasound ablation [158, 159]. 

 

Figure 3.2:  Example of contrast-enhanced destruction-reperfusion imaging in a rodent tumor 

xenograft model, (a) prior to and (b) 48 h post antiangiogenic administration, illustrating 

reduction in tumoral blood flow in response to therapy. Grayscale indicates anatomical 

orientation, the color map indicates blood flow, where red is slower flow and green is faster 

flow. 

3.4.3 Molecular imaging 

Molecular imaging enables contrast ultrasound to progress beyond anatomical imaging 

and provide information about changes in physiology on the molecular level [160-162]. 

Molecularly targeted contrast agents are formulated by incorporating targeting ligands, such as 

peptides, antibodies, or other adhesive molecules specific for disease biomarkers, into the 

contrast agent shell. Typical microbubble sizes are large enough to stay within the vascular 

lumen without extravasating to surrounding tissues, and thus are well equipped to target 

endothelial markers of disease. Upon injection, circulating targeted microbubbles adhere to 

endothelium presenting the appropriate receptor. After natural clearance of unbound circulating 
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microbubbles, retained molecularly targeted agents can be imaged using nondestructive 

microbubble imaging methods, providing information as to extent and degree of biomarker 

expression. Since ultrasound cannot directly assess molecular changes, the assumption that 

targeted microbubble retention on diseased endothelium is proportional to biomarker expression 

is a crucial tenet to this method. Commonly imaged biomarkers include the Ŭvɓ3 integrin, 

associated with angiogenesis, which can be targeted through cRGD peptides, as well as 

inflammatory markers such as ICAM-1 and VEGFR-2, often targeted directly with microbubbles 

bearing specific antibodies. Intriguing applications of ultrasound molecular imaging include but 

are not limited to assessment of atherosclerosis predisposition or progression [33], thrombus 

[163], ischemic damage [164, 165], inflammatory diseases [166], and tumor-related angiogenesis 

[167-169]. 

As any physical change in biological tissue is likely preceded by changes at the molecular 

level, the ability to assess molecular markers enables a method of predicting forthcoming 

biological response to treatment. Through the use of microbubbles targeted to angiogenesis 

markers, researchers have observed changes in biomarker expression in response to therapy 

(Figure 3.3) [170]. More recently, ultrasound molecular imaging has been shown to classify 

tumors as non-responder or responder earlier than standard tumor size measurement techniques 

[151, 171]. 
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Figure 3.3:  Ultrasound molecular imaging in a preclinical model. Data illustrate that molecular 

imaging indicates response to therapy prior to tumor size changes. (a) Ultrasound images of a 

representative treated and a representative untreated tumor, which were each acquired before and 

after treatment. The green color overlay illustrates contrast agent targeted to Ŭvɓ3, an angiogenic 

biomarker. The brightness of the green image overlay is assumed to be correlated with the degree 

of molecular marker expression. (b) Three-dimensional ultrasound rendering of a treated 

pancreatic adenocarcinoma tumor on day 0. The green overlay represents the contrast agent 

targeting to Ŭvɓ3. A section is removed to illustrate the spatial variability of contrast targeting to 

Ŭvɓ3 biomarker expression. (c) Percent increase or decrease in volumetric contrast targeting 

before and after therapy (untreated īN = 5, treated ī N = 5). *p < 0.05 compared with untreated 

tumors on day 2. (d) Percent increase or decrease in volume as measured by regions of interest 

from brightness mode ultrasound images taken at known distances across the tumor (untreated ī 

= 5, N treated ī N= 5). 

3.4.4 Acoustic angiography 

When combined with an imaging mode that provides both high resolution and tissue 

signal rejection, microbubbles (inherently limited to the vascular space) can provide traces of 

detailed vascular structure (Figure 3.4). Several studies reported in the literature over the last 

decade have utilized contrast ultrasound as a means of assessing vascular architecture with the 

goal of either determining tumor presence or tumor malignancy. Contrast-enhanced acoustic 
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angiography has been demonstrated in multiple cancer types, including breast [172], liver [173, 

174], and thyroid [175]. More recently, high-frequency acoustic angiography has enabled 

analysis of vessel tortuosity in a preclinical model that uses vessel morphology to distinguish 

between healthy and tumor tissue [6]. While various segmentation approaches have been 

implemented to extract and categorize vascular features from image data, the diagnostic utility of 

acoustic angiography is encouraging. Contrast-enhanced acoustic angiography could be utilized 

to assess vascular changes in response to therapy, based on the current understanding that 

vascular abnormalities re-normalize in response to treatment [176-178]. 

 

Figure 3.4:  Comparison of B-mode and acoustic angiography. Two 3D images from the same 

sample volume acquired of a rat fibrosarcoma tumor model using traditional 30 MHz B-mode 

imaging (left) and contrast-enhanced acoustic angiography (right). Scale bars below the images 

indicate 1 cm. Cartoon in the center illustrates the approximate location of the tumor denoted by 

the red circle. 

3.5 Therapeutic applications 

The behavior of the oscillating bubble in an acoustic field lends itself not only to 

conventional imaging enhancement, but also to therapeutic applications which could be 

performed during the same sonography session. These applications range from slight physical 

modifications of the tissue itselfðsuch as reversible changes in vascular or cellular 
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permeabilityðto more aggressive disruption, such as clot fragmentation. The mechanical action 

of oscillating microbubbles also enhances conversion from acoustic to thermal energy, resulting 

in tissue ablation at lower acoustic energy than that required for similar effect without 

microbubbles. Other applications involve secondary interactions such as the local delivery and/or 

release of a therapeutic compound mediated by acoustically driven microbubbles. Guidance can 

be provided by ultrasound imaging [179], MRI [180], or other modalities to help direct the 

treatment to the desired location, or to monitor the therapeutic effects of microbubble mediated 

therapies. 

3.5.1 Modulation of vascular and cellular permeability 

The mechanical oscillations of acoustically stimulated microbubbles have been shown to 

increase local vascular permeability [181, 182]. Effects range from mild transient changes in 

vascular permeability to gross vascular disruption and hemorrhage, depending on microbubble 

and acoustic parameters. Early in vivo studies demonstrated that insonified microbubbles were 

capable of small vessel rupture creating transcellular pathways for polymer microspheres (Ò 503 

nm) and red blood cells (Ḑ7 µm) to extravasate [183]. Extensive studies have shown that with 

appropriately chosen acoustic parameters, changes in vascular permeability due to insonified 

microbubbles can be mild and transient [184, 185]. Thus, there is a great interest for using this 

approach to locally enhance extraluminal bioavailability of therapeutic materials to surrounding 

tissues. Studies have illustrated substantial potential for the application of acoustically excited 

microbubbles to locally enhance delivery to the brain [186, 187], tumors [188], and other tissues 

[93, 189]. This is of particular interest in the brain, where the blood-brain barrier makes 

extravascular drug delivery challenging. There are several mechanisms hypothesized to be 

responsible for this permeability modulation, including disruption of the endothelium due to 
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mechanical stresses on the vessel wall [190, 191], endothelial disruption due to liquid jetting that 

occurs with bubble collapse [192], and increased cellular transport (Figure 3.5) [190, 193]. 

 

Figure 3.5:  Illustration of MCA mediated enhanced cell permeability. (a) An ultrasound wave 

places a high pressure on the microbubble to compress it and is followed by low pressure that 

rapidly expands it creating several micro-hemorrhages due to mechanical stress. (b) An 

oscillating microbubble stimulates a cell to increase transcellular transport from the lumen of the 

vessel to the basal membrane. (c) A microbubble oscillates nonlinearly to the point of 

asymmetric collapse, producing a powerful micro-jet that breaches the endothelium. 

Similar to the effect on vascular permeability, acoustically activated microbubbles have 

also been shown to enhance the permeability of individual cell membranes. This phenomenon, 

termed óósonoporationôô, can result in the internalization of compounds into a cell which 

otherwise would not cross the cellular membrane. The mechanisms causing sonoporation are still 

being studied; however, common mechanistic hypotheses include mechanical stresses, the 

formation of pores due to liquid jetting [194], or microstreaming [195, 196], as well as active 
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transport processes [197]. Sonoporation can be transient or irreversible, the latter often 

associated with cell death, depending on the acoustic parameters [184, 198, 199]. 

The magnitudes of changes in both vascular and endothelial permeability are related to 

ultrasound frequency, pressure, and microbubble parameters. In general, lower acoustic 

frequencies and increased pressures result in greater permeability. Identifying and characterizing 

which parameters can be used to modify vessel or cellular permeability, the mechanisms 

involved, and to what extent permeability can be modulated is an active area of study in 

microbubble acoustics [200]. 

3.5.2 Drug delivery 

Many anti-cancer drugs suffer from a low therapeutic index, where the systemic dose 

becomes toxic at only slightly higher doses than may be effective in treating the disease. Thus, 

any means to significantly increase drug delivery at the disease site while reducing dose to 

healthy tissue is of great clinical interest. One approach is to spatially distribute the drug 

concentration unevenly such that the local dose to the disease site is elevated while the 

systematic dose remains low. Microbubbles can behave as a targeted delivery system by loading 

them with drugs and selectively lysing (fragmenting) them in regions where the drug delivery is 

desired [201-203]. 

Examples of drug loading techniques include the incorporation of therapeutic agents into 

the microbubble shell [204, 205], the formulation of multilayer vehicles containing drugs in a 

layer separate from the shell or gas core [206, 207], or conjugation of drug-loaded liposomes or 

nanoparticles directly to the microbubble surface (Figure 3.6) [122, 123]. Several drugs which 

have been evaluated for microbubble delivery to date include, but are not limited to, paclitaxel 

[208, 209], doxorubicin [206, 210], rapamycin [211], and 10-hydroxycamptothecin [212]. 
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Although there is a broad range of drug loading methods and capacities, several studies 

have shown that certain types of drug carrier vehicles retain the capability for substantial 

acoustic response, indicating that these vehicles could be fully capable of both acting as imaging 

agents as well as therapeutic carriers [213, 214]. 

 

Figure 3.6:  Schematic of commonly used drug attachment strategies in microbubble mediated 

drug delivery. (a) Drugs can be dissolved in a secondary oil layer using a multilayer microbubble 

construction. (b) Therapeutic agents can be seeded within the thin encapsulating shell. (c) 

Nanoparticles or other therapeutics can be attached to the outside of the shell, such as tethered to 

PEG chains. 

3.5.3 Gene delivery 

While the application of ultrasound alone has increased transfection rates compared to 

systemic delivery during gene therapy, the presence of acoustically-stimulated microbubbles 
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results in additional benefit. The results of several microbubble-mediated gene therapy studies 

indicate that gene transfection rates are highest when ultrasound, microbubbles, and genes are 

simultaneously delivered to the same target location [91, 189, 215, 216]. Although the 

mechanisms for enhanced transfection are still being assessed, permeability changes in cellular 

membranes due to the oscillating microbubbles (as described above) likely play a role [197]. 

Because of the strongly anionic backbone of plasmids and other gene transfection agents, 

cationic microbubbles can be used to electrostatically attach genetic material to microbubble 

shells in a similar manner first developed for liposomes [217]. Positively charged microbubbles 

bound with genetic material can use lower systemic concentration of plasmids because they have 

higher transfection efficiencies compared to neutral microbubbles [218]. Cationic binding of 

genetic materials likely increases transfection rates due to the increased proximity between 

genetic material and cell membranes which promotes intracellular flow of the genetic material 

[219]. Thicker-shelled microbubbles are an attractive option in targeted gene delivery since they 

are less likely to prematurely rupture, can load more genetic material, and can protect genetic 

material from nuclease activity if bound within the shell [220, 221]. 

3.5.4 Sonothrombolysis 

Sonothrombolysis is the acoustically-mediated disruption of blood clots. The addition of 

microbubbles further enhances the thrombolytic effect [222], both with and without the 

combination of thrombolytic agents. The rate of clot dissolution increases and clots degrade 

more fully when treated directly with ultrasound and microbubbles in comparison to 

administration of thrombolytic agents alone [223, 224]. This technique has been explored for 

stroke [225], venous thrombosis [226], and myocardial infarction [227]. Ultrasound-assisted 

thrombolysis is one of the truly combinational theranostic procedures since real-time ultrasound 
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measurements of clot occlusion and therapeutic recanalization have been performed 

simultaneously with microbubbles and ultrasound [227]. 

3.5.5 Tissue ablation enhancement 

Acoustic ablation involves focusing high intensity ultrasound to heat and destroy 

abnormal tissue. The conversion of acoustic energy into thermal energy causes a rapid rise in 

temperature at the target site resulting in localized tissue destruction and necrosis. One of the 

current challenges of high intensity focus ultrasound (HIFU) ablation is to heat only target tissue 

without damaging healthy tissues. HIFU ablation transmits wide beams of low acoustic energy 

through tissue which is then focused into a tighter beam of high acoustic energy to be delivered 

at depth to the target site. Microbubbles can be advantageous for HIFU ablation because they can 

enhance the conversion of acoustic energy to thermal energy, therefore making this approach 

more efficient and reducing the likelihood of thermal damage to healthy tissues [228-232]. Early 

in vivo studies examining the effect microbubbles have on ablation enhancement during HIFU 

was demonstrated in canines [233] and has been clinically evaluated in humans for uterine 

fibroid ablation [234]. 

3.6 Current challenges  

Microbubbles are a unique platform that can unite established diagnostic ultrasound with 

relatively nascent therapeutic ultrasound. The largest challenges faced by microbubble 

technologies are government approval and physician acceptance. Microbubbles are still used 

clinically only for imaging applications. Even then, as an imaging agentðmicrobubbles are 

under-utilized. Although microbubbles are used for several clinical imaging applications in 

Europe and Asia, FDA approved microbubble use in the United States is still limited only to 

enhancement of the left ventricle during echocardiography and recently liver perfusion. A third 
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major challenge involves industrial interest and support and production of ultrasound systems 

optimized for use with microbubbles, as well as in design and manufacture of the microbubbles 

themselves. Largely due to the lack of clinical use, industry interest in supporting microbubble 

imaging and therapeutic approaches on commercial systems has been a low priority. Similarly, 

there are only a handful of companies involved in the development and sales of microbubble 

products, likely due to the same reason. 

Nevertheless, an active push by both academia and industry is currently underway to 

extend the use of microbubbles for imaging outside the heart and liver as well as for therapeutic 

applications. Numerous studies, such as the ones discussed here, have demonstrated the potential 

uses of microbubbles beyond their current scope. Regulatory agency approval must be met both 

in the US and in other countries for both additional diagnostic applications, as well as any 

therapeutic applications of microbubbles, before their use will expand.  

3.7 Conclusions 

The microbubble platform is unique in that it presents a wide variety of strategies for 

ultrasound mediated diagnostics as well as therapeuticsðthereby acting as a definitive 

theranostic agent. While there is extensive use of microbubbles in preclinical studies, clinical 

trials are still only in early stages for molecular imaging as well as for many therapeutic 

approaches. However, preclinical data are highly encouraging for the future use of microbubbles 

in theranostic medicine. 
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CHAPTER 4

DUAL -FREQUENCY TRANSDUCERS FOR CONTRAST ENHANCED ULTRASOUND 

  

The primary aim of this dissertation is to explain and determine the steps required to 

translate acoustic angiography into the intravascular environment. This chapter discusses the 

specialized, broad-band transducers that can both elicit and detect the higher order harmonic 

responses generated by microbubble contrast agents necessary for microvascular detection using 

acoustic angiography. The methods of performing contrast specific imaging in commercial 

applications will be reviewed in the first section of this chapter with special attention given to the 

fabrication considerations of conventional transducers. In the following section, dual-frequency 

transducers will be introduced as an ideal tool for use in superharmonic contrast imaging as other 

applications. 

4.1 Introduction  

 Fundamentally, ultrasound images are visual representations of the interaction between 

sound waves and the medium of wave propagation. However, at frequencies typically used in 

transthoracic and transabdominal ultrasound imaging, blood is a poor ultrasound scatterer which 

produces echoes approximately a factor of 300 times weaker than surrounding soft tissues [235], 
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making the detection of blood flow in small vessels challenging. For this reason, microbubbles 

are used as injectable contrast agents which serve as strong scattering sources and thereby 

improve imaging of blood flow [82]. While contrast ultrasound is used primarily in cardiology in 

the United States, it is used more widely in Europe and Asia, and there are substantial ongoing 

research efforts aimed at evaluating microbubbles as a platform for additional diagnostic and 

therapeutic applications [87, 236]. This chapter will focus on development of dual-frequency 

piezoelectric transducers for imaging nonlinear harmonics produced by microbubbles under 

ultrasound excitation for the intended application of acoustic angiography.  

4.1.1 Theory of operation 

Microbubble contrast agents are micron-sized shelled gas bubbles that are injected into 

the vascular space in order to visualize blood flow. When excited by an external acoustic field, 

microbubbles oscillate non-linearly, producing waves with harmonic content in addition to the 

fundamental frequency. The degree of harmonic content produced by a single interaction 

between a microbubble and an acoustic wave increases as the amplitude of the acoustic wave 

increases, and also increases at frequencies near the resonance frequency of the microbubble 

[237-240]. Microbubble resonance frequency depends primarily on bubble diameter, though 

many other physical factors also play a role in determining resonance [103, 104]. While 

microbubbles are strong scatterers which are visible on standard B-mode imaging at the 

fundamental imaging frequency, the energy arising from microbubbles cannot be separated from 

that arising from the surrounding tissue. However, by isolating the harmonic signals resulting 

from microbubble nonlinear behavior it is possible to image microbubbles alone with high 

specificity ï a fundamental requirement for contrast specific imaging in ultrasound.  
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An effective approach for minimizing tissue echoes in microbubble-specific imaging is to 

use higher order harmonics. An acoustic wave traveling through tissue generates harmonics due 

to nonlinear propagation effects, however, most of the energy received at the transducer remains 

confined to the transmitted frequency (fc) and the second harmonic (2fc) [241, 242]. 

Alternatively, microbubble echoes contain higher order harmonics (superharmonics) at 

frequencies 3-10 times the transmitted frequency [243-246]. In the following section, we 

describe transducer technology designed to transmit at low frequencies near microbubble 

resonance and receive only microbubble superharmonics at much higher frequencies, thus 

spectrally separating microbubble-scattered signals from tissue. 

4.1.2 Summary of commercial contrast detection methods 

Currently, commercial ultrasound systems form images of microbubbles using frequency 

content within the bandwidth of a single transducer, which is used for both transmitting and 

receiving. These systems typically reduce tissue echoes by transmitting multiple versions of 

similar pulses having varying phases and/or amplitudes, then summing received signals from 

these pulses. Using this process, linear signals principally originating from tissue cancel while 

nonlinear microbubble signals sum constructively. In the simplest of these techniques, pulse 

inversion, a pair of pulses are transmitted which are inverted replicas of one another (i.e. 180° 

out of phase) [51]. Linear scatterers produce two sets of similarly inverted signals, thus when the 

received signals from each of the two pulses are added together, the net sum due to linear 

scattering is zero assuming no motion has occurred. Because shelled microbubbles vibrate 

nonlinearly, waves scattered from the contrast agents contain components which do not sum to 

zero, producing an image of microbubbles alone. Various multi-pulse schemes exist in which the 

phases and amplitudes of transmitted pulses are altered in order to improve separation of 
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microbubble and tissue signals or to isolate a specific range of harmonics [247-250]. These 

algorithms are found on commercial ultrasound scanners under names such as Cadence Contrast 

Pulse Sequencing (CPS) (Siemens) or Power Pulse Inversion (Philips) [138]. The ratio of 

microbubble to tissue amplitude in an image is known as CTR and is often expressed in dB as a 

quantitative metric of the effectiveness of a contrast imaging technique. Multi-pulse approaches 

achieve high CTR at the cost of reduced frame rate and increased susceptibility to motion 

artifacts. Alternatively, dual-frequency transducers alleviate these problems because their large 

effective bandwidths allow high CTR imaging using a single pulse. 

4.1.3 Design and fabrication of piezoelectric transducers in diagnostic ultrasound  

4.1.3.1 Piezoceramic dimensions 

While design theory of piezoelectric transducers is well-covered elsewhere [251, 252], 

basic principles will be reviewed briefly to elucidate challenges relating to dual-frequency 

transducer fabrication. Transducers used in medical ultrasound consist of a thickness mode 

resonator. Wave propagation velocity in PZT is approximately 4350 m/s [253], resulting in a 

nominal thickness (ɚ/2) of 435 Õm at 5 MHz, for example, though other factors also affect 

transducer resonance [254]. In array transducers, grating lobes are avoided by maintaining inter-

element separation less than or equal to ɚ/2. Element width-to-thickness ratio must also be 

considered, as element aspect ratios determine the acoustic resonance modes [255, 256]. 

Fabrication challenges tend to intensify as feature sizes decrease in all dimensions with 

increasing frequency. Tradeoffs between desired resonance frequency and element dimensions 

represent a primary challenge in array design 
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4.1.3.2 Element Boundary Condition Considerations 

Matching and backing layers designed with desired acoustic properties are attached in 

series to the front and back faces of the piezoelectric material, respectively. By reducing the 

mismatch in acoustic impedance between the piezoelectric material (ZPZTå34 MRayl) and tissue 

(Zwater=1.5 MRayl), matching layers increase acoustic transmission into and from the tissue and 

act as quarter wave transformers. Backing layers improve bandwidth by damping acoustic 

vibrations at the rear boundary of the piezoelectric material. The loading provided by matching 

and backing layers also modulates the resonant frequency of the transducer [254]. The primary 

challenge in design of matching and backing layers is the tradeoff between high sensitivity and 

broad bandwidth. 

4.1.3.3 Fabrication, Dicing, and Composites 

For piezoelectric transducers operating in thickness mode, a ñdice-and-fillò approach is 

commonly used in array fabrication. A wafer-dicing saw cuts and isolates sensing elements, and 

kerfs resulting from saw cuts are then backfilled to minimize acoustic crosstalk.  

 

Figure 4.1:  Example geometry resulting from a dice and fill method to create a composite 

material. The gaps are left open to illustrate the areas needing to be filled with polymer. 
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A dice-and-fill approach is also used to create low frequency composite materials [257-

259] from plates of either piezoelectric ceramics [260] or an electrostrictive PMN-PT single 

crystals [261] by dicing the material and filling the gaps with a polymer [262], then further 

dicing into individual elements for fabrication of an array(Figure 4.1). Composite materials can 

produce better harmonic images than conventional materials because they yield transducers with 

broader fractional bandwidths (> 75%) and improved acoustic matching [263]. Fabrication 

challenges associated with physical dicing limit acoustic impedance matching in composites. 

For harmonic imaging, it may be possible to design a transducer so that both transmission 

and receiving frequencies are within the bandwidth of a single composite transducer. These 

composites can be made with 1-3 connectivity, mechanically decoupling the thickness-mode 

vibration resonance from other undesirable resonances (lateral or elevational modes) [255]. 

Lateral modes are ɚ/2 resonances determined by the dimension of the transducer in the lateral 

direction, or the dimension of image formation. Designing with respect to lateral modes takes on 

added importance in environments such as IVUS in which strict limitations on device size 

imposed by lumen diameter can create severe aspect ratios (width-to-thickness) that are normally 

avoided to preserve forward looking directional sensitivity. As an alternative to dice-and-fill 

methods at higher frequencies, Jiang et al. have demonstrated fabrication of a 40 MHz, 1-3 

composite transducer using a plasma etching-based micromachining technique [264]. A 60 MHz 

IVUS transducer using 1-3 composite has been fabricated and tested on a porcine animal model 

[263]. These high frequency broadband transducer materials are promising for imaging 

microbubble harmonics. The development of high frequency arrays was greatly facilitated by the 

introduction of laser micro-machining by Foster et al., a process which has become a standard 
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for commercially-available high frequency imaging systems [265]. Providing individual 

electrical interconnects also poses a significant fabrication challenge in high frequency arrays. 

While developments in materials and fabrication have led to diagnostic transducers 

having increased sensitivity and bandwidth, the use of two independent frequency bands having 

large separation (at least 3× to 5×) can maximize sensitivity while requiring lower transmit 

pressures for contrast specific imaging applications. In the following sections, we describe recent 

developments in dual-frequency transducer technology. 

4.2 Dual-frequency transducers 

The goal of dual-frequency imaging is to form images of only microbubble harmonics by 

transmitting acoustic waves at lower frequencies near microbubble resonance (approximately 1-6 

MHz) and receiving only higher order harmonic vibrations produced by microbubbles 

(approximately 10-30 MHz). Researchers have recently demonstrated electrostatic transducers 

which are capable of encompassing both frequency ranges within a single, extremely broad 

bandwidth [266, 267]. Details of the operation and fabrication of these transducers, commonly 

referred to as capacitive micromachined ultrasound transducers (CMUTs) are discussed 

elsewhere [268-270]. CMUTs exhibit inherent nonlinear behavior which limits their ability to 

accurately distinguish nonlinear microbubble response, though ongoing investigations attempt to 

account for these nonlinearities so they may be used for contrast detection reliably [271]. 

Although CMUTs may eventually demonstrate superior performance to piezoceramics for 

contrast imaging, they have not yet been demonstrated for this use in vivo. While researchers 

continue to investigate ultra-wideband electrostatic transducers as well as approaches for 

increasing the bandwidth of piezoelectric transducers [263, 264, 272, 273], this chapter will 
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primarily focus on devices which use separate transducers for transmission and reception and 

thus allow for independent design of the two transducers to achieve desired characteristics. 

 

Figure 4.2:  Schematic of the first design incorporating dual frequency transducers for the 

purpose of contrast detection (top). Odd numbered elements had a center frequency of 2.8 MHz 

with a fractional bandwidth of 80% while the even elements had a center frequency of 0.9 MHz 

with a fractional bandwidth of 50%. Odd numbered elements were used for imaging 

superharmonics generated by nonlinear vibrations of microbubbles excited with a low frequency 

pulse provided by the even elements. A photograph of the actual transducer is shown after the 

elevational lens has been added (bottom). Figure reprinted from [132] (Copyright © 2002 

Elsevier) 

4.2.1 Imaging microbubble contrast agents 

Bouakaz et al. first reported imaging of third and fourth harmonics of microbubbles in 

2002 in experiments which used a 96-element array with interleaved 0.9 MHz transmission 

elements (50% BWf) and 2.8 MHz receiving elements (80% BWf) [132, 274, 275]. Using this 

probe with a commercial imaging system, the authors demonstrated the ability to image 
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microbubbles while rejecting tissue signals in vivo [274] (Figure 4.2). While interleaving low 

and high frequency elements yields dual-frequency transducer arrays with smaller form factors 

relative to arrays stacked in the elevation direction, grating lobes were introduced due to an 

increase in inter-element separation, and signal-to-noise ratio (SNR) was diminished due to 

reduction in receiving area contributing to the beamformed signal.  

In 2005, Kruse and Ferrara demonstrated the use of two piston transducers with a wide 

bandwidth separation for imaging microbubbles using a transmission frequency of 2.25 MHz 

(70% BWf) and a receiving frequency of 15 MHz (66% BWf) [134]. Wide separation between 

the two frequencies ensured high CTR due to the low amplitude of higher order tissue 

harmonics, while a high receiving frequency produced high resolution images. In more recent 

studies, Ferraraôs group has designed transmit low/receive high (TLRH) arrays with two outer 

rows of 64 elements transmitting at 1.48 MHz, and a central row of 128 elements receiving at 

5.24 MHz [276]. In addition to harmonic imaging of microbubbles, the high frequency row of 

this three-row array was used to deliver a long (100 cycle), low-amplitude (200 kPa peak 

negative pressure) ñpushingò pulse for radiation-force enhanced adhesion of targeted 

microbubbles for molecular imaging [277, 278]. This work has recently been extended to 3D 

molecular imaging [279]. Subsequent generations of this array featured low frequency rows 

capable of delivering either broadband, high peak pressure waveforms for cavitation-mediated 

therapy or narrower band, high time-average power waveforms for thermal therapy [280, 281]. A 

similar three-row array with a central row of 128 elements operating at 1 MHz (90% BWf) and 

elevationally-aligned outer rows of 128 elements operating at 10 MHz (90% BWf) was 

constructed by Vermon (Tours, France) [282]. 
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In 2010, van Neer et al. compared designs for interleaved and multi-row arrays [283, 

284]. Designs with interleaved elements having high ratios of receive to transmit elements (i.e. at 

least three receive elements per transmit element) were capable of producing beams with reduced 

distortion artifacts and tighter -6 dB beam widths relative to two- or three-row arrays. By greatly 

increasing the number of receiving elements, grating lobes of interleaved designs were limited to 

-40 dB and high SNR was ensured. However, it should be noted that arrays with interleaved 

elements of different frequencies cannot be manufactured using standard dice-and-fill 

approaches from a single piezoelectric plate without significant alteration to manufacturing 

processes (see Section 4.1.3). 

In spite of the promise shown by several of these dual-frequency arrays, transition 

towards transducers with higher receiving frequencies has been accompanied by several 

fabrication challenges. Because standard array production techniques faces difficulties scaling to 

higher frequencies [285], high frequency transducers can utilize mechanical steering of a single 

focused element in lieu of an array. Many of these focused single-element transducers have been 

possible due to the use of flexible piezoelectric composites rather than inflexible piezoelectric 

ceramics [286, 287]. An important advancement for high frequency arrays has been the 

development of composites with large triangular pillars to suppress lateral modes while 

maintaining high sensitivity [288, 289]. 
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Figure 4.3:  The mechanically steered dual-frequency transducer is composed of a central high 

frequency (25 MHz) spherically focused piston transducer inserted into an annular, confocally 

aligned low frequency transducer (4 MHz). (A, End-on view) Harmonic imaging is performed by 

mechanically sweeping the arm while transmitting on the outer element and receiving on the 

inner element. (B, Side view) 

Using this technology, Fosterôs group working with Dayton has constructed several 

mechanically-steered transducers consisting of concentric low- (2.5-4 MHz) and high-frequency 

(25-30 MHz) elements [136, 290]. These probes have been integrated with a commercial small 

animal imaging system (VisualSonics, Toronto, ON, Canada) (Figure 4.3). Imaging with these 

dual-frequency transducers has provided a high-resolution (~200 µm), high CTR (~25 dB) 

imaging technique which the authors call ñacoustic angiographyò due to the resemblance 

between the vascular images acquired and those in x-ray or magnetic resonance angiography 

[291]. This approach has demonstrated sensitivity to vessels containing contrast agents at 

frequencies higher than previously published (as high as 10 times the transmission frequency) 

(Figure 4.4) [6]. As a result, acquired images can be segmented by computational algorithms to 

analyze vessel morphology based on quantitative metrics such as vessel density and tortuosity [6, 

292, 293]. 

Several similar transducers have recently been reported. A mechanically-scanned 

transducer with two concentric elements operating at 4 MHz and 14 MHz was demonstrated by 














































































































































































































































































































































