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Abstract  
Evolution of vulnerable carotid plaques are crucial reason for cerebral ischemic strokes and 

identifying them in the early stage can become very important in avoiding the risk of stroke. In order 

to improve the identification and quantification accuracy of infancy plaques better visualization 

techniques are needed. Improving the visualization and quantification of neovascularization in carotid 

plaque using contrast enhanced ultrasound imaging still remains a challenging task. In this thesis 

work, three optimization techniques are proposed, which showed an improvement in the sensitivity 

of contrast agents when compared to the conventional clinical settings and insonation strategies. 

They are as follows:   

1) Insonation at harmonic specific (2nd harmonic) resonance frequency instead of resonance 

frequency based on maximum energy absorption provides enhanced nonlinear contribution.  

2) At high frequency ultrasound imaging, shorter pulse length will provide improved harmonic 

signal content when compared to longer pulse lengths. Applying this concept to multi- pulse 

sequencing (Pulse Inversion and Cadence contrast pulse sequencing) resulted in increased 

magnitude of the remaining harmonic signal after pulse summations.  

3) Peak negative pressure optimization of Pulse Inversion and Cadence contrast pulse 

sequencing was showed to further enhance the nonlinear content of the backscattered signal 

from contrast microbubbles without increasing the safety limits, defined by the mechanical 

index.   

The results presented in this thesis are based on computational modeling (Bubblesim software) and 

as a future continuation we plan to verify the simulation results with vitro studies.  
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Abbreviations 
AM                   Amplitude Modulation 

CEUS               Contrast enhanced ultrasound imaging 

CHI               Contrast Harmonic Imaging  

c-IMT              Carotid Intima Media thickness  

CPS                  Contrast Pulse sequence  

dB                    decibel  

FUN                  Fundamental frequency 

FFT                   Fast Fourier Transformation 

 HT                   Hilbert Transformation 

IS                      Ischemic stroke  

KZK                  Khokhlov Zabolotskaya-Kuznetsov equation  

K-M               Keller – Miksis 

KE                 Kinetic Energy    

 MI                   Mechanical index 

 MIOT              Mechanical Index Optimized Technique 

PE                     Potential Energy   

 PSD                 Power Spectral Density 

PI                     Pulse Inversion 

PNP                 Peak Negative Pressure  

RBC                Red Blood Cells 

ROI                  Region of interest  

 R-P                  Rayleigh-Plesset  

 SH                  Second Harmonic 

 SC                  Spectral Centroid 

 TI                   Thermal Index 

TIC                  Time-Intensity curve  
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THI                 Tissue Harmonic Imaging  

UCA              Ultrasound Contrast Agents 
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           Introduction  

Back ground  
Oxygen is a vital requirement for life and every organ need it’s share to survive and function 

properly. In the same way, the brain also needs oxygen for maintaining its functions. The brain 

consumes approximately 20 percent of the total body oxygen consumption. Cerebrovascular 

accidents are serious neuropathological situations caused by a disturbance in blood supply to the 

brain, which in turn may lead to impaired brain cells, coma, serious brain damages, and in worst case 

cause death. All these things can happen in a very transient period ranging from few seconds to few 

minutes and will considerably increase the risk of oxygen deficiencies in the brain, also known as 

cerebral hypoxia. One of the most common causes of ischemic strokes (IS) is cerebral embolism 

originating from atherosclerotic plaques in the carotid vessels (Bots 2006). Ischemic stroke (IS) is 

considered as the third leading cause of death in the Western world following ischemic heart disease 

and cancer (Engel-Nitz, Sander 2010).  

As the arthrosclerosis is the underlying disease for strokes which remains calm and passive, building 

up itself for long time before it results in advanced lesion, rupture and eventually lead to stroke (Coll 

and Feinstein 2008). It is of special importance to have methods which can provide better 

visualization and assist to quantification techniques in stenosis plaques and subclinical stage plaques. 

Development of methods to identify the arthrosclerosis plaques in their early stage before they are 

converting into vulnerable plaques can help in avoiding the risk of stoke by surgical procedures or 

drug treatment.  

Aim of this thesis 
The aim of this thesis was to compare and optimize contrast enhanced ultrasound (CEUS) techniques 

in a computational model in order to improve ultrasound contrast agent (UCA) sensitivity and 

thereby optimize quantification and visualization of intraplaque neovascularization.  The intention is 

to suggest a novel approach to modify pulse insonation settings, pulse length and pulse polarity that 

can be implemented in a clinical ultrasound system without requiring new hardware.  

Outcomes of the thesis work  
1) Literature survey and documentation writing  

2) Familiarizing with Matlab based Bubblsim simulation toolbox for studying the radial 

oscillation and scattered sound behavior for different driving pulse parameter setting in 

ultrasound contrast bubble.  

3) Theoretical studies of nonlinear bubble models 

4) Study the resonance behavior of contrast bubble  

5) Simulations of bubble response for Pulse inversion (PI) and Cadence contrast pulse sequence 

(CPS) 

6) Compare and Optimization of insonation strategies  

7) Improve programming skills (MATLAB ) 
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                                                                                                                          Chapter-1 

Introduction to Medical Ultrasound  

History  
In a clinical context, ultrasound holds an important role in medical diagnostic and therapeutic 

applications due to it’s versatility and user-friendly nature. The evolution from acoustic phenomena to 

medical ultrasound can be seen as a result of significant contributions from a vast number of 

researchers and engineers from different parts of the globe and a time span of several centuries.  In the 

early 17
th
 century, the Italian biologist, Lazzaro Spallanzani, performed number of animal experiments 

and observed that bats do not use vision or smell to navigating in dark, instead they use sound waves 

(Galambos 1942). This is one of the earliest studies reported in relation to high frequency sound.   

In the 18
th
 century, much of the attention was focused on understanding the underwater sound 

properties and ultrasound generating transducer for improving marine applications.  In 1826, the Swiss 

physicist and engineer, Jean Daniel Colladon empirically determined the speed of sound in water to 

1435 ms
-1

. In his setup, the sound was generated using church bell, underwater and received using a 

membrane trumpet, which is located 10 miles away from the sound generator to calculate the speed of 

sound in water(Allaby and Garratt 2009). His results were close to the value of 1482 ms
-1

 which is 

commonly used for under water measurements today.   

A major breakthrough in the evolution of ultrasound technology occurred in 1880, when Jacques and 

Pierre Curie discovered the phenomenon of piezoelectric effect in quartz crystals. The combination of 

this innovation, with strong electronic amplifiers has since then laid the foundation for the 

development of modern high frequency ultrasound transducers (Archie McDougall 2008).  

Around the time of world war-I, the Pulse-echo machines were used for under water navigation and 

for detecting and characterization of submarines. Subsequently, this technology was also used for 

industrial applications such as metal detection and identifying flaws in the solid materials. The pulse 

echo principle of sending an ultrasound pulse and collecting the reflected echo to understand the 

structural and characteristic details also inspired researchers to use ultrasound as a medical therapeutic 

and diagnostic tool.  

The potential of ultrasound technology in medical application was exploited first by researchers in 

Japan after world war-II (Woo 1998). Ultrasound has since then remained an area of interest with an 

ongoing development of new modalities and applications.   Most of us are today familiar with 

ultrasound images seen from pregnancy examinations, but the destructive nature of high intensity 

ultrasound can also be used as a powerful therapeutic tool and it was how the medical ultrasound 

initially got started before it evolved into powerful diagnostic applications (Ressner 2010 ).            
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1.1 Constitution of Medical Ultrasound   
Ultrasound is a simple sound wave which contains frequencies above 20 kHz. A common approach for 

classification of sound is based on determination of the frequency content as illustrated in figure 1.1, 

or by describing the sound level in the form of magnitude such as decibels (dB). In general, the normal 

human ear can perceive sounds which are in the frequency range of 20 Hz to 20 kHz, referred to as 

acoustic range of the human ear. The sound is said to be infrasonic if the frequency content is less than 

20 Hz while the sound frequencies above 20 kHz are known as ultrasound. Ultrasound frequencies 

used for diagnostic or therapeutic applications are commonly in the order of 1 to 10 MHz while 

frequencies up 50-60 MHz can be used in some specific applications. In terms of acoustic pressure, 

medical diagnostic applications are commonly below 1 MPa, while therapeutic applications, such as 

lithotripsy can reach pressure levels up to 50-60 MPa. (Becher and Burns 2000, Jensen 2007, Olympus 

2006).  

 

Figure 1.1 Classification of sonic waves based on frequencies. The light gray bar (<20 Hz) indicate the infrasonic 

frequencies, moderate gray for acoustic frequencies and black bar for Ultrasound. 

Ultrasound is considered as one of the most important noninvasive diagnostic tools due to the high 

availability, relatively low cost and lack of ionization radiation. Some of the important factors 

contributing to the evolution of ultrasound as an important diagnostic and therapeutic tool are related 

to the deeper understanding of tissue properties, rapid development in the field of electronics, material 

physics, pulse generation strategies and signal processing techniques. Medical ultrasound follows a 

series of processes, starting with wave generation, sound wave propagation, echo backscattering and 

registration before ending with visualization and quantification of diagnostic data, a process that can 

be slightly complicated to understand as a single unit for readers not working within the field. For the 

sake of simplicity, the ultrasound system described in this following section is divided in four 

subsystems, which is illustrated in figure 1.2.  
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They are:    

1.1.1 Generation of ultrasound wave  

1.1.2 Ultrasound field propagation  

1.1.3 Ultrasound – Tissue Interaction  

1.1.4 Interpretation of ultrasound data  

  

Figure 1.2 Illustration of a medical ultrasound system divided in to four subsystems as labeled in the 

illustration. 

1.1.1 Ultrasound wave generator  

The basic components of an ultrasound transducer and some of the fundamental attributes such as 

resonance frequency, frequency response, damping of the active element with beam steering and 

beam focusing techniques for multi element are described in this section.   

The ultrasound system generates the ultrasound field by activation of the transducer.  A transducer is 

any device which is capable of converting one form of energy in to another. An ultrasound 

transducer converts electrical energy in to mechanical vibrations and mechanical vibrations back to 

electrical signals, this process is known as piezoelectric effect as described in the following section. 

figure 1.3 illustrates the single element transducer.   

 

Figure 1.3 Illustration of single element Ultrasound transducer 
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1.1.1.1 The Active Element 

The active element is the main functioning unit of the Ultrasound transducer as these elements 

generate the transmitted pressure wave based on the principle of the piezoelectric effect.   

The piezoelectric effect can be described in two phases. First, when a material is exposed to external 

acoustic pressure, it produces electric charge; this property is called direct piezoelectric effect. 

Secondly, the same material can also produce mechanical vibration with the application of electric 

signal by deforming its structure; this is called converse piezoelectric effect. The microscopic reason 

for the deformation is due to alignment of randomly spread charges when strong external charge is 

applied across the piezoelectric material (Rajagopal 2008). Curie point is a temperature limits above 

which piezoelectric crystal does not exhibit piezoelectric property. All crystals cannot be used for 

manufacturing of ultrasound transducers due to Curie temperature or Curie point. Most of the crystals 

behave piezoelectric at low temperatures, but the behavior vanishes at room temperatures (Archie 

McDougall 2008, Hendee and Ritenour 2002, Rajagopal 2008).  

The efficiency of active elements is defined by the fraction of energy conversion it can perform. 

Electromechanical coupling coefficient measure the capacity of the material to translate one form of 

energy to the other (Hendee and Ritenour 2002). 

Polarized piezoelectric ceramics are commonly used piezoelectric materials, which has high 

electromechanical coefficient, but the draw back with this materials is they have high acoustic 

impedance. Evolving technologies has produced new materials like piezoelectric polymers which have 

less acoustic impedance with comparatively low electromechanical coupling to that of ceramics. In the 

later stages the properties of these two materials are used to design a composite piezoelectric material 

(Szabo 2004).   

While designing a transducer, the resonance frequency, frequency response and damping of an active 

element are factors affecting the transmitted waveform. Resonance frequency of a crystal is a 

frequency at which crystal produces maximum response. It is defined as the ratio of speed of sound in 

material to crystal thickness (Jensen 2007). The optimal thickness of crystal is equal to half the 

wavelength, to avoid energy loss and there by thinner crystals result in high resonance frequency. The 

size (thick or thin) of active elements and the damping properties (under-damped, over-damped) plays 

a major role in defining the frequency spectrum of the transducer and choosing backing material 

(Jensen 2007, Olympus 2006). . 

1.1.1.2 Backing material  

Backing material is positioned behind the active elements. The main purpose of backing material is to 

increase or decrease the attenuation of ultrasound waves which is emitted from the behind portion of 

the active materials and also to provide active element damping. The degree of acoustic mismatch 

between backing material and active element affects the strength of the echo. If the transducer is 

backed by air then it acts as a perfect reflector increasing the strength of the echo but at the same time 

result in a long pulse due to the decreased in damping which contain a narrow frequency spectrum 

(Jensen 2007) . On the other hand if the active element is backed by strong damping material, it will 

result in a transmission of a short broad bandwidth pulses with reduced amplitude, therefore frequency 

band width is directly proportional to damping.  From a imaging point of view it is important to have a 

damping factor which can give a reasonable pulse length and frequency spectrum such that it can 

provide better resolution at different imaging depths (Baun 2009).  
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To a perfect acoustic impedance match between active element and backing allows no reflection from 

the backing-element interface, which can give better time resolution but weaker signal intensity due 

to attenuation. On the other hand, if there is an acoustic impedance mismatch this may leads to 

an internal reverberation with an increased dead time as the transducer need to wait for a long time 

before it can register a backscattered echo. 

1.1.1.3 Wear plate/Matching layer and external housing  

The aim of both wear plate and housing is to shield the active elements and transducer components 

from external physical, electrical and acoustic interactions. The wear plate protects the active elements 

from the resistive materials and frictional rough surfaces. It also reduces the mismatch in acoustic 

impedance between tissue and active elements to provide maximum transmission of ultrasound energy 

in to patient. The wear plate can be made of plastic with an optimal thickness of one quarter of the 

wavelength and with required acoustic properties to match the desired impedance(Hendee and 

Ritenour 2002, Olympus 2006). 

1.1.1. 4 Multi Array transducer  

This section covers the different types of multi array transducer and their working technique. The 

arrangement of multi number of active elements on the transducer aperture is called as multi array 

transducer technique. Multi array technology follows the same basic features as the single element 

transducer but here we deal with multiple active elements.  

Scanning an object can be performed using a single element or a multi element transducer.  The 

functioning unit of the ultrasound transducers can be single element or multi array and this unit can be 

operated using a manual or automated motion control system.  In the early days, the single element 

transducers were used to sweep the region of interest (ROI) in the patient, manually by moving the 

single element over and the same element is used for collecting the backscattered echo. Fortunately, 

the advancement in technology has changed this into an automated high frequency oscillating scan 

unit, where the beam moves swiftly back and forth, sweeping the ROI. An automated multi element 

mechanical transducer is another kind of scanner method, where the elements are connected to a 

rotating shaft  While the rotating head completes a single cycles, each element is active for a certain 

period of a complete cycle.(Hendee and Ritenour 2002, Olympus 2006). Two kinds of mechanical 

scan units are illustrated in figure 1.4  

 

Figure 1.4 Two methods of mechanical scanning a) A high frequency oscillating single active element scanner b) 

Multi element transducer mounted on a rotating head. 

Instead of mechanical transducers, there is also an alternative way of beam sweeping with transducer 

arrays. The ultrasound wave propagating direction, or the field focusing, is manipulated by applying a 

suitable time delay of the excitation pulse for each individual piezoelectric crystal in the transducer 

array.  
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A linear array is shown in figure 1.5. The length of the array may vary from 60 to 240 elements. In a 

linear array, each scan line is obtained by exciting a group of piezoelectric elements, commonly 3 to 

20 or more. In figure 1.5, a group of 3 elements is excited at a time. In the first excitation, element 1, 2 

and 3 is excited and its resulting scan line is formed in the image. The second excitation 2, 3 and 4 is 

excited and a new scan line added to the 2 dimensional image. In this manner the complete image is 

constructed by exciting the subsequent groups of piezoelectric crystals. This type of scanning is 

referred to as linear switched array (Hendee and Ritenour 2002, Jensen 2007). 

 

Figure 1.5 illustrating the working principle of linear array transducer. 

The linear array can also be used for scanning and focusing the beam by using phase array technology. 

A single scan line is then produced by an exciting strategy for all the elements of the transducer. The 

main idea behind this technology is to time each individual piezoelectric crystal excitation pulse with a 

suitable delay to perform beam sweep or to focus at desired location, this is illustrated in figure 1.6 

and 1.7. This technology also provides dynamic focusing, where the focusing can be adjusted by 

varying the focal distance from the transducer face, by using the delay timing of the excitation pulse. 

This is explained in figure 1.7 for two different focusing, deep focus and shallow focus (Hendee and 

Ritenour 2002, Jensen 2007) . 

The reason behind the change in direction of the beam, due to delay in excitation is because of 

constructive Huygen’s wave interference phenomena, explained in section 1.2.3. The first element in a 

transducer forms a wave front which travels some distance before the second element is fired and after 

some delay in time the third element and so on. As the wave fronts of all the elements starts to add up 

to form a big wave front in the constructive interference direction, which is the cause for change in 

beam direction.  

Phased array transducers are suitable for cardiological investigations as the ribs can be obstacles while 

imaging cardiac system with linear or curved array probes due to their size. In this sense, using small 

phased array which has steering and dynamic focusing features can be a better choice to overcome ribs 

limitation in cardiac imaging.  
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Figure 1.6 Illustration of ultrasound beam sweeping using transducer array. Part (a) provides the left side 

sweeping and (b) provides right side sweeping. 

 

 

Figure 1. 7 Illustration of dynamic focusing with transducer array. Part (a) provides the deep focus and related 

pulse excitation delay pattern (b) provides shallow focus with a longer delay in pulse excitation. 
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1.1.2  Ultrasound Field Propagation   

Whatever source the sound is emanated from, whether it comes from a jet rocket or a pin drop, sound 

wave only travels by compressing the medium.  Unlike light propagation, sound needs a medium to 

propagate in. Sound propagation can be described as a mechanical wave. It travels from one point to 

another by creating a vibration in the medium.  The vibration in the medium is caused due to 

compressions and rarefactions. Compression squeezes the particles and make them come together, 

increasing the local particle density. During rarefaction, the particles are spread apart, reducing the 

local particle density.  

1.1.2.1 Basics concepts of wave  

 

Figure 1.8 Diagram a) illustrates the aerial view of ripples propagation in water when disturbed by a stone. (b), 

a lateral view of water wave propagation with respect to distance is illustrated with wave parameters like 

amplitude, wavelength and pressure variations. 

The above figure illustrates a water ripple in a pond. These waves travel by experiencing longitudinal 

(parallel) and transversal (perpendicular) oscillations with respect to the direction of wave 

propagation. In the case of the sound wave, the particle motion depends on the medium in which it 

propagates, in the case of liquid or gas or as well in solid medium sound propagation can be 

considered as longitudinal wave, but in some solid medium it exhibits shear wave or transversal 

propagation.   The ripples caused due to stone create a circular wave front, the spread of wave front 

from a point source can be viewed as a dark circular lines. The figure 1.8 illustrates the aerial view of 

the circular wave front propagation and lateral view explains the wave parameters of the wave while 

propagating.  The wave propagates in terms of crust and trough. Crust indicates the high pressure 

region and trough for low pressure. In the figure 1.8(a) crusts are indicated by a gradual thinning solid 

dark circles and trough is given by the gray level bands in between dark lines. The different thickness 

varying lines and gray shades are used to indicate the attenuation of wave as it spread away from the 

center, label 1, 2, 3 and 4 in figure 1.8(a) are used to visualize the drop in amplitude of the crust and 

trough portion of the wave in aerial view as it spreads away from the point with respect to lateral view. 

Lateral view, figure 1.8(b) illustrates some fundamental wave parameters.  

Amplitude is defined as the maximum positive pressure. This is labeled in the figure 1.8(b) above.  
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Wavelength is defined as distance between two similar points where the wave repeats itself. It is 

labeled in the figure 1.8(b) as (𝜆). Pulse length is defined as the product of wavelength and number of 

cycles, whereas wave length is the length of one cycle. Pulse length (Eq 1.1) plays an important role in 

defining the axial resolution in ultrasound imaging.   

Eq1.1                                               𝑃𝑢𝑙𝑠𝑒𝑙𝑒𝑛𝑔𝑡 =
1

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡 
 

Axial resolution is defined by spatial pulse length: 

Eq1.2                                      𝐴𝑥𝑖𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝑠𝑝𝑎𝑡𝑖𝑎𝑙  𝑝𝑢𝑙𝑠𝑒  𝑙𝑒𝑛𝑔𝑡   (𝑆𝑃𝐿)

2
 

where                                                           𝑆𝑃𝐿 =  𝜆 ∗  𝑛𝑜 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠 

Pulse length is inversely proportional to bandwidth, figure 1.9 illustrates this relation. Figure 1.9(a) 

indicates a short driving pulse (3 cycles), on right side, the spectral response with a broader band 

shows an overlap over different frequency harmonics of the spectrum which is shown on right side. 

The figure 1.9(b) illustrates that as the pulse length increases to 5 cycles the bandwidth decreases. In 

the figure 1.9(c) for longer pulse length (10 cycles), we find a short band width and the spectral 

harmonics are clearly distinguished.         

 

Figure 1.9 Different pulse length 3, 5, 10 cycles in a, b, c at 2 MHz center frequency and their respective 

frequency spectrum (overlapped, semi overlapped, distinct) is shown on right side. 

The frequency of a wave is defined as number of cycles per a unit period in time, which can be seen as 

positive and negative pressure variations when viewing a time domain signal.  It is denoted by (f) and 

unit is Hertz (Hz).   

Speed of the propagating wave in one dimension is given by a simple relation:  



20 

 

Eq1.3   𝑐 = 𝜆 ∗ 𝑓 

where c is the speed of sound,  the wave length and f the frequency. 

If the speed of the wave is constant, irrespective of the frequency, the wave is non-dispersive, such 

as electromagnetic waves in vacuum. In acoustics, wave speed will change with respect to frequency 

and are therefore considered dispersive (Leighton 1994). 

1.1.2.2 Sound propagation in a medium  

This section explains the particle moment in a medium when exposed to acoustic wave.  When the 

particles are not subjected to acoustic pressure, they are randomly displaced around the equilibrium 

position which is illustrated in figure 1.10 (a), but when the acoustic pressure is applied, the particle 

behavior is no longer random but organized. In the middle diagram (b) of the figure 1.10, an acoustic 

propagation in the medium is illustrated.  We can see two significant regions in the figure, one with 

high pressure region, also known as compression zone and other with low pressure region known as 

rarefaction zone.  The acoustic pressure wave is plotted below to illustrate the pressure variation for 

the region of compression (high pressure) and rarefaction (low pressure) 

.   

Figure 1.10 Diagram (a) illustrating the equilibrium position of the particles in a medium, (b) the 

particle dynamics when exposed to acoustic wave, (c) the pressure details in compression and 

rarefaction region as the acoustic wave propagates in space. 

The particle displacement follows an elastic oscillation i.e. every time a particle is displaced from its 

equilibrium position; there exist a restoring force called electrostatic force which pulls back the 

particle to equilibrium. While the particles are experiencing an elastic oscillation, they also transfer 

energy to their adjacent particles, make them vibrate and some energy is dissipated. In this way the 

acoustic energy propagates in a medium until all the acoustic energy is completely lost.   

The propagation of linear acoustic wave in one dimension is given by the wave equation:   

Eq 1.4                                                         
𝜕2 𝑝

𝜕𝑥2
−

1

𝑐2

𝜕2 𝑝

𝜕𝑡 2
= 0 

This expression explains a change in any variable, in this instance pressure (p) as a function of time (t) 

and position (x), as it propagates in the form of wave with a speed (c). (Leighton 1994).If the 
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dimension of the wave propagation is not considered, the speed of the wave propagation can be 

computed from the bulk modulus (B) and density (ρ) characteristics of the material as seen in the 

following equation (Leighton 1994): 

Eq 1.5                                                         𝑐 =  
𝐵

ρ
 

where bulk modulus defines the stiffness of the medium   

Speed of the sound depends on the density of the medium and its stiffness. In air the density of 

medium is low, so it takes more time to transfer oscillations to its adjacent particle due to large intra 

particle space, due to this the wave propagates at less speed (343.2 meters/sec).  But the same sound 

wave travels much faster in solids due to higher density and less intra particle space. In brass, speed 

propagates at (4700 meters/sec) while the acoustic propagation speed in human tissue is in the order of 

1550 m/s. In liquids, the sound propagates at a moderate speed which is in between gases and solids. 

(Nave 2005) 

Table 1: Propagation speed of  sound in biological materials (Hendee and Ritenour 2002, Nave 2005) 

                  Biological material                          Velocity (m/s) 

Fat 1475 

Soft tissue 1540 

Blood 1570 

Cranial Bone 3360 

Dry Air 343 

Water (distilled), 25°C 1498 
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1.1.2.3 Beam formation. 

The ultrasound transducer can be considered as a finite number of point sources and each point source 

is expected to radiate a spherical wave as illustrated from figure 1.11. So, the wave originated from the 

finite sources eventually forms a large wave front. While forming the wave front, the elementary 

waves transmitted from the finite point sources experience two types of interactions known as 

constructive and destructive interference.  

 

Figure 1.11 illustration of transducer face emanating finite elementary waves propagating in space and 

gradually these wavelets will interfere to form a large wave front which propagates in the medium, this is 

called Huygens principle. 

In constructive interference, if two or more waves are in phase with each other, their amplitudes will 

add up resulting in a single wave with sum of amplitude which is illustrated in the figure 1.12(a). On 

the other hand, if two or more waves are out of phase, the signals cancel each other, partially or 

completely depending on the out of phase content, resulting in some or no wave, this is explained in 

figure 1.12(b). By using the phenomenon of constructive and destructive interference wave propagates 

further in space, this phenomenon is called as Huygens wave principle. (Nave 2005) 

 

Figure 1.12 Illustration of Wave interference using two waves. 

As the sound propagate through the space using wave interference phenomena, the beam starts to 

diverge after a defined propagation length. This axial propagation is illustrated in figure 1.13, by 

dividing the propagating beam in to two zones, Fresnel zone (near zone) and the Fraunhofer zone (far 

zone). In Fresnel zone the beam undergoes rapid wave interference giving the wave little chance to 

diverge. The intensity of the beam is not diverged and very concentrated, this region is called Fresnel 
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zone. As the beam travels, after some propagation length, the lateral portion of the beam starts to 

become weak and also the wave fronts tend to get larger due to less wave interference. This things 

starts to make the beam diverge with an angle (θ), this region is called Fraunhofer zone (Hendee and 

Ritenour 2002). 

 

Figure 1.13 Fresnel and Fraunhofer zones of a propagating beam. Fresnel zone is a region where rapid wave 

interference takes place.  In Fraunhofer zone is the portion where the beam starts to deviate with an angle (θ). 

The length of the Fresnel zone is given by the product of square of radius of the transducer times the 

frequency given as follows:  

Eq 1.6                                                𝐹𝑟𝑒𝑠𝑛𝑒𝑙 𝑙𝑒𝑛𝑔𝑡 =  𝑟2 ∗ 𝑓 

where r is the radius of the transducer and f is frequency.  

The angle of deviation (θ) in Fraunhofer zone is given by:  

Eq 1.7                                                        𝑠𝑖𝑛𝜃 = 0.6  
1

𝑓∗𝑟
  

The length of the Fresnel zone will increases with increase in diameter or frequency or both.   

The angle of deviation in Fraunhofer zone decreases with increased frequency or radius.  

Lateral resolution (LR) is an ability of distinguishing objects which are located side by side.  In 

ultrasound imaging LR depends on the beam width. The objects located side to side can be 

distinguished if the distance between them is more than the beam width. Lateral resolution can be 

optimized using high frequency transducer and focusing beam.    

1.1.2.4 Focusing  

The idea of focusing is to concentrate the ultrasound beam coming from different points of the 

transducer aperture to a defined field point. In general focusing can be achieved by three different 

methods  

1) Ultrasound beam can be focused by amending the morphology of the transducer. The active 

elements can be concave crystals or a disk.  (Hendee and Ritenour 2002, Jensen 2007) 

2) The mirrors and refracting lens may be used in focusing the beam. The intensity of the 

ultrasound can be increased to an order of 100 by using mirrors and refractive lens. The 

concave lens is used to focus the ultrasound by the principle of refraction. (Hendee and 

Ritenour 2002, Jensen 2007) 

3) The transducer excitation pulse delay is so called beam formers can also be used in steering 

and focus the multi element transducer. (Jensen 2007) 
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1.1.2.5 Ultrasound intensity  

In medical application while ultrasound propagate in the tissue, it deliver some energy to the tissue. 

The rate at which this energy is deposited in to the tissue is called power. The intensity is defined as 

the amount of power delivered to unit area and for diagnostic application the power delivered 

comparatively to therapeutic applications is very low.  

The relative intensity difference between the driving acoustic signal and backscattered echo is given in 

the unit dB.  

Eq 1.8                                       𝑑𝐵 = 20𝑙𝑜𝑔10  
𝑝

𝑝𝑟𝑒𝑓
  

Where P is the echo signal, Pref is the reference signal.  
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1.1.3 Ultrasound – Tissue Interaction 

The diagnostic and therapeutic applications of medical ultrasound mainly depend on the tissue – 

acoustic interaction properties. Human body is a compound of different kinds of cells, forming various 

types of tissues and organs. In simple words, human tissue is a sandwich of many inhomogeneous 

layers with varying tissue properties. When the acoustic wave propagates by pressure variations 

through this inhomogeneous tissue, there are several effects exchanged between tissue and ultrasound. 

These acoustic effects, constitutes the basis for ultrasound as an important diagnostic and therapeutic 

tool in a clinical setting. 

While the ultrasound is travelling through the tissue, it undergoes a subsequent attenuation by 

interaction mechanisms such as absorption, reflection, scattering, dispersion and divergence. In simple 

words, attenuation can be regarded as a removal of energy from a propagating acoustic wave. As the 

incidental ultrasound beam propagates through the tissue medium, it experiences acoustic interactions 

such as absorption, reflection, scattering, refraction, acoustic properties that are explained below.   

1.1.3.1 Absorption  

The ultrasound field undergoes absorption by inducing vibration into a particle and the particle 

dissipating the induced energy, as it vibrates in the tissue.  As the acoustic field passes through the 

tissue, most of the energy from this beam is used to displace the particles from its equilibrium position 

in the medium and some energy is spent as dissipation. The displaced particle contains two energies, 

kinetic and potential energy. As shown in the figure 1.14, at the highest displacement all the kinetic 

energy is converted in to potential energy. The potential energy (PE) is high and kinetic energy (KE) is 

zero. But while passing through the equilibrium point the kinetic energy is high and potential energy 

goes to zero. If the maximum KE at the equilibrium position is equal to the acoustic energy spent to 

displace the particle, then there is no dissipation in energy, this is considered as an ideal acoustic 

transmission medium. However, in general this is not true as there is energy dissipation due to local 

inertia or energy conversion resulting in heat. (Hendee and Ritenour 2002) 

 

Figure 1.14 illustrates of the particle displacement and the energies possessed when exposed to an acoustic 

wave 

The intensity of the incidental signal at any given point in an absorbing medium can be estimated 

using the following expression (Hendee and Ritenour 2002, Leighton 1994): 

Eq  1.9                                                               𝐼(𝑧) = 𝐼𝑜𝑒−𝛼𝑧  

where, I (z) is the intensity at penetration depth Z, Io is the initial intensity, α is the absorption 

coefficient. The intensity decays exponentially with depth (Z), this concept is illustrated in figure 1.15. 

.   
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Figure 1.15 the above graph shows the exponential decay of input intensity (I) with increase in penetration depth 

(Z). The decay rate in the graph depends on the absorption coefficient value. 

Typical rate of absorption in the tissue is given by 0.5 dB/cm/MHz. for example an acoustic wave 

travelling in a tissue medium with frequency 10 MHz to a depth of 5 cm, the signal strength is reduced 

by 25 dB by tissue absorption.  Absorption is frequency dependent, as the frequency increases, 

absorption also increases and vice versa. While performing ultrasound imaging the increase in 

frequency improves spatial resolution and axial resolution, but reduces the penetration depth.       

1.1.3.2 Reflection  

The amount of reflection from the tissue interference mainly depends on the acoustic impedance. 

Acoustic impedance is defined as the product of tissue density and propagation speed in the medium. 

If the incidental wave is passing from low acoustic impedance medium to high acoustic impedance 

medium than the fraction incidental wave reflected is large and vice versa.  

 

Figure 1.16  Illustration of reflection phenomenon. 

The concept of reflection is illustrated in figure 1.16. When an incident wave propagates between 

different acoustic impedance mediums (from medium 1 to medium 2), some fraction of the incidental 

beam is reflected at the interface and the remaining will be transmitted into the next medium. Where 

Θi , Θr  and Θt   are the incident, reflected and transmitted angles. (Ressner 2010 ) 

Acoustic impedance is given by the following expression:  
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Eq 1.10                                                            𝑧 = ρ𝑐 

where (ρ) is medium density and (c) is propagation speed in the medium.  

The fractional amount of incidental pressure wave reflected and transmitted is given by reflection (R) 

and transmission coefficient (T):  

Eq 1.11                                               𝑅 =
 𝑍2  𝑐𝑜𝑠𝜃𝑖−𝑍1𝑐𝑜𝑠𝜃𝑡 

 𝑍2𝑐𝑜𝑠𝜃𝑖+𝑍1𝑐𝑜𝑠𝜃𝑡 
 

 

Eq 1.12                                               𝑇 =
2𝑍2 𝑐𝑜𝑠𝜃𝑖

𝑍2𝑐𝑜𝑠𝜃𝑖+𝑍1𝑐𝑜𝑠𝜃𝑡
 

where   𝑅 + 𝑇 = 1, and  Z1 and Z2 are the acoustic impedance of medium-1 and medium-2.  

The unit for acoustic impedance is expressed as pressure per velocity  

Z = Pressure/ velocity = N/m
2 
* s/m = Ns/m

3 

1.1.3.3 Refraction  

The concept of refraction explains the relation between changes in propagation speed in the medium 

with respect to change in propagation direction. In order to observe the concept of refraction two 

criterions should be satisfied.  

1)  The incident beam should have an oblique angle to surface  

2)  The two medium should have differed speed propagation properties. (Hendee and Ritenour 

2002) 

Assume two mediums with different speed propagation properties.  When a beam is incident from one 

medium to another with an oblique angle, the beam experiences refraction due to change in the speed 

of the beam propagating, which in turn leads to the change in direction (or bending) of a beam 

propagation.   

Snell’s law provides the angle of refraction, by using the acoustic impedance of the mediums Z1, Z2 

and angle of incidence and angle of refraction are given by θi and θr. (Hendee and Ritenour 2002, 

Leighton 1994) 

Eq 1.13                                         Snell’s law = 
𝑆𝑖𝑛𝜃 𝑖  

𝑍1
=

𝑆𝑖𝑛𝜃 𝑟  

𝑍2
 

1.1.3.4 Scattering  

In section 1.3.2 the mechanism behind specular reflection is discussed, however while acoustic-tissue 

interaction, the generation of specular reflection is minute, but most of acoustic wave bounced from 

the tissue interface is in the form of diffusive scattering. Diffusive scattering is defined as the 

reflection of incidental wave in many different angles. It is caused when wave interacted with particles 

which are of size less than the wavelength, such as tissue fibers, blood cells, non-smooth surfaces and 

UCA.          
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Rayleigh model provided the first approximation for a scattering from a small object. This model is 

proposed by Lord Rayleigh. Lord Rayleigh explained the scattering phenomena by modeling 

scattering cross sectional (Ressner, 2010; Morse, 1986; Hoff, 2001). The expression is as follows  

Eq 1.14                                                 𝜎𝑠 = 4𝜋𝑟2 kr 4   
𝐾−𝐾𝑜

3𝐾
  

2
+ 

1

3
  

ρ−ρ0

2ρ+ρ0
 

2
  

Scattering cross-sectional area (𝜎𝑠) depends predominantly on radius (r) to the power of six, followed 

by fourth power of wave number   (𝑘)4 . But there are other factors which influence the scattering 

property; they are bulk modulus (K) and density(ρ).  

1.1.3.5 Mechanical index  

While performing medical ultrasound diagnosis, two aspects are important for estimating the bio-

effect in the tissue, they are thermal and mechanical index (MI).  Mechanical index is defined as the 

amount of mechanical effect caused due the driving peak negative pressure and center frequency.     

MI is defined as follows by assuming that the attenuation is 0.3 dB/cm/MHz. (jong 2002, Ressner 

2010 ) 

Eq 1.15                                                     𝑀𝐼 =   
𝑃𝑁𝑃

 𝑓𝑐
 

where PNP is the peak negative pressure of the transmitted single pulse or the highest peak negative 

pressure of a pulse in the pulse sequence and fc  is the center frequency.  According to FDA norms MI 

should be below 1.9, but vary with application and organ imaged.  

1.1.3.6 Thermal index 

Thermal index (𝑇𝐼) is defined as the amount of heat delivered in the course of ultrasound examination 

which is indicated on the modern day machines.  TI is expressed as follows:  

Eq 1.16                                                         𝑇𝐼 = 𝑃/𝑃𝑟𝑒𝑓 

Where P the transmitted power in MPa, and Pref  reference power needed to raise the temperature in the 

tissue by one degree. (Ressner 2010 ) 
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1.1.4  Interpretation of Ultrasound Data  

The pulse echo method relies on the measurement of time duration between transmitted pulse and the 

collection of the echo from the reflected or scattered target at the receiver end, once the time duration 

between the pulse-echo is measured and the speed of the sound propagation in the medium is known it 

is easy to compute the object axial distance (Z). Another important measurement is the amplitude of 

the echo which defines the acoustic properties of the target and important for ultrasound imaging.  The 

magnitude of backscattering or the reflection amplitude depends on the acoustic impedance mismatch 

between the propagating mediums. The received echo is sampled at different time points, resulting in 

segregation of pulse- echo duration which can be used for computing depth information according to 

the following expression:                  

Eq 1.17    𝑍 =
𝑐𝑡

2
 

where t is the total time elapse between emission pulse and echo pulse received by the receiver, c is 

the speed of the sound in the tissue which is approximately constant  (1540 m/s). As the pulse travels 

from the transmitter to the tissue structure and echo back to the transducer, in fact it is making       to-

and-fro journey, so in the expression 1.17, the result is multiplied by a factor of 0.5 to provide one-side 

depth information.    

The ultrasound data obtained at receiver end can be interpreted in the following 

modalities   

1.1. 4.1 Amplitude-Mode  

In the early days of ultrasound instruments, the reflected signal from the object was observed in the 

oscilloscope, in terms of amplitude information which is a function of time or depth. A-mode is a 

abbreviation as Amplitude Mode. It provides the amplitude of the echo as the function of time or 

depth. In the early days, the echo energy received at the receiver end is displayed as the backscattered 

signal amplitude, which is observed in an oscilloscope.  This is shown in figure 1.17 

 

Figure 1.17 illustration of the backscattered echo amplitude obtained from the skin, tissue interfaces and 

anterior and posterior portion of the organ. 
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1.1.4.2 B-Mode  

Subsequent advancement in the technology has provided 2-dimensional diagnostic information, in 

terms of gray scale; this is known as B-mode imaging. 

B- Mode is also referred to as brightness mode. It is a grayscale based imaging modality based on the 

pulse echo principle using the same amplitude information as A-mode, but the way of representing this 

amplitude information is different. It transforms the amplitude information from a specific location in 

to pixel brightness of an image.  If the received echo amplitude is large then it is represented as 

absolutely dark or bright pixel, it depends on whether the system uses dark object on bright 

background or bright object on dark background while constructing the image. The B mode image 

provides information about strength of the echo in terms of pixel brightness and the location of the 

pixels as a function of time between the transmitted pulse and received echo. (Ressner 2010 ) 

1.1.4.3 M-mode  

M-mode or motion mode is an important tool in cardiac assessment due to its high temporal 

resolution. In M-mode the ultrasound is used in assessing the cardiac or renal or liver tissue and the 

intensity of the backscattered echo collected from the tissue is represented as pixel brightness. Each 

pulse-echo cycle produces one scan line and the repetition of the pulse echo sequence result in a 

number of scan lines required to form an image. This intensity distribution in the scan lines vary 

vertically from one scan line to another and when the subsequent scan lines are montage on the 

display, it reveals the information about the tissue movement and x axis represent the time axis.  

1.1.4.4 Doppler  

Doppler technique is a routine ultrasound diagnostic procedure for assessing blood flow and tissue 

movement. The basic principle of Doppler is the shift in frequencies between pulse-echo signals, this 

shift in frequencies is also known Doppler shift.  When a transmitted signal interacts with a moving 

particle, the particle reflects the signal with a different frequency.  This change in frequency between 

transmitted and reflected signal from a moving particle is called Doppler shift (𝑓𝑑) and it is applicable 

for continues Doppler in accordance with Eq 1.18:      

Eq1.18                    𝑓𝑑 =
2𝑓𝑡𝑣 𝑐𝑜𝑠𝜃

𝑐
 

where ft  is the transmission frequency, v is the particle velocity, c is the propagation speed and θ is the 

angle between the propagation direction and the direction of the particle movement.  

In the case of pulsed wave Doppler, the Doppler frequency shift is not a good idea to estimate the 

velocity, because the insonated pulse, shifts its central frequency as it propagates due to attenuation in 

the medium, therefore subsequent pulses are transmitted and the resultant phase shift, or time shift, in 

the corresponding echoes are instead used to estimate the velocity of the moving object.    
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                                                                                       Chapter-2 

Ultrasound Contrast Agents 
Ultrasound is considered to have several advantages in terms of safety, processing time, cost 

efficiency and time or velocity resolution for the purpose of medical diagnostics, however, when it 

comes to image quality and spatial resolution, ultrasound comes behind the other modalities such as 

Magnetic resonance imaging and Computed tomography. In the last two decades, the evolution of 

contrast enhanced ultrasound imaging (CEUS) has shown significant improvement in image quality 

with new modalities and applications where conventional ultrasound has been limited in areas such as 

body fluids imaging (blood), delineation of cardiac chambers in almost all kinds of patients, organ 

perfusion details, reduce artifacts, detecting lesion pattern in liver or plaque neovascularization.    

Conventional- ultrasound imaging relies on the fundamental frequency (FUN) components obtained 

from the backscattered echo.  In ultrasound imaging, the blood appears black due its weak scattering 

signal, (1000 – 10,000) less than the surrounding tissue. In echocardiography, the border between the 

heart walls and the blood is very important, as a visual landmark. In some patients the delineation is 

clearly observed and in others, less echogenic, not clearly defined due to reverberation artifact caused 

by ribs and chest walls or increased tissue attenuation. This limitation can be omitted by the presence 

of UCA in the blood pool that will produce strong echoes from the blood. The increase in backscatter 

around the transmitted frequency is due to the large acoustic impedance mismatch between UCA and 

blood and microbubble compressibility. CEUS will not only improve the delineation details of heart 

walls, but also can be very useful in assessing the blood flow in small vessels and perfusion in the 

tissue. (Becher and Burns 2000) 

In regards of Doppler technique in ultrasound diagnosis, it is a useful tool for detecting blood flow in 

large vessels and the vascular bed. Two important Doppler techniques, color and spectral Doppler, 

have commonly been used in ultrasound diagnosis to provide flow information which can reveal 

morphological features and assess stenosis. As the blood travels to the extremes from heart, it passed 

through large number of vessel bifurcations, leading to a reduction in quantity and blood velocity. As 

the blood continues to flow further in to the distal part of arterial system, both the blood velocity and 

amount of blood cell concentration goes below the threshold limit where Doppler goes blind in 

detecting the small shifts in frequency at low intensities echoes. This difficulty is a major concern 

while dealing with myocardial perfusion where the aim is to study the weak signals of slow flowing 

(mm/s) blood cells in the more rapid moving tissue environment.  The strong tissue signals from the 

heart wall will contaminate the Doppler shift from the myocardial blood perfusion which may lead to a 

serious limitation that might completely obscure the capillary blood velocity.  (Becher and Burns 

2000)  

2.1 Introduction to Ultrasound Contrast Agents  

Ultrasound Contrast Agents (UCA) consist of small gas filled microbubble, which can be injected 

intravenously using a syringe or an infusion pump. Firstly, UCA exhibit high degree of echogenic 

nature when exposed to ultrasound and secondly, the echogenic nature of UCA is different from 

surrounding tissue. A short survey from the introduction of contrast medium technology to the present 

day diagnostic and therapeutic contrast practice show that there have been a  considerable evolution 

with a wide range of new applications and  microbubble development in terms of stability, size of 

bubble and size distribution.  In this section, initially we will start with basic requirements of a UCA 

and proceed in to the evolution process of contrast agents from the earlier days to the present day 

contrast agents.  



32 

 

2.1.1 Requirements of an Ideal Contrast Agent 

 Non- toxic, non-allergic and easily eliminated.   

 Comfortably injected into vascular system and travels easily via blood circulation.  

  Should be stable for the period of the diagnostic examination.   

 Small in size similar to that of red blood cells (RBC), so that they can pass easily through 

vascular bed or pulmonary capillaries.   

 Provide stable acoustic response of sub- harmonics, ultra- harmonics and harmonics.   

2.1.2 Evolution of Contrast Agents  

2.1.2.1 First generation  

The free gas bubble is considered to be the first generation of UCA, where the core of the bubble is 

filled with air without any shell. In 1968, Gramiak and Shah used the gas bubbles for the first time to 

evaluate the echocardiographic readings which showed opacity in right ventricle (Gramiak and Shah 

1968). Subsequent study by Becher et al and Fritzsch et al. has showed that the intravenous 

administration of  these initial contrast air bubbles have provided strong echoes in the blood stream 

and right cavities of the heart, but could not pass through the pulmonary system due to their large 

size(Becher, Zahler 1988, Fritzsch, Schartl 1988).  The major challenge for this  first generation 

contrast agents was to provide shell stability  long enough to survive in the blood stream for a duration 

close to  diagnostic image acquisition.  

 

Figure 2.1 Illustration of free gas bubble. On the right hand side the properties of free gas bubble are provided 

2.1.2.2 Second generation  

Stabilizing the bubble from solubility, gas diffusion and interaction with additional material present in 

blood stream have been an important task.  From the moment UCA are injected in to vascular system, 

the aim is to survive and recirculate easily for the complete diagnostic period.  In order to overcome 

the instability of air bubble, the second generation of UCA was stabilized by an encapsulating shell.  

The major challenge was to produce a contrast agent with a small size and even distribution , 

analogous to that of RBC with size (6-8) µm and stable enough to pass through pulmonary circulation 

(McCulloch, Gresser 2000). This was first achieved for a UCA consisting of an albumin shell, made of 

human serum with a gas core of air (Mallinckrodt Inc., St. Louis, Missouri, US)   (Becher and Burns 

2000).  
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Figure 2.2  illustration of encapsulated bubble and its properties 

2.1.2.3 Third generation  

The stability of the microbubble is maintained by shell, but the shell properties play an important role 

in the acoustic response of the microbubble, especially on the oscillation behavior and resonance 

frequency. Optimizing the shell properties and reducing the solubility of the gas core is the major 

difference of the third generation UCA. The air gas core of the microbubble is replaced with high 

molecular weight gases to reduce the solubility of gas core, increase the longevity, and reduce 

floatation.  In this generation, the core of the UCA is filled with heavy gases like perfluorocarbon or 

sulfur hexafluoride, and shielded with stabilized shells of albumin, phospholipids or surfactant which 

was shown to increase the stability in the blood stream up to tens of minutes. (Becher and Burns 2000, 

McCulloch, Gresser 2000) 

 

Figure 2.3 Illustration of high molecular weight thin shell contrast agent and its properties 

2.1.2.4 Fourth generation  

All the contrast agents observed in the above section are used for diagnostic purposes.  The advanced 

target contrast agents provide diagnostic and therapeutic application. The fourth generation of CA is 

constructed by binding the ligand to contrast shell, either by modifying the ligand properties or by 

manipulating the shell properties. These targeted microbubbles navigate to the region of interest with 

the help of adhesive ligands.  This technique is useful for both detecting and therapeutic purposes over 

the ROI such as (intravascular plaques, cancer cells target, liver lesions, and cardiovascular lesions). 

The contemporary fourth generation CA are composed of air or gas core and drug shielded with 

polymer or polyvinyl shell. This type of contrast agent are used as vehicles to supply drug or gene 

compounds to the target region and also used to block the feeding capillaries of cancer tissue. (Becher 

and Burns 2000)  
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Figure 2.4 illustrations of target UCA 

Table 2: Shell and gas Properties of some UCA and their respective manufacturing companies, according to the 

order of evolution  (Ressner 2010 ) 

 Company   Name  Shell  Gas  

First generation None                          Agitated saline  None  Air  

 Schering AG Echovist  Galactose matrix  Air  

Second generation Mallinnckrodt  Albunex  Albumin  Air  

 Schering AG Levovist  Lipid  Air  

Third generation GE Healthcare  Optison   Albumin Perfluropropane  

 GE Healthcare  Sonazoid  phospholipids  Perflurocarbons  

 Bracco Diagnostics  Sonovue  Phospholipids  Sulphur 

hexafluoride  

Fourth generation Point biomedical  Bisphere  Polymer Air 

 Schering AG Sonavist  Polymer  Air  

 

Resonance frequency of the microbubble 

The resonance frequency can be defined as the frequency at which the bubble exhibits maximum 

response. The resonance frequency (𝑓𝑜 ) of a shell less bubble is given by equation below:  (Hoff 

2001). 

Eq 2.1                                                     𝑓𝑜 =
1

2𝜋𝑎
 

3𝑘𝑝

ρ
                                

The above expression can be modified to provide the resonance frequency of encapsulated 

microbubble, given as  

Eq 2.2                                                   𝑓𝑜 =
1

2𝜋𝑎
 

3𝑘𝑝 +12𝐺𝑠
𝑑𝑆
𝑎

ρ
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Where, a = radius - kp = Bulk modulus -  Gs = Shear modulus -  Dse =shell thickness.   

2.1.3 Bubble-Ultrasound interaction  

The interaction between ultrasound and microbubble is a complex process which involves both linear 

and nonlinear acoustics. The scattering response of microbubble exposed to ultrasound have resulted 

in many new imaging techniques which are used in examining myocardial microcirculation,  lesions in 

echocardiography, abdomen sonography, incidental liver lesions and their vascular pattern (Bleuzen 

and Tranquart 2004), detection  and quantifying of plaques (Staub, Schinkel 2010) and tissue 

perfusion(Galambos 1942). Better understanding of the microbubble behavior when interacting with 

ultrasound is an important factor for improvements of insonation technique, optimization of 

quantification and visualization of the blood pool.  In this section, a basic explanation of the linear and 

nonlinear bubble dynamics is explained.   

The oscillation of the bubble when exposed to ultrasound can be explained in terms of linear (or) 

nonlinear behavior depending on acoustic parameters of the bubble properties and the insonating 

pulse. At very low acoustic pressures or at low MI (<0.1) , the bubble compresses and expands equally 

(Kaul 2001). This oscillation state of the microbubble is considered to be linear. But even at relatively 

low acoustic pressure the bubble compression is not equal to the rarefaction (Kaul 2001). This state of 

oscillation is described as nonlinear oscillation. For higher acoustic pressures the bubble is ruptured or 

destroyed. (Kaul 2001)(Monaghan MJ 2009)   

When the bubble response is linear, it scatters the same frequencies as the driving acoustic pulse.  This 

is illustrated in figure 2.5. (McCulloch, Gresser 2000) 

 

Figure 2.5 Illustration of the bubble’s linear response, when exposed to low MI. The right hand side graph 

shows the linear frequency spectrum of linear backscattered echo. 

In the case of a complex nonlinear bubble response, the bubble oscillates not only at FUN (f0) but also 

at second harmonics (2f0), sub harmonics (0.5 f0), ultra harmonics (1.5 f0) and higher harmonics (3f0, 

4f0,….) as illustrated in figure 2.6. Sub harmonic occur at half the FUN (0.5f0) and ultra-harmonics 

occur between harmonics. However, the separation of sub and ultra-harmonics require transmission of 

pulses of very narrow bandwidth, often 20 or more pulse cycles (Frinking, Bouakaz 2000, Kaul 2001, 

McCulloch, Gresser 2000).    
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Figure 2.6 illustration of the bubble’s nonlinear response, when exposed to moderate MI amplitude. The right 

hand side graph illustrates the frequency spectrum with FUN (f0) same as insonated center frequency, SH which 

is twice the FUN, ultra harmonics occurring between FUN (f0) and SH (2f0) at 1.5 f0 and sub harmonics which is 

half the FUN. 

 The nonlinear portion of the backscattered echo obtained from the tissue or bubbles have resulted in 

new imaging modalities where some of the common techniques are explained in the following section.  

2.2 Nonlinear Imaging Techniques  
Initially UCA were used to support conventional imaging by improving the backscatter echo at 

transmitted frequencies. The small size of the microbubble when compared to the acoustic wavelength, 

complex behavior of volumetric pulsation and large acoustic impedance mismatch between the blood 

and contrast made microbubble a strong scatterer of acoustic pressure waves. These properties of the 

bubble have been shown to be very useful for new imaging techniques of organs, such as the heart, 

liver, kidneys and pathogenic lumps (atherosclerosis or cancer plaques).  Some of the more commonly 

used nonlinear imaging techniques with and without contrast are given below  

 Tissue Harmonic imaging  (THI) 

 Contrast harmonic imaging (CHI) or Harmonic imaging  

 Pulse inversion imaging  (PI) 

 Cadence contrast pulse sequencing (CPS) 

2.2.1 Tissue Harmonic Imaging  

In the early development of harmonic imaging, scattering from tissues was considered to be linear at 

medical diagnostic pressure levels, while the nonlinear contribution was considered to originate from 

UCA in the blood pool. Some detailed observation showed the existence of harmonics in the 

backscattered signal even in the absence of microbubbles. Initially researchers claimed that it might be 

an effect of the wide band transducer (or) from frequency leaks in filtering process, but soon 

discovered that tissue also generates some degree of nonlinearity at diagnostic pressures. This 

discovery has led to a new imaging technique known as tissue harmonic imaging (THI) which was 

introduced in 1997.(Averkiou 2001, Averkiou, Roundhill 1997, McCulloch, Gresser 2000)   

THI utilizes the accumulative nonlinearity as the transmitted wave propagates in to the tissue. The 

reason behind the accumulation of nonlinearity is due to the distortion of the transmitted signal during 

propagation. The speed of the sound becomes asymmetrical if the wave propagates at higher pressures. 

During the compression phase of the wave, the speed of sound increases compared to rarefaction 

phase due to the change in density and elastic properties of tissue between the positive and negative 

pressure phase. Accumulation of tissue harmonics depends on the transmitted pressure, which needs to 
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be high and propagating depth. Close to the transducer the nonlinearity is very low but as the beam 

travels in to the tissue it will become more and more nonlinear (sawtooth like). However, water can be 

a good medium to understand the nonlinear propagation because of its less absorption properties and 

has nonlinear coefficient of 3.5 , whereas tissue has the nonlinear coefficient of 3.9, but has high  

attenuation in tissue reduces the nonlinear distortion, so it is difficult to observe it in the tissue 

(Kvikliene, Jurkonis 2004), (Averkiou 2001, Becher and Burns 2000, McCulloch, Gresser 2000).   

The nonlinear effect from the tissue can be estimated in a computational model using Khokhlov-

Zabolotskaya-Kuznetsov equation (KZK) (Pinton 2007).  The KZK model can provide good 

approximation to the nonlinear wave propagation in the tissue based on absorption of the medium, 

acoustic diffraction and speed of acoustic wave as a function of particle velocity which defines the 

nonlinearity of a medium (Averkiou 2001, Nave 2005).       

THI is today a routine clinical investigation procedure in diagnostic ultrasound imaging for a vast 

number of applications. In comparison with conventional imaging, THI provides higher resolution and 

reduced noise and side lobe artifacts resulting in better tissue or organ delineation (Averkiou 2001) . In 

echocardiography, endocardial borders, heart chambers and sometimes cardiac valves provide good 

support for the use of THI (McCulloch, Gresser 2000). 

2.2.2 Contrast Harmonic Imaging  

The behavior of the microbubble plays an important role in enhancing the contrast related to the 

surrounding tissue. CHI is completely a blood stream based imaging technique, as the nonlinear 

echoes originate from bubbles present in the blood pool. This technique has been a reliable imaging 

technique for the cardiovascular system and other organs such as perfusion of liver and kidney tissues, 

which can enhance and reveal the complex anatomical and physiological details. In CHI, the bubble 

can undergo nonlinear oscillations generating harmonics (see figure 2.6), which is 30 to 40 dB higher 

in magnitude than the nonlinear signals generated by tissue. In this way the nonlinear component of 

the bubble can be distinguished from tissue harmonics with a simple amplitude threshold (de Jong, 

Frinking 2000).  

In order to obtain better image resolution in CHI the SH should be separated from the FUN in the 

spectrum. This can be easily achieved for long, narrow band pulses with the use of band pass filtering 

techniques but becomes more difficult for short broad band pulses often needed to obtain sufficient 

spatial resolution in B-mode imaging. (de Jong, Frinking 2000, Frinking, Bouakaz 2000) 
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2.2.3 Pulse Inversion (PI) 

A single broad band pulse shows a spectral overlapping property in the harmonic range which makes it 

difficult to separate FUN and harmonic frequencies.  (Frinking, Bouakaz 2000, Morgan, Allen 2000, 

Reddy and Szeri 2002) . This is illustrated in figure 2.7. 

 

Figure 2.7 illustrating the complexity while separating the SH component (4 MHz) from the FUN (2 MHz) in the 

case of broad band and narrow band pulse. 

In figure 2.7(a), it is shown that when a microbubble is insonated with short pulse (3 cycles), the 

resulting bubble response contain an overlapped power spectrum, in this case it is very hard or almost 

impossible to separate the FUN component from SH with the help of filtering process.  In figure 

2.7(b), it is shown that when a bubble is insonated with long pulse (20 cycles), the resulting bubble 

response contain a distinct spectral components, in this case it is very easy to separate the FUN 

component from SH with the help of filtering process. We should also need to understand that pulse 

length is important for axial resolution, according to equation 1.2, chapter-1.  

The principle behind PI technique is to eliminate the linear response and preserve the nonlinear 

content from the signal by transmitting two ultrasound pulses in sequence, where both have a phase 

difference of 180°, original and 180° phase shifted pulse and later combine the echoes by summation. 

Original pulse is defined as a pulse which starts with compression followed by rarefaction, known as 

positive pulse or (0°) pulse. The retransmitted of the original pulse with a phase shift of 180° is then 

called a negative pulse.  The echo response received from the positive and negative pulses can be 

linear or nonlinear, depending upon the acoustic properties of the scatterers. This is illustrated by case 

1 and case 2 in figure 2.8 and figure 2.9 respectively. (Becher and Burns 2000, Frinking, Bouakaz 

2000, Kaul 2001)  

Case-1  

When two ultrasound pulses are sent through a linear medium, one after the other with a suitable delay 

and the resultant response of the positive and negative pulses are absolutely linear, the combination of 

the two corresponding echoes cancel each other and the residual signal is a zero baseline, as illustrated 

in figure 2.8 (Becher and Burns 2000, Frinking, Bouakaz 2000).    
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Figure 2.8  illustration of the linear pulse sequencing in PI technique, where positive pulse (compression follows 

rarefaction) and negative pulse 180 degree phase shifted. The combination of two pulses results in a baseline. 

Case-2  

In case-2, if the positive and negative pulses are interacting with a contrast microbubble, the 

backscattered echoes  from the two pulses has a dominant nonlinear content , When the two echoes are 

added together the linear contribution gets cancelled while the nonlinear contribution is combined, this 

concept is illustrated in figure 2.9. PI can in this case be regarded as a time domain high-pass filter 

preserving frequencies above the transmitted FUN. 

 

 

Figure 2.9 illustrates nonlinear PI sequence. The combination of positive nonlinear pulse with negative pulse 

results in summation of nonlinearities. 

 It has been shown that pulse shape and polarity play important role in improving the nonlinear 

response from UCA microbubbles (Reddy and Szeri 2002, Morgan, 2000 ) . The bubble subjected to 

rarefaction pulse followed by compression produce a more pronounced bubble response compared to 

the case of a compression pulse followed by rarefaction. When the bubble is insonated with rarefaction 

pulse followed by compression, the radial collapse is much intense leading to more nonlinearity 

(Morgan, Allen 2000, Reddy and Szeri 2002).  

PI can be regarded as a time domain filtering technique which has been shown to be a very useful tool 

for in nonlinear imaging.  This method has provided substantial image quality, but it is prone to 

motion artifacts. The motion artifacts might arise while performing nonlinear imaging using multi 

pulse techniques, if there is a relative motion between the probe and the target tissue, these results in 

leakage of FUN component while performing PI. PI is intended to cancel linear component from tissue 

and preserve harmonics from contrast in the case of contrast imaging, but due to the motion in tissue, 

there is a displacement between positive and negative pulses, which lead to some un-cancelled FUN 

residual component left, while combining the displaced positive and negative pulses or its echoes. 
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This leads to the degradation of the image or contrast to tissue ratio (Shen 2005).  This effect of 

motion artifact can be compensated by using a correlation based time shift estimation, which can 

estimated the phase difference between the positive and negative pulses (Trahey and Nock 1992). 

2.2.4 Cadence Contrast Pulse Sequencing  

Cadence CPS technique is another multi pulse sequencing strategy with signal processing technique is 

used to exploiting the nonlinear property of the bubble by modulation of amplitude and phase of the 

pulses. This technique utilizes a set of three pulses consisting of a pulse pair of 0 ° pulses and one-

amplitude modulated and phase inverted 180 ° pulse. The amplitude modulation is twice the 0 ° pulse. 

When all the three pulse responses are summed together the linear responses will cancel each other out 

while the nonlinear contribution remains, as illustrated in figure 2.10 (Kaul 2001, Phillips and Gardner 

2004) 

CPS for linear echoes   

 

Figure 2.10 illustrates the backscattered response from cadence CPS for a linear scattering media. 

Figure 2.10 shows three pulses (a, b and c), where b is inverted with twice the amplitude relative to a 

and c.  The combination of three pulses result in base line due to linearity.    

CPS for nonlinear echoes  

 

Figure 2.11 illustration of the nonlinear response from the cadence pulse sequence. The summation of the 

three pulses results in a nonlinear residual signal. 

When the original and  inverted pulse echoes are added together the sum of the nonlinear responses 

form a residual signal while the linear responses are like mirror images of opposite polarity, that will 

cancelled, this concept is illustrated in figure 2.11. In this manner the nonlinear signal from the blood 

can be preserved and while at the same time suppresses the linear tissue echoes. But these methods are 

unreliable when the targeted imaging is in motion, because all the set of pulses does not come from a 
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same location. This can be overcome by using algorithms incorporating motion correction (Kaul 2001, 

Phillips and Gardner 2004). 

The advantages of multi-pulse techniques discussed are: 

1) They can operate at low mechanical index  

2) Show an improved signal to noise ratio  

3) Bubble destruction can be reduced 

4) Real time imaging is possible  
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                  Chapter-3 

Bubble Theory  
In this chapter some of the commonly used approaches for modeling the nonlinear oscillations of UCA 

are presented. Simulating the microbubble response to insonating ultrasound is important in 

development of new UCA insonation strategies. The advantage using simulation models is that a vast 

number of experimental parameters can be tested in a relatively short time and at very low cost 

compared to experimental models. In the following sections some of the important models that can be 

used to study the relation between input driving pressure and bubble response dynamics are discussed.  

3.1 Rayleigh-Plesset Model (R-P model)  

The first model for the bubble dynamics was proposed by Lord Rayleigh (Lord 1917). This model 

explains the bubble dynamics for a single gas bubble without a shell in an in-compressible liquid. The 

R-P equation is based around state equations which explain the connection between pressure, density 

and enthalpy per unit mass of a liquid, combined with conservation of mass and momentum 

equations(Hoff 2001).  

The compressibility of a liquid is defined by the relative volume compression which is described by 

the Mach-number. Mach number is used to model the inertia of the compressible liquid using the 

following expression:   

   Eq 3.1                                                           
∆V

V
 =

𝑎 

𝑐
 

where  
∆V

V
  is relative volume, 𝑎  is particle velocity, and C  is speed of sound in medium 

Eq 3.2               ä a +
3

2
a 2 +  

po + p i t –pL

ρ
=  0 

where  

Eq 3.3                                                      𝑝𝑜  +  𝑝𝑖 𝑡 =  𝑝∞ 

The displacement (a), velocity (𝑎 ) and acceleration (𝑎 ) of the microbubble radius with respect to a 

pressure difference between po + pi (t) = 𝑝∞ and pL is described in the equation 3.2, here ρ indicate the 

density of the liquid and the illustration of the different entities can be seen in figure 3.1.     

One limitations of the R- P equation is that it does not provide any information about radial damping, 

i.e. damping caused on the bubble surface while radiating the insonated acoustic signal. It has been 

mentioned that radial damping term becomes important as bubble size increases(Hoff 2001), the 

reason might be due to scattering cross-sectional area is high dependent on bubble radius and as the 

scattering cross section increases, the radial damping caused while radiating the insonated pressure 

might also increase. Another limitation is it does not consider the compressibility of the liquid, and 

therefore there is no Mach number in the expression 3.2 (Hoff 2001).    
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Figure 3.1 illustration of different parameters in the R-P equation to model a contrast bubble in the liquid when 

insonated by acoustic wave. 

In figure 3.1, the paramters and their label are provided on the right side of the figure.  

3.2 Trilling Model  

The main difference of the model described by Trilling compared to the R-P model is that the liquid is 

considered to be compressible. The limitations faced by R-P-equation are partially overcome by this 

model.  When comparing the R-P- equation with Trilling equation one can see that the expression has 

been expanded with a few additional terms.  The Mach number terms (1-2 (𝑎 /c)) and (1-4/3 (𝑎 /c)) 

defines the inertia caused by the compressibility of the liquid in the Trilling model:  

Eq 3.4                 ä a  1 − 2
a 

c
  +

3

2
a 2   1 −

4

3

a 

c
 −  

a

ρc
p L +  

po + p i t –pL

ρ
=  0 

where the term  
a

ρc
p L  which provides radial damping.    p L  is the rate of change of pressure at bubble 

surface.  

This serves as a good approximation for sound-bubble interaction at low Mach number, but at higher 

Mach numbers the model becomes unstable. The reason for instability is an effect that can occur if the 

velocity of the bubble walls 𝑎  exceeds half the speed of sound (𝑎 =c/2).  In that case one can see from 

the equation that term  1 − 2
a 

c
  becomes negative, i.e. the term computes a negative inertia which will 

make the numerical computation unstable. Therefore, the Trilling’s model provides numerically 

reliable solutions for Mach number < 0.5 or 𝑎 <  
𝑐

2
 (Hoff 2001).

 
 

3.3 Keller- Miksis Model (K-M model) 

K– M model is similar to the Trilling’s model in the assumption of the compressible liquid.  In K –M 

model, the liquid is considered to be linearly compressible and can therefore be stable for a bigger 

Mach number than in the Trilling’s model. If pi is considered to be the driving acoustic pressure, 

motion of the bubble shell can be approximated by the K-M equation with the following expression: 
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Eq 3.5            ä a  1 −
a 

c
  +

3

2
a 2   1 −

1

3

a 

c
 −  

a

ρc
p L +  1 +  

a 

c
  

po + p i t+a/c –pL

ρ
=  0 

Keller- Miksis model can be considered stable up to the velocity where the bubble walls are equal to 

speed of the sound  𝑎 = 𝑐, or  Mach number = 1. If the Mach number is greater than 1, then the term 

 1 −
a 

c
   will yield a negative inertia leading to unstable numerical computation (Hoff 2001).  

3.4 Modified Rayleigh- Plesset Model (Modified R-P model) 

This model is based on the R-P with the additional modification by conjugating the radial damping 

term ( 
a

ρc
p L) from the Trilling and K – M model to the existing R-P-equation. The inertia term  1 −

a 

c
  

from the Trilling or K – M model can then be excluded. The modified R-P model is commonly 

expressed by the following equation (Hoff 2001):  

Eq 3.6                              ä a +
3

2
a 2 + 

po + pi t –pL

ρ
−  

a

ρc
p L =  0 

Modified RP- model have been shown to provide stable results for simulating contrast agents for 

medical ultrasound applications (Hoff 2001).  

The surface pressure plays an important role in explaining the stress experienced by the bubble surface 

when subjected to various pressures and is therefore an important term in all four models explained 

above.  The expression for bubble surface pressure 𝑝𝐿 is stated as follows: 

Eq 3.7                                  𝑝𝐿 =  −4η𝐿

𝑎 

𝑎  
−  𝑇2 − 𝑇1 + 𝑝𝑔  

𝑎𝑒

𝑎
 

3𝑘
 

The expression is a combination of three different terms, the explanation is given in the order of terms, 

the first term in the model defines the viscosity of the surrounding liquid by using  4η𝐿

𝑎 

𝑎  
 .The second 

term on the right-hand side is used to provide a model for the visco-elastic shell with arbitrary 

thickness. The tension across the spherical shell is given by (T2-T1). The third term, Pressure created 

by the gas inside the bubble at equilibrium (pg) is given by a polytrophic gas model (Andersen and 

Jensen 2009, Hoff 2001):  

Eq 3.8                                                          𝑝𝑔  
𝑎𝑒

𝑎
 

3𝑘

                                                             

                                                             

where, k is polytropic gas constant. For adiabatic oscillation k = ɤ, the adiabatic constant. For 

isothermal oscillation k=1  (Hoff 2001). 

 

Figure 3.2 illustration of different bubble parameters 
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Figure 3.2 illustrates the different bubble parameters of considerable importance: internal, external 

radius (a1, a2) and shell thickness (ds), the different pressure experience by microbubble such as 

internal gas pressure (pg), bubble surface pressre (pL) and tensions on internal and external bubble 

walls (T1 and T2).  

In a simulation study made by Klaus Scheldrup and Jorgen Arendt Jensen, they have used modified  

R-P model to optimize the sensitivity of ambient pressure measurements, using the subharmonic 

component, through the microbubble response simulation.(Andersen and Jensen 2009)     

This model is considered to be stable for higher shell velocities. In this thesis study the complete 

simulations are performed using this model.   

3.5 Church Model  

The nonlinear expression in Eq 3.9, was proposed by Church (Church 1995) as a mathematical 

description  of bubble oscillations  for the UCA Albunex™. This model can be understood as the   R-P 

model with the substitution of surface pressure (pL) details. In Eq 3.9 is a rearranged version of Eq 3.2, 

in the next step the terms that contribute for the modeling of surface pressure are substituted in to 

expression 3.9 to give 3.10.     

Eq 3.9                                            ρ  ä a +
3

2
a 2  = 𝑝𝐿 − 𝑝𝑜 − 𝑝𝑖(𝑡) 

 

Eq 3.10       ρ  ä a +
3

2
a 2 =  𝑝𝑔  

𝑎𝑒

𝑎
 

3𝑘

− 𝑝
𝑜

− 𝑝
𝑖
 𝑡 − 4η𝐿

𝑎 

𝑎 
− 12η𝑠 

𝑑𝑆𝑎𝑒
2

𝑎3
 
𝑎 

𝑎
− 12 𝐺𝑠  

𝑑𝑆𝑎𝑒
2

𝑎3
 (1 −

𝑎𝑒

𝑎
) 

The first term in the expression 3.10, on the right-hand side gives the gas pressure in the bubble. The 

second and the third term express the pressure caused due to atmospheric pressure (  𝑝𝑜 ) and the 

acoustic pressure 𝑝𝑖 𝑡  which is time dependent. The fourth term accounts for the viscosity of the 

surrounding fluids on the bubble shell. The last two terms expresses the shell material parameters 

(ηs , Gs ), where, ηs  is the shear viscosity of the shell and Gs is the shell modulus. The thickness of the 

shell is given by dS  and  𝑎,  a, a   provides the radius, radial velocity, and radial acceleration of the 

bubble respectively (Andersen and Jensen 2009, Hoff 2001, Morgan, Allen 2000).  
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                                                                                                                              Chapter 4 

Ultrasound Contrast for Carotid Plaques 

4.1 Introduction to Carotid Plaques  

Oxygen is a vital requirement for life and every organ needs it’s share to survive and function 

properly.  In the same way, the brain also needs oxygen for maintaining its functions. The brain 

consumes approximately 20 percent of total body oxygen consumption. Cerebrovascular accidents are 

serious neuropathological situations caused by the disturbance in blood supply to the brain, which in 

turn may lead to impaired brain cells, coma, serious brain damages, and in worst case cause death. All 

these things can happen in a very transient period ranging from few seconds to few minutes and 

unexpected. These situations considerably increase the risk of oxygen deficiencies in the brain, also 

known as cerebral hypoxia. IS is considered as the third leading cause of death in the Western world 

following ischemic heart disease and cancer (Engel-Nitz, Sander 2010). One of the most common 

causes of ischemic strokes is cerebral embolism originating from atherosclerotic plaques in the carotid 

vessels(Bots 2006).  

 

 

Figure 4.1 diagram (a) illustrates the circulation source to brain through carotid arteries. In diagram (b) normal 

external and internal carotid arteries and its blood flow is illustrated. Diagram (c) shows the internal and 

external carotid artery with plaque, which is narrowing the artery and reducing the blood flow to 

brain(Vivacare 2011).    

The first stage in the development of atherosclerosis is the formation of foam cells, i.e. macrophages 

with ingested oxidized LDL (cholesterol). The process begins with the entrapment of LDL in the 

vessel intima, just beneath the initial layer of cells lining the vessel wall called endothelium. As 

atherosclerosis progresses, T lymphocytes (white blood cells), thrombocytes and smooth muscle cells 

also join the foam cells leading to an expansion of the plaque size. This process involves cytokines to 

activate the T lymphocytes and the Vascular Endotelial Growth Factor (VEGF) to promote 

proliferation of smooth muscle cells. Thrombocytes can also release cytokines and VEGF to enhance 

migration and proliferation of smooth muscle cells. During this stage, a fibrous cap is formed to 
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separate the plaque from the lumen. As the atherosclerosis continues to grow, the vessel wall will 

experience ischemia that triggers VEGF and stimulates the process of angiogenesis. The formation of 

new vessels may induce inflammatory plasma components which will further increase plaque volume 

and ongoing process will subsequently increases the vulnerability of the plaque (Coli, Magnoni 2008, 

Giannoni).  

Carotid plaques are frequently found in patients who have previously suffered a stroke, and the degree 

of carotid stenosis have up until recent years been considered to be a factor for stroke risk assessment 

(Coli, Magnoni 2008). Vulnerable plaques can be defined by large size lipid core, thin fibrous crust 

and/or calcification. The vulnerable plaques have a considerably increased risk of rupturing, causing 

local thrombosis and embolism and eventually also leading to stroke (Hoogi, Adam 2011). If the 

vulnerability of the plaques are forecasted prior to rupture, stoke may be avoided by surgical 

procedures or drug treatment. Developing reliable tools for identification of vulnerable plaques is of 

considerable importance for stroke risk assessment and the main overall objective in the research 

project initiated by Professor Ebo D. de Muinck
1
, in which this thesis work is a part of.  

  4.2 Plaques Detection   

Ultrasound Doppler measurements provide excellent velocity and flow information of a stenosis, a 

consequence related to a carotid vessel plaque, even though it provides little or no information about 

the plaque itself.  Two types of Doppler techniques can be used to visualize the degree of stenosis in 

the carotid. Firstly, spectral Doppler gives quantitative assessment of systolic and diastolic flow 

together with direction as a function of time. Secondly, color Doppler gives a qualitative assessment of 

the flow and its direction in terms of overlaid color representation in B-mode imaging.  However, the 

prevention of IS caused by carotid atherosclerosis cannot be determined by stenosis alone as the risk 

of rupture is dependent on both: identification of the carotid plaque, and the assessment of plaque 

instability. Further imaging or histological studies, providing information of the morphological details 

within the plaque is in many cases crucial for future predication of strokes and vulnerability of plaques 

(Gronholdt, Nordestgaard 2001).  Imaging modalities like CT, contrast MRI and positron emission 

tomography (PET) have been applied to study the morphology and functional characteristics of 

vascular networks present in carotid plaques (Giannoni). However, these techniques are either 

connected with ionizing radiation, considered to be too expensive, and not easily available for bedside 

patient evaluation. 

Traditional Doppler techniques suffer in sensitivity for assessment of sparse blood cells in capillary 

flow and even though many new ultrasound based imaging techniques has evolved from research to 

clinical practice in the last decade, quantitative measurements of revascularization in the 

microcirculation still remains a challenge.   

One way to increase the information from the tiny vessels in the microcirculation is to use signal 

enhancing contrast agents. CEUS is today commonly used for visualization of liver lesions and 

ventricular opacification but has also shown promising results for detecting new vessel formation in 

angiogenesis and tissue perfusion .Ultrasound contrast microbubbles will remain within the blood 

volume, are nontoxic, and cost effective when compared to contrast MRI.  CEUS is becoming an 

                                                           
1 Ebo D. de Muinck, M.D., Ph.D., Professor of Vascular Biology, Faculty of Health Sciences, Department of Cardiovascular 

Medicin, Linköping University, Sweden 
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increasingly important tool for clinical decision making regarding neovascularization and 

quantification tissue perfusion (Coli, Magnoni 2008). 

4.3 Image Analysis Techniques for Quantification of Carotid Plaques  
Time intensity curve (TIC) is a contrast quantification technique which measures the intensity of the 

contrast as a function of time at a specified region of interest. The injection of the contrast 

intravenously takes some time before it reaches to the region of interest and can be visualized by 

ultrasound imaging. TIC measures the average of the variation in the spatial intensity over the use 

defined region of interest as a function of time. TIC plots the average intensity signal as a function of 

time at a user specified region or multi region (Phillips and Gardner 2004).  

C-IMT is described as the distance measurement between lumen-intima interface and the media-

adventitial interface. In addition to the c-IMT, plaque can be described as focal structure that can 

encroaches into the arterial lumen of at least 0.5mm or 50 % of the surrounding IMT (intima-media 

thickness) value or demonstrates a thickness of > 1.5 mm as measured from the lumen-intima interface 

and the media-adventitial interface (Touboul, Hennerici 2007). C-IMT is considered as a routine 

clinical measurement of the carotid artery plaques with high frequency (7.5 - 10) MHz B-mode 

ultrasound imaging (Staub, Schinkel 2010). The introduction of contrast agent to identify surrogate 

markers for atherosclerosis is a very useful clinical application. Contrast agent’s help in better 

visualization of carotid lumen and vessel wall angiogenesis (Feinstein 2006).  

4.4 Contrast Enhancement for the Visualization of Intravascular Carotid 

Plaque – A Survey 
A study made by Li Xiong et.al, showed that the characterization of plaque can be based on the visual 

interpretation and grating of echo pattern using contrast enhanced carotid Ultrasound,   (a) soft 

plaques, whose echogenicity was less than that of the surrounding adventitial for more than 80 % of 

the plaque area, without acoustic shadows; (b) hard plaques, whose echogenicity was greater than or 

equal to that of the surrounding adventitial for more than 80 % of the plaque area, without shadowing; 

(c) calcification plaques, which contain more than 90 % of the circumferential calcification, showing 

as bright echoes within the plaques along with acoustic shadowing; (d) mixed plaques, which 

contained less than 90 % of the circumferential calcification or had associating echodense and 

anechoic regions occupying less than 80 % of the plaque area. The echogenic nature of the plaques 

after injecting the contrast agents was quantitatively analyzed using time-intensity curve analyzing 

software package (GE healthcare)  (Xiong, Deng 2009). In spite of having good plaque classification 

strategy which can be a important clinical implementation in contrast-enhanced carotid ultrasound, due 

to limitation in small carotid plaques visualization, this study is limited to visualizing thickest plaques.    

Carotid B-mode ultrasound is an important clinical setting in assessing carotid plaques. Measuring the 

intima-media thickness (c-IMT) by using B-mode ultrasound is the most widely accepted surrogate 

markers for assessing atherosclerosis (Coll and Feinstein 2008). A meta analysis conducted by Lorenz 

et.al, with a reviewing and summarizing the data of 37 197 individuals, they concluded that an 

increment of 0.1 mm in c-IMT can be translated as increasing risk of 10%  to 15 % for having a 

myocardial infarction and increased risk of 13% to 18% for having a stroke (Lorenz, Markus 2007). 

Generally assessing of end points require a clinical research over large number of participants for 3-5 

years, in order to cope with this demand for time and number of participants, reliable surrogate 

markers are encouraged for predicting end points. Accordingly, c-IMT might be considered as reliable 

surrogate endpoints for atherosclerosis and cardiovascular risks (Bots 2006). 

Some plaque neovascular imaging research contributions are provided in the table below:  

http://circ.ahajournals.org/search?author1=Matthias+W.+Lorenz&sortspec=date&submit=Submit


50 

 

 

Table 3: Provides different insonification methods for diagnosing neovascularization in carotid 

plaques at specified high frequencies with contrast agents and quantification methods used.     

Insonification Method  

 

Frequencies  

 

Bubble type Quantification 

Methods  

 

Coli et al. 

[Ultrasound Imaging of 

Plaque Neovascularization] 

 

 

Not specified 

Perfluropropane-filled Albumin 

(Optison, GE -health care) 

 

Technique:  Pulse 

Inversion 

[Visual classification 

based on different 

echogenicity classes] 

 

Daniel Staub et.al      

Coronary VV imaging 

 

 

20-50 MHz 

 

Polymer shelled CA 

 

PI 

Li Xiong et al. 

[Correlation of Carotid 

Plaque Neovascularization 

...] 

 

 

6-8 MHz 

Sono Vue : Phospholipid stabilized 

microbubbles of sulfur hexafluoride 

Mean diameter[2.5 um] 

Technique:  Coded 

Pulse inversion 

TIC 

Susanne M. Stieger et.al 

[Imaging of angiogenesis 

using CPS and Target- CA] 

 

 

 

7 MHz 

 

Echistain  conjugated to biotinylated 

microbubble. 

Shell- phospolipids 

Gas core -perfluorobutane 

 

CPS 

TIC 
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It is important to enhance image visualization for better characterizing or classifying of plaques by 

increasing the sensitivity of the contrast. While quantifying the carotid plaque using c-IMT, it is 

important to have well defined lumen – intima border, which can improve the diagnostic accuracy. 

The lumen-intima border can be improved with contrast application. It is also possible to improve the 

sensitivity of contrast using various pulse modulation and optimization strategies or enhancing the 

acoustic properties of the contrast, which make the quantification procedure more accurate.     

Our main aim is to use contrast ultrasound to improve the visualization of the luminal surface of the 

carotid artery and improve the accuracy of the quantification procedure with c-IMT by using two 

methods:  

1) Optimizing the pulse length and polarity for PI and CPS techniques  

2) MIOT     
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                                                                                                            Chapter-5 

Methods  

 Introduction to Bubblesim Software  
The Bubblesim toolbox is an excellent application for studying bubble response in terms of radial 

dynamics and acoustic scattering, when exposed to varying acoustic driving parameters. The important 

function of this tool box is to simulate contrast agents response for ultrasound medical application.  

The Bubblesim toolbox is based on the Matlab™ platform (MathworksInc, Massachusetts, USA). It 

consist of four bubble models (R -P, modified R – P, Trilling, and Keller-Miksis), which are explained 

in chapter-3. Each model is computed using Ordinary differential equations (ODE) which can 

calculated by Runge-Kutta 4-5 order solver, or stiff equation solver. The bubble shell is modeled using 

shell thickness, shell bulk modulus and shell viscosity, as discussed in chapter 3. Bubblesim software 

was developed by Lars Hoff
2
 and was used throughout this study. Layout of the Bubblesim software is 

shown as follows: 

 

Figure 5.1 Bubblesim graphic user interface (GUI) on the left side and the simulation results on the right side.   

To the left is the graphic user interface (GUI) control panel and to the right is resultant graph display 

window. On the left side of the GUI, model choosing options, acoustic parameters and bubble 

parameters settings are present. In the model setting one can chose different liquid models and ODE 

solvers. In the acoustic parameters we can set pulse envelope using different windows, pulse 

amplitude, center frequency and sample rate. In the microbubble parameters we can set bubble size, 

shell thickness, shell shear modulus and shell viscosity.  

Ones we set all the parameters and run the simulator by clicking calculate, we can obtain the results of 

the selected parameters as shown on the right side. In the above layout we have a display of driving 

parameters, scattered pulse, bubble radius, bubble wall velocity and power spectra of the backscattered 

pulse.   

                                                           
2
 Lars Hoff, Norwegian University of Science and Technology and Nycomed Amersham Imaging 
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Note: Bubblesim only provides a single bubble response when interacted with driving acoustic pulse. 

*All methods described below are computed by writing a MATLAB script for each section.  

5.1 Comparison between Four Simulation Models  
The four models (R-P, Modified R – P, Trilling and Keller-Miksis), described in chapter-3 are used to 

simulate bubble response in this section. The aim of this section is to compare different bubble model 

response using the bubble and acoustic parameters seen the below tables: 

Table 4: Bubble parameters for 5.1 - Section  

             Bubble parameters                                                                                       Values used  

                 Bubble radius                           2 µm  

                Shell thickness                           4 nm  

              Shell shear modulus                             50 MPa 

               Shell viscosity                            0.8 Pas  

 

Table 5: Acoustic parameters for 5.1 - Section  

             Acoustic parameters                                                                                       Values used  

               Driving Pressure                             0.5 MPa 

                Pulse length                            4.5 cycles  

                 Frequency                            1 : 1 : 10 MHz  

 

The microbubble parameters described are similar to that of the contrast agent Sonazoid which was 

used as a standard for all simulations.   

This section is used to study models and choose one model out of four, which can be later used to 

perform all the remaining simulation studies. The results obtained in this section are shown in results 

section.    
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5.2 Resonance Frequency of the Microbubble  
The resonance phenomenon is a natural property of any object. Similarly, microbubble has its own 

resonance frequency, which is dependent on the bubble shell properties and its radius, which is given 

in equation- 2.1 & 2.2. In this section, the contrast bubble properties of Sonazoid are used for running 

the simulation. All the simulations performed in Bubblesim simulator are based on Modified R– P 

model.  

Simulation protocol for computing resonance frequency  

a) Set the acoustic pressure and pulse length in the simulator to 50 kPa and 4 cycles.  

b) Apply the bubble parameters value in the table 5.1 to the simulator.  

c) All the simulation parameters remain constant, except acoustic pressure and frequency.  

d) Start the simulation by setting the frequency value to 0.5 MHz. The results for the simulation 

are store in the Bubblesim folder.  

e) In the next step, we increment the frequency in the step of 0.25 MHZ and the simulation 

results are collected, this is repeated until we reach 10 MHz, by keeping acoustic pressure 

constant. This can be considered as one cycle.  

f) In the next cycle, acoustic pressure is incremented by a step of 100 kPa and varies the 

frequency from 0.5 to 10 MHz in the incremental order of 0.25 MHz.  

g) In the same way the pressure is increment from 50 kPa to 950 kPa and the readings are 

collected.  

Table 6: Acoustic parameters for 5.2 - Section  

             Acoustic parameters                                                                                       Values used  

               Driving Pressure                             0.05 : 0.1 : 0.950 MPa 

                Pulse length                            4 cycles  

                 Frequency                            0.5 : 0.25 : 10 MHz  

 

The aim of this simulation study is to find the resonance frequency of FUN and SH for the Sonazoid 

bubble from backscattered echo at different Acoustic pressures and frequencies.  
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Figure 5.2 illustration of FUN (f0) and SH 2f0 frequencies of the bubble response     

The FUN and SH are illustrated in figure 5.2. FUN (f0) is the insonated center frequency and SH is 

twice the FUN. Two methods are implemented to find the resonance frequency of FUN and SH 

component from the backscattered echo, they are as follows:  

1) Filtering process  

2) Fast Fourier Transformation (FFT) 

The first method uses filtering process. The FUN (f0) is obtained from the back scattering echo by 

applying low pass Butterworth filter of order-2, with higher cut of frequency of 1.6 f0. The SH 

component from the backscattered echo is obtained by applying band pass Butterworth filter of order-

3 with lower cutoff frequency of 1.75 f0 and higher cutoff frequency 2.25f0. Filtering concept is 

illustrated in figure 5.4  

 

Figure 5.3 illustration of the Flow chart to finding resonance frequency of the bubble echo obtained from 

Bubblesim using FFT methods, power spectral density and filtering process. 
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Figure 5.4 illustrations of Ideal low pass filter and ideal band pass filter for filtering (FUN) (f0) and second 

harmonics (SH) (2f0).     

Once the backscattered signal is filtered, Hilbert transformed (HT) is performed over the filtered 

signal. Here HT is used to find the amplitude envelope of the filtered signal (low-pass FUN and band-

pass SH component) by computing the magnitude of it. Hilbert envelope removes the signal 

oscillation, so it is easy to study the envelope of a signal instead of complex oscillating signal. After 

the filtered signal is Hilbert enveloped, peak amplitude value of FUN and SH are found, which result 

in two peak values for FUN and SH at each frequency. When this peak value are collected at different 

frequencies [0.5 to 10MHz] for each pressure and plotted for FUN and SH, resonance frequency can 

be observed.  

 In the second method, FFT is applied to the simulated bubble echo. FFT convert time domain 

scattered pulse in to frequency spectrum, where each frequency component and its magnitude is 

clearly observed.  From the frequency spectrum of the backscattered echo the frequency content of the 

FUN and SH is known. A peak detector is applied to find the maximum magnitude in the FUN and SH 

component. The peak values are collected for varying frequencies at pressure amplitudes and plotted, 

the bubble response shows resonance phenomenon.   An optional method for calculating FUN and SH 

resonance curve can be found by finding Power spectral density (PSD) of frequency spectrum, which 

is square of the magnitude of Fourier transform. PSD shows the power distribution as a function of 

frequency.   

The above mentioned two methods are illustrated in figure 5.3, the right hand flow line shows the 

finding of resonance frequency through frequency spectrum and the flow line to the left is the filtering 

process.   

5.2.1 Spectral Centroid  (SC) 

The mean PSD was computed for the backscattered echo by Welch method using the MATLAB
TM  

function pwelch with a Hamming window and 50% overlap. The SC can be calculated from the power 

spectrum. SC can be defined as the center of spectrum. It is calculated as the weighted mean of the 

frequency in the bubble echo according with the following equation (Ressner 2010 ) 

Eq 5.1                           𝑆𝐶 =  
 𝑓 𝑛 𝑛−1

0 𝑥 𝑛 

 𝑥 𝑛 𝑛−1
0

 

where x(n) represent the magnitude and f(n) is the corresponding center frequency at that magnitude. 

Here, SC is used to measurement the amount of energy that has been shifted towards higher 

frequencies due to nonlinear bubble oscillation. 
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5.2.2 Resonance Frequency of the Microbubble for two Different Radius 

The relation between the microbubble size and resonance frequency is investigated in this section.  

The below are the simulation settings   

Table 7: Bubble parameters for 5.2.2 - Section  

             Bubble parameters                                                                                       Values used  

                 Bubble radius                           2 : 3 µm  

                Shell thickness                           4 nm  

              Shell shear modulus                            50 MPa 

               Shell viscosity                            0.8 Pas  

 

Table 8: Acoustic parameters for 5.2.2 - Section  

             Acoustic parameters                                                                                       Values used  

               Driving Pressure                             0.3 MPa 

                Pulse length                            4 cycles  

                 Frequency                            0.5 : 0.25 : 6 MHz  

 

The resonance frequency is calculated from filtering process.   
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5.3 Stability of the Microbubble  
While manipulating so many acoustic properties, it is also important that the bubble is preserved for 

the complete diagnostic period without rupture or destroying, so that contrast can be used to extract 

adequate diagnostic details such as anatomical (ex: delineation of  heart walls) or physiological  

(perfusion) of the organ or visualizing the neovascularization in carotid plaques.  

The stability of the bubble is defined by simple criterion which was given by Plesset and Mitchell 

according to Lars Hoff (Plesset 1956).  The stability of the microbubble is explained in terms of radial 

dynamics.  The criteria for the stability of the bubble is given in the following expression (Hoff 2001) 

Eq 5.2                          
𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛
=   

< 5 − 𝑏𝑢𝑏𝑏𝑙𝑒 𝑖𝑠 𝑠𝑡𝑎𝑏𝑙𝑒 
    > 10 − 𝑏𝑢𝑏𝑏𝑙𝑒 𝑖𝑠 𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

  

  amax – is maximum rarefaction displacement of bubble radius  

  amin – is the maximum compression displacement of bubble radius 

The ratio is a number, if the ratio lies below 5, the bubble is stable and if it is above 10 then it is 

considered to be instable. Any number, between 5 and 10 can be interpreted as the transition from 

stable to unstable state.  

For the simulation setup the bubble properties are same as table 4 but the acoustic parameters for two 

different simulations are as follows.  

Table 9: Two Acoustic parameters setup for 5.3 Section  

Acoustic parameters Values used Values used 

Driving Pressure 0.05 : 0.1 : 0.950  MPa 0.35 MPa 

Pulse length 4 cycles 4 cycles 

Frequency 3 MHz 0.5:0.25 :10 MHz 
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5.4 Nonlinear Response from Pulse Inversion Technique  
As discussed in chapter-2, PI is a Pulse sequencing strategy combined with signal processing 

technique which is used to eliminate the linear effect of the tissue scattering and preserve the nonlinear 

signal from blood stream. In this section  two pulses, original (compression followed by rarefraction) 

and inverted (rarefraction followed by compression) which are illustrated in figure 5.5 are used as 

driving pulses simultanieously and their echoes are collected and combined to observe how the bubble 

nonlinearity varies with increase in acosutic pressures and varying frequenices. 

 

Figure 5.5 illustrates the pulse sequencing strategy of PI, here pulse (a) is the original pulse (compression 

followed by rarefaction) and pulse (b) is the 180° phase shifted original pulse.   

The below are the acoustic simulation parameters for two different setups.   

Table 10: Two Acoustic parameter setup for 5.4 Section  

Acoustic parameters Values used Values used 

Driving Pressure 0.05 : 0.1MPa : 0.950 MPa 350 kPa 

Pulse length 4 cycles 4 cycles 

Frequency 1 MHz 0.5:0.25:10 MHz 
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5.5 Cadence Contrast Pulse Sequence (CPS)  
Cadence CSP is tri-pulse sequencing strategy. It uses a set of three driving acoustic pulses. The set- 1 

CPS (+) consist of two positive pulses and an amplitude modulated negative pulse which is illustrated 

in figure 5.6 and set-2 with CPS (-) consist of two negative pulses and amplitude modulated positive 

pulse, illustrated in figure 5.7.   

Set-1 CPS (+)  

 

Figure 5.6 illustrates the pulse sequencing strategy of CPS (+). Pulse (a), (c) are considered as positive pair pulse 

and the center pulse (b) is amplitude modulated negative pulse  

Set-2   CPS (-) 

 

Figure 5.7 illustrates of the pulse sequencing strategy of CPS (-). Pulse (a), (c) are considered as negative pair 

and the center pulse (b) is amplitude modulated positive pulse.   

 

In CPS, the bubble is insonated with a set of three pulses simultaneously and reverted bubble echo is 

collected. The received echoes are combined to cancel the linear content of the signal and preserve the 

nonlinear signal.  

 The amplitude modulation (AM) between pulse pair and amplitude modulated pulse used in all the 

simulations are in the ratio of 1:2.   
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5.6 Optimization of Pulse Length  

5.6.1 Frequency Dependent Microbubble Nonlinearity at Constant Pulse Length  

In this section we investigate the resulting echo nonlinearity variation at pulse length (2 and 3 cycles) 

for low (2 and 3 MHz) and high (7 and 8 MHz) driving center frequency. This method is performed 

using PI technique. The simulation setup is illustrated in figure 5.8.  

Simulation Setup  

 

Figure 5.8 the simulation flow chart for computing PI 

Explanation of setup  

In the flow chart, from section A, each pulse length is subjected to two frequencies and each frequency 

is subjected to five acoustic pressures. For example single pulse length, pulse length 2 cycles is 

subjected to 2 and 3 MHz frequencies and each frequency pulse is executed at 0.1 to 0.5 MPa acoustic 

pressures. For each pressure we have positive and inverted response and finally perform PI. After PI 

the residual signal is Hilbert transformed and from the Hilbert envelope, peak value is calculated 

which are provided in results section.    
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5.6.2 Comparison between Cadence Contrast Pulse Sequencing and Pulse Inversion  

In the above two section 5.4 and 5.5; we have seen a description about pulse sequencing strategies of 

PI and Cadence CPS. In this section the PI and CPS pulse sequencing are used with below settings, 

provided in flow chart shown in figure 5.9, but PI uses only AM pulse. The driving pressure used for 

two techniques are equal in terms of MPa. The main intent of the study is to check the impact of the 

pulse length and polarity of the pulse settings for cadence CPS (+), CPS (-) and PI and their relative 

comparison of nonlinearity response at high frequencies.  

The complete process in this section can be divided in three segments  

a) Computing contrast pulse sequencing for both positive CPS (+) and negative CPS (-). 

b) Computing PI. 

c) Comparison between CPS (+) and CPS (-), CPS (+) and PI, CPS (-) and PI.  

Setup for CPS  

From figure 5.9 flow chart illustration, for each pulse length, we applied different center frequencies 

and each frequency is subjected to different positive pair and Amplitude modulated (AM) pulse. CPS 

(+) and CPS (-) follows the same setup.   

 

Figure 5.9 the simulation flow chart for computing CPS (+) and CPS (-)  
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5.7 Frequency Modulated Four Pulse Sequence Technique   
This technique consists of four pulses sequencing as illustrated in the figure 5.10. The pulse 

sequencing strategy behind this technique is to send two pulses, one pulse is of low frequency and 

second pulse which is a amplitude modulated high frequency followed by another two pulses, one with 

180° phase shift of low frequency pulse and another with 180° phase shift of amplitude modulated 

high frequency.  The resultant echoes from four pulses are combined, to cancel the linear content in 

the backscattered echo and preserve nonlinear content. The idea behind this study is make a simple 

attempt to design a dual frequency pulse which can provide different axial resolution with 

enhancement of nonlinearity. The result of this section are not included, this is a trial study.  

 

Figure 5.10 illustrate of four pulse sequencing, (a) and (b) are positive pulse (compression followed 

rarefaction). Pulse (a) is a low frequency pulse, pulse (b) is a high frequency amplitude modulated pulse. Pulse 

(c) and (d) they are negative pulses which are the 180° phase shifted of pulse (a) and (b). Pulse (c) is a low 

frequency pulse; pulse (d) is a high frequency amplitude modulated pulse.  

The backscattered signals with the first two driving pulses are collected and combined. While 

combining the two pulses of different frequencies, it was observed that they are of different sample 

length due to different frequency. The high frequency pulse is to be adjusted with respect to low 

frequency pulse before they are added. For this reason the center of the shorter pulse and the center of 

the longer pulse aligned to same position. Then it is more convenient to combine them. In the same 

way the other two pulses negative are also combined.  

The distance between the centers are calculated from the linear driving pulses, due to symmetric 

nature and easy measurement. Then the adjusted distance obtained from these linear driving pulses are 

used to combine the resultant positive and negative scattering pulse.   
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Figure 5.11 illustrates the center adjustment of positive low frequency (LF) pulse-(a) with the amplitude 

modulated positive high frequency (AMHF) - pulse (b). Diagram (c) is the HT of LF and AMHF, it can be clearly 

noted that the two pulses have different centers. In diagram (d) the centers of AMHF is shifted to the LF.  

The same procedure is followed to the negative pulses.   
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5.8 Optimization of Mechanical index for multi-pulse sequencing  
This section explains one of the important methods of this thesis work. The aim of this study is to 

enhance the nonlinear bubble echo by optimizing the mechanical index for the asymmetric positive 

and negative pulses which have different PNP within the pulse sequence.  The intention is to provide a 

novel technique called mechanical index optimized technique (MIOT) for PI and CPS. This study is 

intended to enhance the visualization of carotid plaque neovascularization, plaque morphology and 

improve quantification techniques such as C-IMT and Time-Intensity curves.   

 

This study is based on the research provided by Ressner M et al (Ressner). The research study 

concludes that the harmonic contribution from an individual UCA Sonazoid bubble is not only related 

to the acoustic amplitude of the incident pulse or to the transmission frequency but will also be 

affected by the pulse length and pulse polarity. Pulse polarity and pulse length (fractional pulse length 

instead of complete number of pulse length) are important factors to modulate the difference in the 

peak negative and peak positive pressure amplitude. (Ressner) 

 In the simulation study it was found that the large difference in the peak negative and peak positive 

pressure was observed at half multiples of pulse cycles i.e. (Pulse length of 1.5, 2.5, 3.5 and 4.5) which 

is in accordance to the study proposed by Ressner M et al (Ressner), It was also observed  that this 

asymmetry in peak positive and peak negative pulse is significant at shorter pulse length (<  5 cycles). 

The difference in the peak positive and peak negative pressure is the basis for this study.   

5.8.1 Optimization of Mechanical Index for Pulse Inversion Technique  

In multi pulse sequencing methods the mechanical index is computed from the highest peak negative 

pressure pulse within the sequence, this condition is used to build up the further method. The overall 

methodology is illustrated in figure 5.12 with four diagrams (a, b, c and d). 

 

Figure 5.12 This figure comprises of four pulse diagrams, pulse (a) is a positive pulse with pulse length of 1.5 

cycles. Pulse (b) is a negative pulse with pulse length of 1.5 cycles. Diagram (c) compares PNP difference by 

overlapping pulse (a) on pulse (b).  Diagram (d) shows the AM, MI adjusted Amplitude modulated Pulse (b) in 

dark line overlapped on pulse (a).  
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Procedure  

1) In the initially part of this study conventional PI technique is computed. It is performed by 

combining pulse (a) and pulse (b) from figure 5.12. In the next step it is explained how   

MIOP-PI is performed. 

2) MI adjusted PI depends on the PNP difference in the pulse sequence. In figure 5.12, pulse (c) 

shows the overlap of pulse (a) and pulse (b); here it can be observed that the PNP of pulse (a) 

is more than PNP of pulse (b).  

3) The PNP between pulse (a) and pulse (b) can be approximately equalized (or) the PNP of 

pulse (b) is increased very close to that of pulse (a), but a minute fraction lower than pulse (a). 

The PNP of pulse (b) is increased by increasing the acoustic amplitude. Pulse (d) shows the      

AM-pulse (b) in solid line, overlapped on pulse (a) in dotted line. It is clear from diagram (d) 

that AM-pulse (b) has almost the same PNP as pulse (a).  

4)   Once the AM for pulse (b) is performed, the ratio between maximum amplitude of AM-pulse 

(b) and maximum amplitude of pulse (b) is computed. This ratio gives an insight of how much 

the pulse (b) is AM to adjust PNP.  

5) In the next step, the AM- pulse (b) is divided by the ratio to down scale it back to the pulse 

(b), such that it is convenient for performing PI.   

6) Now when we perform PI of pulse (a) and down scaled pulse (b), the result is not a perfect 

base line but it leaves a very minute residual signal in the order of 10 to the power -11. 

7) The above mentioned procedure is for linear driving pulse, the same procedure is followed for 

scattering pulse.  
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5.8.2 Optimization of Mechanical Index for Cadence Contrast Pulse Sequencing    

In the current section, MIOT for Cadence CPS is described. This method is illustrated in a step wise 

process by figure 5.13 using a, b, c, d, e and f diagrams.  

CPS (+) 

 

Figure 5.13 pulse sequencing for CPS (+). Pulse (a) and pulse (c) are the positive pair pulse with pulse length 2.5 

cycles. Pulse (b) is the amplitude modulated negative pulse with pulse length of 2.5 cycles. Diagram (d) is the 

overlap of pulse (a) in dotted and pulse (b) in solid line to compare the PNP difference. Diagram (e) and (f) 

shows the AM, PNP adjusted pulse of (a) and (c) in (dotted) with respect to pulse (b) (solid line).  

Procedure  

1) Initially, conventional contrast pulse sequence is computed for CPS (+) and CPS (-). 

CPS(+) contain two positive pulse pair which are shown in above figure as pulse (a) and 

pulse (c) in dotted line and one amplitude modulated pulse in solid line as pulse (b) which 

has phase shift of 180° with respect to pair pulse. CPS (-) comprises of negative pulse pair 

and positive AM pulse. 

2) In pulse (d) the overlapped of pulse (a) or pulse (c) with pulse (b) provides a clear view on 

difference in the peak negative pressure between pulse (a) with pulse (b). From figure (d) 

it is observed that pulse (a) and pulse (c) has less PNP when compared to pulse (b).  

3) The PNP difference between Pulse (a) and pulse (b) is nullified by AM pulse (a) and pulse 

(c). The AM version of the Pulse (a) and pulse (c) is shown as dotted pulse in pulse (e) 

and pulse (f), which are named as AM-pulse (a) and AM-pulse (c).  
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4) As pulse (a) and pulse (c) are similar, the procedure is explained for one pulse, the same 

procedure is followed by second pulse.  

5) The ratio is computed between the peak amplitude of AM-pulse (a) and peak amplitude of 

pulse (a). This ratio is used to know the scale by which pulse (a) is AM.  

6) The AM pulse (a) in dotted line is divided by ratio. When the AM pulse (a) is divided by 

ratio, it is down scaled; similarly we down scaled the AM pulse (c). CPS (+)  can be 

performed by combining the down scaled pulse from AM pulse (a) and down scaled pulse 

from AM pulse (c) with pulse (b).   

7) While executing this procedure, it was observed that at some pulse length, pair pulse PNP 

is greater than AM pulse PNP, but most of the times pair pulse PNP is less than AM pulse 

PNP. At pulse length 1.3, 1.4, 1.5 and 1.6, pair pulse PNP is greater than AM PNP. In the 

below figure at pulse length 1.4 and 1.5 cycles, the PNP of pair pulse is greater than AM 

pulse.    

 

Figure 5.14 This figure has three pulses a, b and c. diagram (a) show the overlap of one of the pair pulse in 

dotted line with AM pulse in solid line at pulse length at 1.4 cycles, pulse (b) at pulse length 1.5 

cycles.  Pulse (c) shows the amplitude modulation of the AM pulse in order to adjust PNP.  

8) In this particular situation the amplitude modulation is performed on AM pulse instead of 

pulse pair, it is shown in diagram (c) of figure 5.14. The pulse is AM until the PNP of the 

AM pulse is approximately same or little fraction smaller than pulse pair PNP.  

9) Computing the ratio of maximum amplitude of amplitude modulated - AM pulse and AM 

pulse. The ratio is used to down scale the amplitude modulated AM pulse, which is 

approximately close to AM pulse. When the down scaled AM pulse is combined with 

pulse pair it result in CPS (+).  

10) The procedure explained above is for linear pulses.  

11) The same procedure is followed for scattering pulse.  
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CPS (-) 

 

Figure 5.15 Pulse sequencing for CPS (-).  Diagram (a) and diagram (c) shows the negative pulse pair with a 

pulse length of 2.5 cycles. Pulse (b) shows the amplitude modulated positive pulse with pulse length 2.5 cycles. 

Diagram (d) compare PNP difference of pulse (a) and (b).   

CPS (-) follows the same procedure as CPS (+). The figure 5.15 illustrates the pulse sequence of CPS 

(-) in pulse (a, b and c) and PNP difference between pulse (a) and pulse (b).  
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                                                                                                                     Chapter-6 

Simulation results  

6.1 Comparison between Four Simulation Models  
In the present section the results obtained from the four models are presented below and also can 

check how much each model is deviating from one another. Each method is subjected to different 

frequencies at constant pressure of 0.5 MPa. Four models responses are shown below:  

 

Figure 6.1 Bubble responses from the four models, R-P, Modified R – P, Trilling and Keller-Miksis are shown 

with different labels. The dark line indicates the response of R–P model and the dotted and dashed lines show 

the other three models.  

From the figure 6.1, R-P model shows high response when compared to remaining three models.  With 

a careful observation it can also be seen that at lower frequencies (1.5 to 2.75) Modified R – P shows 

slightly high response over Trilling and Keller-Miksis models. 

In our simulation a vast range of acoustic parameters are used for studied. For this we need a stable 

model to operate simulation, so we chose modified R-P model, because of its numerical stability at 

high Mach number (negative inertia) and also it considers radial damping.   
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6.2 Resonance Frequency of the Microbubble 
This section presents the resonance frequency results obtained from two kinds of methods used.  

1) Filter method  

2) FFT method   

Filter method Results  

We have low pass filter response which is the FUN and band pass filter response which is in the SH. 

First we provide FUN results followed by SH results.  In the figure 6.2 and 6.4 the resonance results of 

FUN and SH are provided till 0.55 MPa.  Figure 6.3 and 6.5 the results are provided till 0.75 MPa.  

Fundamental frequency  

 

Figure 6.2 Diagram on left illustrates the FUN frequency component of a bubble for increasing driving acoustic 

pressures and varying frequencies. Right side diagram is peak FUN resonance amplitude at different acoustic 

pressures.  

 
Figure 6.3 FUN components for varying pressures and frequencies.  
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Second harmonics  

 

Figure 6.4 Diagram on left illustrates the SH frequency component of a bubble for increasing acoustic pressures 

and varying frequencies. Right diagram is the peak SH resonance amplitude at varying acoustic pressures.  

 

Figure 6.5 SH frequency component at varying pressures. 

From the filtering process it was observed from figure 6.2 that the resonance frequency of the 

Sonazoid CA FUN component (f0) is at 3.4 MHz and from figure 6.4, the SH resonance frequency 

(2f0) occur at 3 MHz at 50 kPa.  The resonance frequency of FUN and SH frequency shifts to lower 

frequencies as the acoustic pressure amplitude increases, this can be observed from the results figure 

6.3 and 6.5. 
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The results from the second method, fast Fourier transformation are provided in figure 6.6 and 6.7. 

Here the FUN and SH magnitude are calculated from the frequency spectrum for each frequency and 

pressure.  

FFT method results  

Fundamental harmonics  

 

Figure 6.6 FUN results obtained from FFT at different acoustic pressures and varying frequency.  

Second harmonics  

 

Figure 6.7 SH component results obtained from FFT method at different driving pressures and varying 

frequencies. 

From Figure 6.6 the FUN resonance graph shows that the resonance occurs around 3.2 MHz at 50 k 

Pa. Figure 6.7 the resonance frequency for SH is shown around 2.75 MHz. With the increase in 

acoustic pressure the resonance frequency shifts to lower frequencies.  
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6.2.1 Spectral Centroid   

SC measures the Centroid of the backscattered signal power spectrum.  Figure 6.8, shows the SC 

results for different pressures. It provides a basic idea of how the SC varies at different pressures. The 

results show that as the pressure increases the Centroid of the backscattered spectrum shift to higher 

frequencies above center frequency and it is also clear that the shift in SC towards higher frequencies 

is large in magnitude at lower frequencies starting from frequency 0.5 MHz for acoustic pressures 

above 250 kPa.  

 

Figure 6.8 SC for different backscattered spectrum at different acoustic pressures and varying frequencies are 

provided in the figure.  Different gray scale lines are used to represent the SC measurement at different 

acoustic amplitudes.  

 

Figure 6.9 The figure comprises of eight diagrams. Each diagram show two graphs, the dark line graph shows 

the center of mass for the scattering echo Welch’s spectrum. The linear gray line shows the Centroid of the 

linear driving Welch’s spectrum.    



76 

 

From Figure 6.9 it is much clear to understand that the deviation in Centroid of the backscattered 

spectrum to the Centroid of the linear driving spectrum is given. The Centroid of the linear driving 

pulse is same as the center frequency, and is approximately a linear graph which is shown in all eight 

diagrams in gray. From the figure 6.9, diagram for 50, 150 and 250 kPa shows the maximum deviation 

in Centroid of the backscattered spectrum is around 2 MHz. The Centroid of the backscattered 

spectrum shows a steep raise in Centroid shift at 350 kPa. For acoustic pressure of 350 kPa the 

maximum shift in Centroid is observed at 0.5 MHz. For higher acoustic pressures above 350 kPa to 

750kPa the maximum shift is found at lower frequencies around 0.5 MHz and 0.75MHz.                  

This shows that the content of nonlinearity in a scattered pulse at 350 kPa and above is concentrated at 

low frequencies.  

6.2.2 Resonance Frequency of the Microbubble for two Different Radius  

The resonance frequency of the bubble is dependent on radius. In this section the results are 

provided for the resonance frequency at bubble radius 2 and 3 micrometers. The resonance for FUN 

and SH frequencies is computed using filtering process.  

 

Figure 6.10 FUN resonance frequency for two different bubble radius (2 and 3 um).  

 

 
 

Figure 6.11 The above graph shows SH resonance frequency for two different bubble radius (2 and 3 um). 
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From figure 6.10 and 6.11 it is observed that as the bubble radius increases the resonance frequency 

shifts to low frequencies. In figure 6.10 the FUN resonance frequency is around 3.5 MHz for 2um 

radius and 1.5 MHz for 3 um. SH resonance frequency is 2.9 MHz or 2 um and 1.5 MHz for 3 um. It is 

also observed that the magnitude of the backscattered signal for 3 um is greater than 2 um. This is 

because scattering cross sectional area is dependent on radius to the power of 6. The same 

phenomenon is observed for SH frequency.    

6.3 Stability of the MicroBubble  
In this section the results for the stability of the bubble at different frequencies and acoustic amplitudes 

are presented. The stability is defined as a number, which is computed from the ratio of maximum and 

minimum bubble radial displacement.  If the stability number is below 5, then the bubble is considered 

as stable. In figure 6.12 the region below red line indicate stability region and we can see as the 

pressure increases the stability decreases which can observed through increasing stability number .   

 

Figure 6.12 The graph shows the stability number at incremental acoustic pressures. The region below the red 

line (< 5) is the stable region.  

In the figure 6.13 and 6.14, results are presented for a simulation set up of two constant driving 

acoustic pressures of 350 and 750 kPa, and each pressure is subjected to varying frequencies from 0.5 

to 10 MHz in the interval of 0.25 MHz 

 

Figure 6.13 The graph shows the stability number for varying frequencies at 350 kPa. The region below the red 

line (<5) is the stable region.  
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Figure 6.14 The graph shows the stability number for varying frequencies at 750 kPa. 

From the results it is clear that the bubble is unstable at low frequencies, but becomes stable as the 

frequency increases.  

6.4 Nonlinear Response from Pulse Inversion Technique  
The results for PI technique at increasing acoustic pressures are given in figure 6.15. In the figure 6.16 

results are shown for varying frequency (0.5: 0.25:10) MHz at a constant pressure 350 kPa which is 

given in figure 6.16.  

PI at varying pressures 

 

 Figure 6.15 The diagram on the left side illustrate the nonlinear response obtain for increasing acoustic 

pressures using PI technique, left side shows the Hilbert envelope peak nonlinear amplitude of PI response for 

different pressures.   

 In figure 6.15, it is clear that as the acoustic pressure increases the PI resultant nonlinearity also 

increases.  
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Figure 6.16 Each peak on the left hand side diagram shows a PI response at different frequencies. Right side 

diagram shows the Hilbert envelope peak amplitude of PI response at different frequencies.   

From figure 6.16,  at the small frequencies the PI response provide more nonlinear signal but as the 

frequencies increases the pair echo becomes more linear so it yield less nonlinearity. In some way the 

results from the bubble stability 6.13 and 6.14 shows some relation to the PI response ion figure 6.16.  
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6.5 Optimization of Pulse Length  

6.5.1 Frequency Dependent Microbubble Nonlinearity at Constant Pulse Length 

Simulation study results of methods section 5.6.1, according to simulation protocol in figure 5.8 are 

provided below. 

 

Figure 6.17 Left side plots show the nonlinear response of the bubble at low frequencies (2 and 3 MHz) at 0.1 

to 0.5 MPa. Right side shows the nonlinear response of the bubble at high frequencies (7 and 8 MHz). 

Figure 6.17, from left side diagram, it is observed that for lower frequencies (2 and 3 MHz), longer 

pulse length (3 cycles) provides more nonlinearity when compared to shorter pulse length (2 cycles).  

On the right side diagram, for higher frequencies (7 and 8 MHz), shorter pulse length (2 cycles) 

provide more nonlinearity than (3 cycles).  
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6.5.2 Comparison between Cadence Contrast Pulse Sequencing and Pulse Inversion  

This section provides the results for CPS and PI technique comparison at different pulse lengths and 

polarities. The simulation study with PI and CPS techniques are performed using pulse sets mentioned 

in chapter 5.4 and 5.5 and with simulation setup protocol mentioned in figure 5.9. 

The below are results obtained from the method section 5.6. 2  

6.5.2.1 Nonlinear response of contrast pulse sequencing-positive CPS (+) for 3 and 2 pulse length  

 

Figure 6.18 illustrates the nonlinear response of CPS (+) for 3 and 2 cycle pulse, and each pulse length is 

subjected to four frequencies. Each frequency is subjected to different (PP) and (AMP) pressures. The figure 

shows the nonlinear response CPS (+) at 3 and 2 cycles.  

In the figure 6.18, (PP) represent pair pulse and (AM P) for amplitude modulated pulse.  Each pulse 

length (3, 2) Cycles is subjected to four frequencies (7, 8, 9, 10) MHz and each frequency is subjected 

to corresponding pressures (PP and AM P).   

In figure 6.18, under each frequency, there are six peaks, where each peak represents nonlinear 

response for one set of (PP and AMP) pressures. Each nonlinear response peak is HT and its peak 

value is calculated from Hilbert envelope. In the figure 6.19 peak values of Hilbert envelop are plotted 

for each frequency when subjected to incremental acoustic pressure from (0.1 to 1) MPa. Each single 

line in graph indicates one frequency and different PP and AM P pressures. Dark lines are used to 

represent pulse length 3 cycles and gray lines indicate 2-cycles results.   
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Figure 6.19 Hilbert envelope peak values for each frequency at different driving pressures amplitudes for CPS 

(+) , 3 and 2 cycles.  

    

In figure 6.18 and 6.19, it is observe that, Pulse length with 2 cycles provide more nonlinear 

contribution than pulse length of 3 cycles. The nonlinear content of the echo received from 2 cycles 

(gray line) provides dominant nonlinearity than 3 cycle (dark line). In the figure 6.19, scaling on x-

axis is assigned according to pair pulse amplitude (0.1 to 1) MPa.  

6.5.2.2 Nonlinear response for Contrast pulse sequencing-negative CPS (-) for 3 and 2 pulse length  

 

 

 

Figure 6.20 illustrates the nonlinear response of CPS (-) for pulse length 3 and 2 cycles. Each pulse length has 

four frequencies and each frequency is subjected to different (PP) and (AMP) pressures. The same procedure is 

repeated for the bar indication on right hand side for 2 cycles.    
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Figure 6.21 Hilbert envelope peak values for each frequency at different driving pressures amplitudes for       

CPS (-), pulse length 3 and 2 cycles   

In CPS (-) pulse length comparison, pulse length 2 cycles shows dominant nonlinearity when 

compared to 3 cycles at all frequencies, according to figure 6.20 and figure 6.21.  

6.5.2.3 Nonlinear response of Pulse inversion (PI) for 3 and 2 pulse length  

While calculating PI the amplitude modulate pulse (AM P) given in figure 5.5 (b) and 5.6 (b) are used 

to compute PI.  

 

Figure 6.22 illustrates the nonlinear response of PI for pulse length of 3 and 2cycles at four frequencies and 

each frequency is subjected to different (AMP) pressures pulse and 180° phase shifted pulse negative pulse. 

The same is repeated for the bar on right hand side with 2 cycles.    
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Figure 6.23 Hilbert envelope peak values for each frequency at different driving pressures amplitudes for PI at 

pulse length 3 and 2 cycles are given  

From figure 6.22 and 6.23, PI at shorter pulse length (2 cycles) shows improved nonlinearity  at all 

frequencies, incomparison to pulse length with 3 cycles.  

6.5.2.4 Comparison between CPS (+) and CPS (-) 

 

 

Figure 6.24 The comparision of CPS (+) and CPS (-), Hilbert envelope peak values for each frequency at different 

driving pressures amplitudes for pulse length 3 cycles. 
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Figure 6.25 The comparision of CPS (+) and CPS (-), Hilbert envelope peak values for each frequency at different 

driving pressures amplitudes for pulse length 2 cycles. 

While comparing CPS(+) and CPS (-), from figure 6.24, it is observed that nonlinear response of  CPS 

(-) dominates CPS(+) at 7 MHz,  while at 8, 9 and 10 MHz CPS(+) provides improved nonlinearity 

over CPS(-).  At pulse length 2 cycles, CPS (+) dominates CPS (-) at all frequencies, this is show in 

figure 6.25.  

6.5.2.5 Comparison between CPS (+) and Pulse inversion 

 
Figure 6.26 The comparision of CPS (+) and PI, Hilbert envelope peak values for each frequency at different 

driving pressures amplitudes for pulse length of 3 cycles. 
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Figure 6.27 The comparision of CPS (+) and PI, Hilbert envelope peak values for each frequency at different 

driving pressures amplitudes for pulse length 2 cycles. 

Figure 6.26 and 6.27 shows the comparison between CSP (+) and PI for pulse length 3 cycles and 2 

cycles. It is clear that PI (gray lines) give enhanced nonlinear response when compared to CPS (+) for 

all frequencies and long and short pulse length.  

6.5.2.6 Compare between CPS (-) and Pulse inversion 

 

 

Figure 6.28 The comparision of CPS (-) and PI, Hilbert envelope peak values for each frequency at different 

driving pressures amplitudes for pulse length 3 cycles. 
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Figure 6.29 Comparison between CPS (-) and PI in terms of peak hilbert envelope calculation for 2 cycles.  

From figure 6.28 and 6.29, for pulse length 3 and 2 cycles PI provides dominant nonlinear response 

when compared to CPS (-) at all frequencies.  
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6.6 Optimization of Mechanical Index for Multi-Pulse Sequencing  
In this section the results for the MIOT- PI and MIOT Cadence CPS technique and the comparison 

between conventional PI and MIOT PI, conventional CPS and MIOT –CPS is provided.  

6.6.1 Optimizing the Mechanical Index for Pulse Inversion Technique  

The simulation results obtained from MIOT PI is compared with conventional PI in figure 6.30.  

 

Figure 6. 30 Two graphs are shown in the figure, solid line indicate MIOT-PI and dotted line for conventional PI.  

It is apparent from the simulation results given in figure 6.30 that MIOT- PI produces enhanced 

nonlinear signal when compared to conventional- PI for all fraction of pulse length below 5 cycles, 

except the integer pulse length values at (1, 2, 3, 4  and 5 cycles). It is also clear that the higher 

enhancement is obtained at the midway between the integer’s values (1.5, 2.5, 3.5 and 4.5 cycles).  But 

the difference between the MI adjusted PI and conventional PI decreases as the pulse length increases, 

this is also can be observed from the figure 6.30.    
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6.6.2 Optimizing the Mechanical Index for Cadence Contrast Pulse Sequencing    

The simulation results obtained from MIOT CPS (+) and CPS (-) are provided in figure 6.31  

 

Figure 6.31 This figure shows two plots where dotted line indicates the MIOT CPS (-) and solid line for CPS (+). 

The results from figure 6.31, illustrate that each, MIOT CPS (+) and MIOT CPS (-) has a particular 

pulse length at which they show dominant enhancement in nonlinear backscatter signal. MIOT CPS (-) 

shows dominant enhancement in between pulse lengths of (1 -2) cycles and (3-4) cycles, it is cyclic 

process, MIOT CPS (+) shows less enhancement at pulse length (1 -2) cycles and (3-4). Coming to 

MIOT CPS (+) it shows dominant enhancement in between pulse length 2-3 cycles and 4-5 cycles, but 

MIOT CPS(-) shows less enhancement at this pulse length. The simulation is conducted between 1 to 

5 cycles.  

   

Figure 6.32 This figure shows two plots where dotted line graph indicates the conventional CPS (-) and solid line 

for CPS (+). 
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Comparison between conventional CPS (+) and MIOT- CPS (+) 

 

Figure 6.33 The graph shows the comparison between MIOT CPS (+) indicated by dotted graph and 

conventional CPS (+) by solid graph.  

From figure 6.33, it is clear that MIOT - CPS (+) gives enhanced nonlinear signal compared to 

conventional CPS (+) at all pulse lengths.  

Comparison between conventional CPS (-) and MIOT- CPS (-) 

 

Figure 6.34 The graph shows the comparison between MIOT CPS (-) indicated by dotted graph and 

conventional CPS (-) by solid graph.  

From figure 6.34 It is clear that MIOT CPS (-) gives enhanced nonlinear signal compared to 

conventional CPS (-) at all pulse lengths  
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                                                                                                                            Chapter 7   

Discussion                                                                                                        

7.1 Comparison between Four Simulation Models  
In this thesis work, I have compared four models used in Bubblesim software. The results show that, 

R-P model provides high response when compared to Modified R– P, Trilling and K-M model 

response, possibly because the R-P model do not include the radial damping, whereas the remaining 

models consider the radial damping.    

From the results it can be seen that Modified R – P model shows a slightly high response with respect 

to the Trilling and K-M models at frequencies between 1.75 and 2.75 MHz. This is due to the Mach 

number term. At higher acoustic pressures and low frequencies in between 1.75 and 2.75 MHz, the 

bubble shell velocity becomes much higher.  As the bubble shell velocity is higher, the inertia caused 

due to the compressibility of the liquid comes in to play, which is a reason for a slightly reduced in the 

response from Trilling and K-M model in comparison to Modified R – P model using the comparison 

inbetween 1.5 to 2.5 MHz.  

7.2 Resonance Frequency of the Microbubble  
The resonance property of the Sonazoid contrast agent was studied using the modified R- P model. 

Resonance frequency is found using scattering echo with two methods, filtering process and FFT 

respectively. In our simulation study, the resonance frequency of the simulated contrast agent FUN 

component (fo) was found at 3.4 MHz and respectively SH resonance frequency (2fo) at 3 MHz for 

acoustic pressures 50 kPa. From the FFT method, FUN resonance frequency was shown at 3.2 MHz 

and SH resonance frequency component at 2.75 MHZ for acoustic pressure amplitude of 50 kPa.  

Commonly, an attenuation spectrum is used to estimate resonance frequency from a volume of the 

contrast bubbles. The attenuation spectrum for Sonazoid was measured in order to find the resonance 

frequency by Lars Hoff (Hoff 2001), in this study the peak attenuation was found at 4.2 MHz, which is 

considered as the resonance frequency of Sonazoid. As discussed above filtering process results, the 

resonance frequency of the Sonazoid contrast agent FUN component (fo) is at 3.4 MHz and for FFT 

FUN at 3.2 MHz, SH (2fo) for filtering process occurs at 3 MHz and FFT method at 2.75 MHz. It can 

be observed from the results that the resonance frequency for two frequency components, FUN and 

SH occur at different frequencies. Our finding can results in a new insonating frequency optimization 

technique, where the microbubble can be insonated at a frequency close to SH resonance frequency, 

i.e. at 2.75 or 3 MHz instead of 4.2 MHz which is resonance of microbubble. By insonating the bubble 

at harmonic resonance can improve the bubble harmonic response which results in enhancing the 

visualization of carotid plaques, increasing the accuracy of quantification techniques such as time 

intensity curve or c-IMT. In the future studies it will be interesting to test this method invitro and also 

investigate the frequencies at which the resonance of sub, ultra and higher harmonics occur and also 

combine our finding with SURF or chirp or heterodyne insonation strategies to insonate the contrast 

agent at dual resonance frequency like ((2
nd

 and 3
rd

 –harmonics) or (ultra – second –harmonics) or 

(sub- ultra-harmonics) ect ) .      

Our simulations results showed that as the acoustic pressure increase the resonance frequency of the 

FUN and SH, the amplitude increases for both methods. This study is in good correspondence with the 

simulation study made by Andersen KS and Jensen JA. They showed that the magnitude of FUN and 

SH components increases with increase in insonation pressure (Andersen and Jensen 2009). It is also 
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shown by an experimental study that FUN and SH components increase with the increase in acoustic 

pressure amplitude (Shi and Forsberg 2000).  This study can also be correlated with studies made by 

Chen Q et.al, where they performed experimental and simulation studies and concluded from their 

experimental results that attenuation increases with increase in acoustic pressure and from simulation 

study they showed that harmonic signal increases with acoustic pressure (Chen, Zagzebski 2002).  

As the acoustic pressure amplitude increases the resonance frequency is shifted to the lower 

frequencies and this was found in both the methods. Other studies have showed that as the acoustic 

pressure increases the attenuation spectrum of the microbubble shift to lower frequencies (Chen, 

Zagzebski 2002, Hoff 2001) and our study showed good accordance with these studies.  

It was also observed that as the driving pressure increases above 350 kPa, the magnitude of the FUN 

and SH components starts to increase at low frequencies (0.5 to 1.25 MHz) and for pressure 

amplitudes (>450 kPa) this increment becomes much steep and strong. This effect was found in both 

filtered method and FFT method, but it appears to be significantly in FFT method.  

In order to cross check this effect, SC method was calculate. The SC results shows accordance with 

the results provided from the FFT and filter method. From the filter and FFT results, at pressure below 

350 kPa the dominant energy is present around resonance frequency, the SC provides maximum shift 

around 2 MHz. These results are in some sort of agreement that the FUN and SH energy is not close to 

low frequencies (below 2MHz) instead it is around to resonance for pressures below 350 kPa.  As the 

acoustic pressure amplitude increases the magnitude of the FUN and SH component starts to increase 

at low frequencies, this is observed from filter and more pronounced in FFT results, when these results 

are compared with SC, it was observed that SC shows large shift at lower frequencies. For higher 

acoustic pressure SC and FFT, filtering results are similar.  

The FFT and Filtered results are not same as SC result because SC considers the complete spectral 

distribution, which comprises of all harmonics and FUN frequency components but filtering and FFT 

process depends on FUN and SH components to find resonance.  

The results obtained from FFT and filtering are not very much similar because of band width and 

cutoff frequency issues in filtering process.     

Resonance frequency for two different bubbles size 

The resonance frequency is inversely proportional to radius of the bubble according to Eq-2.1, 2.2, the 

same relation was observed in our simulation study. As the microbubble size increases the resonance 

frequency decreases to lower frequencies, this is observed in both FUN and SH resonance frequency, 

but at the same time the amplitudes of backscattered signal from 3 µm bubble shows large magnitudes 

greater than 2 µm, where, backscattering cross-sectional depends predominantly on the radius (r) to 

the power of six.  

7.3 Stability of the Microbubble  

Stability of the microbubble is an important factor to be considered while using CEUS, because 

preserving the bubble for complete diagnostic duration is important for the purpose of visualization 

carotid plaques. The bubble moves slow in neovascularization in the plaques, where preserving them 

become important in quantifying the density of the vessels and also for targeted therapeutic 

applications. In the below part, discussion about bubble stability with respect to acoustic pressure and 

frequency are given.    
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While dealing with bubble stability for varying acoustic pressure, it was shown in figure 6.12 that as 

the acoustic pressure increases, the ratio between the maximum and minimum radius increases.  For 

acoustic pressure below 0.8 MPa the ratio is within the stable region (< 5), but after 0.8 MPa the 

microbubble slowly starts to drift away from the stable region (>5).   

Coming to bubble stability and varying frequency from figure 6.13 and 6.14 it is apparent that at lower 

frequencies the microbubble is unstable, but gradually it becomes stable with increase in frequency.  

Important thing to be noted is the instability region of the microbubble increases with acoustic 

pressure; this can be observed from figure 6.13, where the bubble becomes stable after 1.5 MHz, when 

insonated with acoustic pressure of 350 kPa, but at 750 kPa the bubble become stable at 1.9 MHz, 

which can be considered as a shift in the stability region.  

Noticeable, at high frequency the bubble is very stable, and therefore we have an advantage of 

increasing the acoustic pressure in this region such that the contrast is improved and at the same time 

bubble is stable (<5).  

This is in accordance with the study made by Hoff L using Plesset-Mitchell stability criteria, where he 

showed that the ratio of maximum radial displacement to the minimum radial displacement,  increases 

as the driving acoustic pressure increases (Hoff 2001).  

7.4 Nonlinear response from Pulse Inversion technique 

It is well understood that, as the insonating acoustic pressure increases, the microbubble emits a high 

energy echo in terms of harmonic and fundamental. The same principle is used here with the PI 

technique to see how nonlinear content vary in the scattering pulse. From the figure 6.15, it was shown 

that as the acoustic pressure increases, the PI nonlinear response increases nonlinearly. These results 

are in accordance with the study made by Hoff L. In a study made by Lars Hoff, showed that as the 

acoustic pressure increases the nonlinear response amplitude of the microbubble increases, he also 

provided excellent elaborative description of each individual pulse nonlinear contribution and their 

resultant summation response using power spectrum (Hoff 2001).  

The pulse inversion nonlinear response was also observed at different frequency, from 0.5 to 10 MHz 

and at 350 kPa. From figure 6.16 it is observed that at low frequencies the nonlinear contribution from 

the microbubble is high and as the frequency increase the nonlinearity decreases.  

7.5 Optimization of Pulse Length  

7.5.1 Frequency Dependent Microbubble Nonlinearity at Constant Pulse Length  

It was observed that at higher frequency a shorter pulse length improves the nonlinear content and 

for low frequencies large pulse length produce more nonlinearity. While performing high frequency 

contrast imaging (visualization of carotid plaques), from our study we state that shorter pulses can be 

advantageous than long pulse.  

7.5.2 Comparison between Cadence Contrast Pulse Sequencing and Pulse Inversion 

The effect of pulse length and polarity over CPS (+), CPS (-) and PI are provided using a comparison 

study.  Here a short discussion on the results obtained from comparison between CPS (+) for different 

pulse lengths, comparison CPS (-) for different pulse lengths, compare CPS (+) and CPS (-) at 

different pulse lengths, comparison between CPS (+) and PI and comparison between CPS (-) and PI 

are provided below:   
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1) While comparing CPS (+) for two different pulse lengths (2 and 3 cycles), it was observed that 

CPS (+) at pulse length 2 cycles provide large nonlinear response than 3 cycles. According 

section 6.5.1 it was observed that for high frequencies short pulse length can be effective in 

yielding more nonlinear response.   

2) While comparing CPS (-) for two different pulse lengths (2 and 3 cycles), it was observed that 

pulse length 2 cycles provides improved nonlinearity than 3 cycles at all frequencies. These 

results are in good accordance with the study made in 6.5.21. 

3) When PI is compared for 3 and 2 cycles, it was observed that the shorter pulse provides more 

nonlinearity than longer pulse at all frequencies. 

4)  While comparing CPS (+) and CPS (-) for 2 and 3 cycles.  At 3 cycles,    CPS (-) shows a 

dominant nonlinearity when compared to CPS (+) at 7 MHz, but at frequencies 8, 9 and 10 

MHz, CPS (+) shows dominant nonlinearity when compared to CPS (-). For pulse length 2 

cycles CPS (+) provides dominant nonlinearity over CPS (-) for all frequencies, this can be 

explained as CPS (+) contains two pulse pair and AM negative pulse.  It was proposed in the 

study made by Morgen K et al. that when a bubble is subjected to a rarefaction wave followed 

by a compression wave produces a significant increase in the sound emitted by the bubble then 

first subject to a compression wave (Morgan, Averkiou 1998, Reddy and Szeri 2002). The 

AM negative pulse might be the reason for CPS (+) dominance over CPS (-) for both pulse 

lengths. It is observed that the nonlinearity produced by AM pulse is greater than the 

nonlinearity obtained from pulse pair combination.     

5)    While comparing PI and CPS (+), PI and CPS (-), it was observed that PI dominated CPS 

(+) at all frequencies and fro two pulse length. It is also apparent that PI is dominating CSP (-) 

at all frequencies and pulse lengths. This is due to the fact that nonlinearity increases with 

pressure in nonlinear fashion. It is observed that the nonlinearity produced by AM pulse is 

greater than the nonlinearity obtained from pulse pair combination. 

 

7.6 Optimization of Mechanical Index for Multi-Pulse Sequencing 

7.6.1 Optimization of Mechanical Index for Pulse Inversion Technique 

In this method it is observed that MIOT PI shows enhanced nonlinearity when compared to 

conventional PI at fraction of pulse length. The large difference in nonlinearity between the 

conventional and MIOT PI is found at half multiples of pulse lengths. This is due the fact that, the 

major difference between peak negative pressure difference in the PI pulse sequence is found at half 

multiples of pulse lengths, where MI optimization is maximum. This technique can be of particular 

importance when the peak negative pressure difference between the pulses of different polarities in a 

multi pulse sequences is high. 

This method provides enhanced nonlinear content at lower pulse lengths, as the pulse length increases 

(<5) the different between the conventional PI and MIOT PI decreases due to decrease in PNP 

difference in pulse sequence.  

Limitation with this method is at complete pulse length cycles i.e.  (1, 2, 3, 4 cycles) this method 

provides no enhancement over conventional PI.    

7.6.2 Optimization of Mechanical Index for Cadence Contrast Pulse Sequencing    

MIOT CPS is performed in two ways, CPS (+) and CPS (-). It was observed that, MIOT CPS (+) and 

MIOT CPS (-) has a particular pulse length at which they show dominant enhancement in nonlinear 
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backscatter signal.  MIOT CPS (-) shows dominant enhancement in between pulse lengths of (1 -2) 

cycles and (3-4) cycles, it is cyclic process, it is observed that at pulse length (1 -2) cycles and (3-4) 

cycles MIOT CPS (+) shows less enhancement. In MIOT CPS (+) it shows dominant enhancement in 

between pulse length 2-3 cycles and 4-5 cycles, but MIOT CPS (-) shows less enhancement at this 

pulse length.  

This cyclic pattern in enhancement is due to PNP difference between the pulse pair and AM pulse.  

MIOP CPS (+) shows the dominant enhancement in between pulse 2-3 cycles and 4-5 cycles, at this 

pulse lengths the PNP difference between the pulse pair and AM pulse is large,  so it need a large MI 

optimization, this is the reason why enhanced nonlinearity is found in this pulse lengths. At pulse 

lengths 2-3 and 4-5 cycles CPS (-) show low enhancement due less PNP difference between the pulse 

pair and AM pulse is small. Similarly, CPS (-) shows dominant enhancement in between pulse lengths 

of (1 -2) cycles and (3-4) cycles, because at this pulse lengths the PNP pressure difference between 

pulse pair and AM pulse is large, but at this pulse lengths CPS (+) show less enhancement due to  less 

PNP difference between the pulse pair and AM pulse.  

When compared the conventional CPS (+) and CPS (-) technique MIOP CPS (+) and MIOP CPS (-) 

provided much enhanced nonlinear response at all pulse lengths. This also overcome the limitation 

faced by MIOT PI where the at complete pulse length MIOT PI and conventional PI show no 

difference but MIOT CPS (+) and CPS (-) always show improved nonlinear component at all pulse 

lengths over conventions CPS (+) and CPS (-).  
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Conclusion 
Understanding the resonance behavior of contrast bubble is important while performing contrast 

enhanced ultrasound imaging. The resonance frequency of the Sonazoid contrast agent is given as 

4.2MHz, according to attenuation spectrum (Hoff 2001). In our simulation study, it was shown that 

the resonance frequency of the bubble is not similar to the resonance frequency of fundamental or 

second harmonics component. The resonance frequency of second harmonics is 2.75 according to the 

FFT method and 3 MHz from the filtered method and is less than the resonance of the bubble, 

estimated by attenuation spectra be around 4.2 MHz. This leads to a new insonation frequency 

optimization where by insonating the contrast agent at second harmonic resonance frequency gives 

rise to nonlinear improvement instead of resonance frequency of the bubble. As the acoustic 

insonation pressure increases (> 300 kPa), a considerable nonlinear micro bubble resonance behavior 

is observed at low frequencies (0.5 and 0.75 MHz).This needs further invitro studies to confirm this 

behavior before it can be exploited to further improve dual frequency insonation techniques such as 

SURF or Heterodyne or Chirp.   

Improving the High frequency CEUS imaging for visualization of microbubbles in neovascularization 

can be improved by insonating the UCA with a shorter pulse length. The simulation study shows that 

the PI technique will result in a higher nonlinear contribution from the CA compared to CPS (+) or CPS 

(-).   

Optimizing the pulse sequencing strategy it was shown that in a computational model MIOT-PI 

provided enhanced contrast bubble response in comparison to conventional PI at fractions of 

complete pulse cycles up to 5 cycles. MIOT-CPS (+) and MIOT – CPS (-) provides enhanced contrast 

bubble nonlinearity response when compared to conventional CPS (+) and CPS (-) at all pulse lengths 

below 5 cycles.   
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Future interest   
Despite of lot of research contribution in the field of CEUS imaging and some research contribution 

from this thesis work, still there are many challenges which are yet to be uncovered. After working 

for six months in this thesis project and with the knowledge I acquired, I found that these are some 

of the areas which I would like to work in future.      

1) Perform the vitro studies with simulation protocols described in the methods section and 

check the simulation results with vitro studies for three optimization methods.  

2) Develop novel insonation strategies for improving the Enhanced contrast Ultrasound 

imaging.   

3) Designing Mathematical model for target contrast agents.   

4) Develop simulator for multiple bubbles response.  
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