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Abstract 

Each year, over 13,000 people in the United States die from a primary malignant 

brain tumor.  Currently, primary BTs are treated most commonly by surgery, 

radiotherapy, and systemic chemotherapy, though each of these methods carries a risk 

of complications or acute side effects.  

Ultrasound hyperthermia has been investigated as way to open the blood-brain 

barrier for improved chemotherapeutic drug delivery, but previous methods have 

involved either invasively removing skull bone via surgery or non-invasively dealing 

with the high ultrasound attenuation, reflection, and phase aberration resulting from the 

skull and its variable thickness.  Dual-mode ultrasound transducers for image-guided 

therapy have also been investigated for several applications; in some instances, phased 

arrays are ideal, allowing control over the ultrasound energy deposition pattern and 

inherent spatial registration between imaging, treatment, and monitoring. 

Additionally, thermosensitive liposomes can be configured to encapsulate drugs 

and actively target regions of tumor angiogenesis.  When used in combination with 

localized hyperthermia, thermosensitive liposomes can provide targeted control of drug 

release that may enhance chemotherapeutic efficacy in many clinical settings.  

Meanwhile, catheter devices and endovascular techniques are used by interventional 

neuroradiologists to treat various intracranial diseases, including intracranial aneurysm 
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and dural venous sinus thrombosis.   These procedures can be extended to the treatment 

of intracranial tumors (advancement of a 5 Fr catheter as far as the frontal portion of the 

superior sagittal sinus has been demonstrated). 

The objective of the work presented in this dissertation was the realization of a 

dual-mode catheter transducer for a minimally-invasive, vascular approach to deliver 

localized, image-guided ultrasound hyperthermia to an intracranial tumor target.  

Toward this end, a series of prototype ultrasound transducers were designed, simulated, 

built, and tested for imaging and therapeutic potential.   

Two 14-Fr phased-array prototypes were built with PZT-5H ceramic and tested 

for real-time 3D intracranial imaging and focused-beam hyperthermia capability.  These 

were able to visualize the lateral ventricles and Circle of Willis in a canine model, and 

generate a temperature rise over 4°C at a 2-cm focal distance in excised tissue. 

Single-channel intravascular ultrasound (IVUS) coronary imaging catheters as 

small as 3.5 Fr were then considered as a construction template; several possible 

transducer apertures were simulated before fabricating prototypes with PZT-4.  The 

transducers exhibited a dual-frequency response, due to the presence of thickness-mode 

and width-mode resonances.  A thermal model was developed to estimate the +4°C 

thermal penetration depth for a given transducer aperture, predicting an effective 

therapeutic range of up to 12 mm with a 5 × 0.5 mm aperture.   
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A 3.5-Fr commercial mechanical IVUS catheter was retrofitted with a PZT-4 

transducer and tested for 9-MHz imaging performance in several animal studies, 

successfully visualizing anatomical structures in the brain and navigating a minimally-

invasive vascular pathway toward the brain.  An identical PZT-4 transducer was used to 

build a 3.3-MHz therapy prototype, which produced a temperature rise of +13.5°C at a 

depth of 1.5 mm in live xenograft brain tumor tissue in the mouse model. 

These studies indicate that a minimally-invasive catheter transducer can be made 

capable of visualizing brain structures and generating localized hyperthermia to trigger 

drug release from thermosensitive liposomes in brain tumor tissue. 
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1. Introduction  

The long-term goal of this research is the development of a minimally-invasive, 

endovascular approach to administering localized, image-guided, ultrasound-induced 

hyperthermia in the brain.  This localized delivery of hyperthermia would provide 

blood-brain barrier opening and targeted control of drug release from thermosensitive 

liposomes, which would enhance chemotherapeutic drug delivery to malignant brain 

tumors.   

 

1.1 Background 

 

1.1.1 Brain Tumors 

The American Cancer Society estimates that in the United States, over 22,000 new 

cases of primary malignant brain and central nervous system (CNS) tumors were 

diagnosed in 2009, and 13,000 people died from this condition—comprising just over 2% 

of all cancer deaths [1].  The Central Brain Tumor Registry of the United States estimates 

that in the year 2000, more than 81,000 people in the U.S. were living with a primary 

malignant brain/CNS tumor diagnosis [2].  Worldwide, in 2002, there were an estimated 

189,485 people diagnosed with a primary malignant brain/CNS tumor, and 141,650 

related deaths [3].  The median age of diagnosis for all primary brain tumors (BTs) is 57 
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years, and only about one-half of patients with primary malignant brain tumors survive 

one year after diagnosis [2, 4]. 

Brain tumor type is almost always established by histological examination, with 

the pathological diagnosis of the tumor consisting of a classification and a grade—

classification referring to the assignment of a tumor type, and grade providing an 

estimate of malignancy [5].  The commonly used World Health Organization (WHO) 

classification system assigns a grade of I (biologically benign) to IV (highly malignant) to 

each lesion [6].  Approximately 95% of all CNS tumors are intracranial, and there are 

several types and subtypes of BTs; meningiomas (32%) and gliomas (36%) are the most 

common types of primary BTs by histology [2, 7].  An estimated 94% of meningiomas 

are benign, whereas gliomas are much more commonly malignant [8].   

Malignant gliomas account for 81% of all malignant primary brain/CNS tumors, 

and 51% of gliomas are of the WHO grade IV subtype glioblastoma multiforme (GBM), 

the most common intracranial neoplasm: a diffusely infiltrating and highly 

heterogeneous tumor with areas of vascular proliferation and/or necrosis, which spreads 

rapidly and is poorly differentiated from surrounding tissue [2, 6, 9].  The median 

survival time for GBM patients is 14 months, and only 5% survive 5 years [7, 10]. 

Currently, primary BTs are most commonly treated by surgery, radiotherapy, 

and chemotherapy [11].  The main goals of surgery are to provide an accurate 

histological diagnosis and to reduce mass effect [12].  Surgical options range from 



 

3 

stereotactic biopsy, subtotal resection, and, in selected cases, aggressive surgical 

resection, but surgery cannot cure most gliomas, which most commonly (in 65% of 

cases) occur in the white matter of the cerebral hemispheres [2, 5, 7].  With the exception 

of few subtypes, gliomas have the reputation to recur always—total resection is often 

not practicable, and tumors likely recur from residual disease which cannot be 

controlled by postoperative radiotherapy [11].   

For GBMs, the median survival after surgical intervention alone is 6 months, 

with only 7.5% of patients surviving for 2 years; while systemic chemotherapy has been 

minimally effective, the addition of radiation therapy has extended the median survival 

to 9 months [13, 14].  Surgery carries inherent risks, such as cardiac, pulmonary, and 

metabolic disturbances, bleeding diatheses, infections, et cetera [5].  Complications 

associated with surgery can be systemic (e.g. deep vein thrombosis, pneumonia), 

regional (e.g. cerebrospinal fistula, hydrocephalus, meningitis), or neurological (e.g. 

motor, sensory, language, or visual deficits caused by direct brain injury, brain edema, 

vascular injury, hematoma), and the overall complication rate associated with 

craniotomy for intrinsic BTs ranges from 25% to 35% [15-17]. 

Radiation effects are manifested as cell attrition because of apoptosis or 

reproductive cell death as a result of radiation-induced DNA damage.  The acute side 

effects of radiation (e.g. hair loss, nausea, swelling) usually subside within 4 to 6 weeks 

post radiation.  The efficacy of radiation is predicated on the delivery of an adequate 
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dose of radiation to a target of interest within the brain, while minimizing the effective 

dose to uninvolved brain tissue and other critical structures surrounding the target.  

Innovations in treatment delivery, including accurate patient immobilization, imaging-

based target definition, and precise beam shaping with dynamic intensity modulation 

allow the delivered radiation dose to be better conformed to the target of interest [5].  

Fractionated stereotactic conformal external beam radiotherapy is now in routine clinical 

use [18].  However, despite the several positive effects of radiotherapy, there is a 

reasonable consensus of strong increased risk of intracranial tumors following 

therapeutic ionizing radiation [19, 20]. 

Chemotherapy may be given systemically by mouth or intravenously, or drugs 

may be given more locally by intra-arterial injection into a tumor cavity or directly into 

the tumor by an interstitial route [5].  The major challenge to effectively delivering drugs 

to CNS tumors is achieving a high drug concentration within the tumor bed by 

overcoming the physiological blood-brain barrier, the dynamic interface that protects 

the brain and also actively extrudes drugs from the brain through active drug efflux 

transporters [9]. 

 

1.1.2 Blood-brain Barrier & Hyperthermia 

The blood-brain barrier (BBB) is an obstruction to pharmacological agents, 

providing a protected environment for the functioning of the brain, spinal cord, and 
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intradural nerve roots.  The BBB is characterized by tight junctions between endothelial 

cells which create a highly selective membrane, covering the luminal surface of greater 

than 99% of brain capillaries [21-24].  The BBB serves to restrict the free exchange of 

nutrients and water-soluble substances between the blood and the CNS, selectively 

transport specific molecules across the endothelium, and modify or metabolize certain 

substances in the blood, CNS, or both [21]. 

Water-soluble agents with a molecular weight of 180 Daltons or more are 

effectively excluded by the BBB, and most chemotherapeutic agents have a mass 

between 120 and 1200 Daltons.  The BBB is frequently abnormal within BTs, but it 

remains sufficiently intact to prevent diffusion of chemotherapeutic agents in effective 

concentrations into the tumor [25, 26].  Because it poses such an impediment to 

successful treatment of BTs by means of systemic chemotherapy, the BBB has hindered 

the development of new neurotherapeutics [5, 27].   

Efforts to circumvent these problems and aid drug delivery by transiently 

opening the BBB to therapeutic agents began in the early 1970s [28].  BBB disruption 

must be transient and reversible; rapid closure of the barrier after disruption effectively 

traps drug within the tissue.  High-intensity focused ultrasound (HIFU) and ultrasound-

induced local hyperthermia have been studied as methods for achieving this effect [25, 

29-32].  Efforts to develop trans-cranial, image-guided focused ultrasound systems for 

thermal ablation of brain tumors have shown encouraging results; however, these 
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studies, as well as the aforementioned BBB disruption experiments, have concerns 

associated with the skull—either a highly invasive approach is taken, where the skull 

bone must be removed prior to sonication, or a noninvasive approach is taken, where 

the high ultrasound attenuation and reflection from the bone is accepted and the phase 

aberration from the skull’s variable thickness is either managed or corrected [33-37].  The 

use of low-pressure ultrasound (e.g. peak negative pressure amplitudes of 0.4-1.5 MPa) 

at low diagnostic frequencies (0.26-2.04 MHz), in conjunction with microbubble contrast 

agent such as Optison or Definity, has also been shown to achieve localized BBB 

disruption [38-40]. 

Hyperthermia is considered to be any temperature at or above 40°C [41].  Mild 

hyperthermia (41°C) using ultrasound (20 min, 0.4 W/cm2) has been shown to reversibly 

enhance passive diffusion of hydrophobic drugs through microvessel endothelial cell 

monolayers, allowing the drugs to bypass efflux transporters and demonstrating the 

ability to permeate the BBB [42].  In addition, a thermosensitive liposome containing the 

cancer drug doxorubicin has been shown to release 100% of contents through stabilized 

membrane pores within 10-20 seconds at 41°C [43]. 

Heat is generated by ultrasound absorption in proportion to the intensity of the 

acoustic wave.  Using a monochromatic plane wave approximation, intensity (I, in 

W/cm2) is the time-averaged rate of energy transmission through a unit area normal to 

the direction of propagation [44]: 



 

7 

 
c

p
dttp

Tc
I

o

T

o ρρ 2
)(

11 2
0

0

2

0

0

== ∫  (1) 

where ρo is the equilibrium tissue density, c is the speed of sound in tissue, T0 is the 

period of the wave, and p is the acoustic pressure function, with amplitude p0.  Tissue 

attenuation (α, in Np/cm) reduces the total intensity reaching the transducer focus by 

absorption and scattering of the sound along the propagation path.  For a plane wave, 

the loss in intensity with propagation distance (z) through an attenuating medium can 

be approximated by [45]:  

 )2exp(0 zII α−⋅=  (2) 

where I0 is the temporal-average, spatial-average intensity at the transducer-tissue 

interface and α is empirically determined for different tissues and frequencies.  If the 

tissue medium is uniform, the time averaged rate of heat production per unit volume (in 

W/cm3) by an ultrasonic field is [45, 46]:  

 )2exp(22 0 zIIqv ααα −==  (3) 

This result may be used in calculations of heat transport and temperature rise (T) 

in perfused media using Pennes’ bio-heat transfer equation [45, 47, 48]: 

 mdbbo ppTCWTK
dt

dT
C ++−∇= 2ρ  (4) 

where C is the specific heat of the tissue, K is the thermal conductivity, Wb is the blood 

perfusion rate of the tissue, Cb is the specific heat of the blood, pd is the power deposition 

per unit volume of tissue (equivalent to qv), and pm is the power deposition per unit 
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volume of tissue by the metabolic process (usually considered negligible).  The bio-heat 

equation expresses the time derivative of temperature equal to the sum of a conductive 

term, a perfusion term, and a heat source term. 

 

1.1.3 Targeted Contrast Agents & Thermosensitive Li posomes 

The development of microbubble ultrasound contrast agents (UCAs) and 

thermosensitive liposomes for targeted imaging and targeted drug delivery is 

proceeding rapidly.  Microbubble UCAs are blood pool agents, mean size of 0.1-2 

microns, administered via intravenous injection such that only 0.1 mL increases the 

signal of blood vessels by over a factor of 10, enabling detection of capillary-sized 

vessels.  The contrast microbubbles are used clinically in cardiac exams and in 

experimental perfusion studies of kidney, transcranial brain, and liver, and blood flow 

measurements of breast, prostate, and liver tumors [49, 50].  UCAs offer the advantage 

of portable, inexpensive, real-time use without ionizing radiation, and are thus ideal for 

serial studies as in treatment monitoring.  In addition, UCAs may be used with 

ultrasound as a method of opening the BBB: studies suggest that mechanical 

oscillation—with no inertial cavitation or blood cell extravasation—of microbubbles in 

capillary vessels leads to mechanical stretching of the vessels and opening of the BBB, 

with no thermal effects required [51, 52]. 
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Liposomes are membrane-enclosed vesicles composed of a lipid bilayer shell 

(which can trap hydrophobic and amphipathic drugs) surrounding an aqueous core 

(which can encapsulate hydrophilic drugs), with a diameter typically near 100 nm [53].  

Liposomes are readily conjugated to antibodies or other adhesion ligands, and UCAs 

can also be chemically modified to enable active targeting of tumor angiogenesis; for 

example, ultrasound molecular imaging of tumor angiogenesis in a rat after intravenous 

injection of microbubbles targeted to αvβ3 integrins has demonstrated enhancement of a 

primary glioblastoma and a small metastasis [54].  Hybrid drug delivery vehicles, 

conjugating liposomes and microbubbles, are also under investigation [53]. 

Thermosensitive liposomes containing the cancer drug doxorubicin have been 

shown to quickly release their contents when the surrounding temperature is raised to 

41°C, or 4°C above normal body temperature [43].  Therefore, thermosensitive 

liposomes, in combination with local hyperthermia (which may be created and directed 

by ultrasound), provide targeted control of drug release that may augment 

chemotherapeutic efficacy in many clinical settings [43, 55]. 

 

1.1.4 Endovascular Neuroradiology Techniques 

Minimally-invasive endovascular techniques for treatment of various intracranial 

diseases, including arteriovenous malformation, intracranial aneurysm, and dural 

venous sinus thrombosis, have been used in the field of interventional neuroradiology, 
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and these procedures can be extended to the treatment of intracranial tumors [26, 56].  

Embolization of a tumor can be performed to block its arterial blood supply, usually 

temporarily for presurgical aid (less commonly as indefinite treatment), by filling the 

precapillary intratumoral arterioles with particulate agents followed by occlusion of the 

significant tumoral supply vessels [56].   

 

Figure 1. Catheter pathway affording intracranial access to the brain volume via dural 

venous sinuses. 

For treatment of cerebral venous thrombotic disease, a 7 Fr to 9 Fr introducer 

sheath or guide catheter may be used for access, usually via a transfemoral approach or 

direct retrograde internal jugular stick, and a 5 Fr catheter may be inserted as far as the 
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frontal portion of the superior sagittal sinus [26, 56, 57].  Figure 1 shows this catheter 

pathway, which provides minimally-invasive intracranial access to virtually the entire 

brain volume for a flexible, 5 Fr ultrasound catheter.  Case reports detailing the use of 

catheter devices in the dural venous sinuses to treat thrombosis (by urokinase infusion 

or rheolytic thrombectomy) demonstrate the feasibility of this approach [57-62].  A 

flexible catheter device as small as 3.5 Fr would be preferable, however, to enable 

placement in smaller vessels in closer proximity to a tumor, and to achieve access to the 

brain volume via the arterial system as well. 

 

1.1.5 Intravascular Ultrasound  

Intravascular ultrasound (IVUS) imaging was developed to provide detailed, 

high-quality tomographic visualization of the coronary vessels in vivo [63, 64].  IVUS 

technology allows the qualitative assessment and precise quantitative measurement of 

the lumen and layers of the arterial wall, as well as atherosclerotic plaque morphology 

(presence of calcification, lipid pools, fibrous tissue), at the site of stenosis [65, 66].  IVUS 

has also been used to guide stent deployment because it provides an accurate 

description of coronary plaque before, during, and after interventional procedures [67].   

Due to the fact that the typical lumen diameter in the coronary arteries is on the 

order of 2 to 3 mm and layers of the arterial wall may be less than 300 μm thick, 

mechanical IVUS catheters commonly make use of a single rotating piezoelectric crystal 
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(in the range of 20-40 MHz) within a sheath typically less than 4 Fr [64, 68, 69].  IVUS 

imaging requires a transducer with surface area less than a few square millimeters, and 

the transducer must be electrically matched to the coaxial line and pulser-receiver 

system [68].  Recent studies have investigated the use of IVUS catheters in therapeutic 

applications involving microbubbles [70, 71]. 

 

1.1.6 Dual-mode Transducers 

Dual-mode ultrasound devices for image-guided therapy have been designed 

and implemented for several thermal applications, including treatment of cardiac 

arrhythmias [72] and tumors of the liver [73, 74], breast [75], biliary ducts [76], and 

prostate [77].  These have been developed with a catheter, endoscope, or extracorporeal 

approach, using either a single element or phased array for therapy—phased arrays 

allow for the most control over the energy deposition pattern of ultrasound [78].   

Ultrasound is an attractive modality for guidance, treatment, and monitoring 

because of its potential for inherent spatial registration between functions, as well as its 

low cost, portability, and high frame rate [75, 76, 79].  As an example, miniaturized 

linear arrays, using a 2.3 mm × 49 mm aperture at 3.1 MHz, have been developed for 

minimally invasive interstitial thermal treatment and imaging of liver tissue [73]. 
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1.2 Objective 

The objective of this research is the realization of a dual-mode catheter 

transducer for a minimally-invasive, vascular approach to deliver localized, image-

guided ultrasound hyperthermia to an intracranial tumor target.  Ultrasound images 

acquired by the catheter can provide visualization of the tumor and confirmation of 

proper catheter placement, as well as a reference coordinate system to be used for 

guidance of the directed therapy beam.  This localized delivery of hyperthermia can 

provide opening of the blood-brain barrier and targeted control of chemotherapeutic 

drug release from thermosensitive liposomes, which would enhance chemotherapeutic 

drug delivery to malignant brain tumors. 

 

1.3 Summary of Chapters 

Chapter 2 describes experiments conducted to determine the feasibility of a 14-Fr 

intracranial catheter transducer with dual-mode capability of real-time 3D (RT3D) 

imaging and ultrasound hyperthermia.  A 50-element linear array (17 mm × 3.1 mm 

aperture) transducer was used with a Volumetrics diagnostic scanner and custom 

electrical impedance matching circuits to produce a temperature rise of at least 4°C in 

excised pork muscle.  Also, a 14-Fr integrated matrix and linear array (total aperture 

size: 8.4 mm × 2.3 mm) catheter transducer prototype for combined RT3D imaging and 

heating capability was designed, fabricated, and tested for imaging performance and 
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therapeutic potential in phantoms and in an in vivo canine brain model.  To our 

knowledge, the results show the first use of an intracranial catheter probe to acquire 

ultrasound images of the brain (see Figure 2).  This work was published in Ultrasonic 

Imaging under the title “Dual-mode Intracranial Catheter Integrating 3D Ultrasound 

Imaging & Hyperthermia for Neuro-oncology: Feasibility Study” [80]. 

 

Figure 2. Intracranial 3D Doppler data acquired with prototype ultrasound catheter, 

showing the Circle of Willis in the axial plane of the pyramidal scan volume. 

Chapter 3 describes an investigation of various dual-mode transducer apertures 

for integration into a flexible, 3.5-Fr mechanical IVUS catheter.  Beam plots and on-axis 

tissue-heating profiles were simulated for apertures measuring: 0.7 mm in diameter, 0.35 

× 0.35 mm, and 5 × 0.5 mm.  Test transducers were fabricated with PZT-4, and the 

electrical impedance, impulse response, frequency response, maximum intensity, and 

mechanical index of each were measured to assess performance.  This work was 
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published in IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control under 

the title “Dual-mode IVUS Catheter for Intracranial Image-Guided Hyperthermia: 

Feasibility Study” [81]. 

 

Figure 3. Thermocouple data in human glioblastoma xenograft tumor, showing 

sequential temperature rises of 13.5°C, 6.8°C, and 3.0°C after 60 seconds of on-time for 

power levels of 700, 350, and 175 mW, respectively. 

Chapter 4 describes the design, fabrication, and testing of a dual-frequency, 5 × 

0.5 × 0.22 mm PZT-4 transducer in two prototypes.  One prototype was designed for 9-

MHz imaging, using the PZT-4 transducer to retrofit a commercial 3.5-Fr IVUS catheter; 

the other prototype was built for the purpose of 3.3-MHz continuous-wave therapeutic 

insonification.  The imaging catheter was used to visualize the post-mortem ovine brain 

and attempt vascular access to an in vivo porcine brain.  The therapy prototype was used 

on a human glioblastoma xenograft tumor grown in the flank of a nude mouse, to 

determine a range of achievable temperatures in the tissue (see Figure 3).  This work has 
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been submitted for review to Ultrasound in Medicine and Biology under the title “Dual-

mode IVUS Transducer for Image-Guided Brain Therapy: Preliminary Experiments.” 

Chapter 5 describes future work in dual-mode IVUS implementation.  Possible 

modifications to mechanical and phased-array IVUS devices and systems are discussed. 

Appendix A contains a derivation of the conditions for maximum electric power 

transfer and an L-section impedance-matching network for an arbitrary source and load.   

Appendix B contains the MATLAB code used to calculate optimal inductance 

and capacitance for components of a real-world matching network, and estimate the 

improvement in electric power transfer when the network is added between the source 

and load. 

Appendix C contains the MATLAB code used for thermal modeling of IVUS 

transducer apertures. 

Appendix D contains the MATLAB code used to filter the echo signal received 

by a single-element transducer through a digital data acquisition board for image 

reconstruction. 
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2. Intracranial Ultrasound Catheter Integrating Rea l-time 
3D Imaging & Hyperthermia  

 

2.1 Introduction 

In the 1990’s, real-time 3D (RT3D) ultrasound imaging was developed at Duke 

University for transthoracic cardiac applications and more recently for intracardiac 

catheters, intravascular catheters, endoscopes, laparoscopes, 3D ultrasound guidance of 

surgical robotics, 3D transcranial ultrasound, and 3D intracranial ultrasound endoscopes 

for neurosurgery and needle guidance in the brain [72, 82-91].  The Duke/Volumetrics 

Medical Imaging, Inc. (Durham, NC, USA) 3D ultrasound system used in this study 

scans a 65°-120° pyramid using a matrix array transducer to produce 3D scans at rates of 

30 volumes/sec.  Real-time display options in the 3D scanner include up to five image 

planes oriented at any desired angle and depth within the pyramidal scan, as well as 

real-time 3D volume rendering, 3D steerable pulsed Doppler, and 3D color Doppler flow 

imaging. 

The goal of this study was to extend real-time 3D ultrasound to minimally 

invasive catheters for intracranial imaging of the brain and ultrasound hyperthermia for 

neuro-oncology.  This technology could be used to visualize a tumor target in 3D and 

then trigger the release of chemotherapeutic drugs contained within microbubble or 

liposomal agents molecularly targeted to regions of tumor angiogenesis.  In practice, the 
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catheter would need to be both thin and flexible enough (capable of bending with a 1-cm 

radius of curvature) to be manipulated through the internal jugular vein into the dural 

venous sinuses (as shown in Figure 4), which provide minimally invasive access to 

virtually the entire brain volume. 

 

Figure 4. Intended catheter pathway affording minimally-invasive access to the brain 

volume via dural venous sinuses. 

This chapter describes a series of experiments conducted in an effort to 

demonstrate proof of concept.  An initial dual-mode (RT3D imaging & hyperthermia) 
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catheter transducer prototype was designed and constructed to determine the feasibility 

of the long-term goal.  The imaging and thermal performance of the dual-mode 

prototype was compared with a Siemens (Siemens Medical Solutions, Ultrasound 

Division, Issaquah, WA, USA) AcuNavTM catheter in in vitro experiments and in an in 

vivo canine brain model, with access to the superior sagittal sinus afforded through a 1-

cm burr hole in the skull.  These experiments demonstrate that a completely intravenous 

approach for such a treatment may be successful, thus eliminating the need for a burr 

hole. 

 

Figure 5. Integrated 2D matrix & linear array design for RT3D imaging & 

hyperthermia.  The centered 2D array scans a pyramidal volume in real-time, and the 

adjacent linear arrays produce a hyperthermia beam (shown in red within the 

volume), steerable in azimuth (different possible foci indicated by red ‘x’s). 
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2.2 Methods 

The proposed transducer array integrates a 2D matrix array, which can acquire 

3D scans, with adjacent linear arrays, which contribute power to a beam for inducing 

hyperthermia, as shown in Figure 5.  

 

2.2.1 Preliminary Experiment: Hyperthermia with RT3 D Scanner 

To establish the feasibility of a dual-mode RT3D imaging/therapy catheter 

transducer, it was first sought to demonstrate that the diagnostic RT3D Volumetrics 

scanner could be used to achieve and maintain a sufficient temperature rise ( ≥ 4°C).  In 

this preliminary experiment, a 50-channel, 4.4-MHz PZT-5H, 17 mm × 3.1 mm linear 

array transducer previously described was used with electrical impedance-matching 

circuits customized for each channel in order to maximize power transfer from the 

scanner to the transducer elements (see Appendices A and B) [92].  The matching circuits 

were simple ‘L-section’ networks consisting of two reactive components: an inductor in 

series with the load, and a capacitor in parallel.  To design these networks, the system 

(source) impedance and the corresponding water-coupled transducer element (load) 

impedance were measured at the chosen operating frequency, for each channel.  Then, 

because maximum real power transfer occurs when the input impedance (L-section plus 

load) equals the complex conjugate of the source impedance, the optimal values of 

inductance and capacitance for the L-section components were found algebraically.  The 
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necessary series inductance ranged from 9 to 30 μH, and the parallel capacitance ranged 

from 47 to 268 pF. 

With the matching circuits in use, the scanner generated a 12-cycle pulse at 6.6-

kHz pulse repetition frequency (PRF)—settings found to yield maximum stable power 

output from the scanner—and the spatial-peak, temporal-average intensity (ISPTA) was 

measured at a 3-cm focal depth with a calibrated membrane hydrophone (S4-251, Sonora 

Medical Systems, Longmont, CO, USA) in a water tank, in accordance with the 

procedures outlined in the AIUM/NEMA UD 2-2004 standard [93].  A thermocouple 

(5TC series, Omega Engineering, Inc., Stamford, CT, USA) was used to monitor the 

temperature of the scanner’s internal electronics during transmit.  With the same 

scanner settings, the hydrophone was replaced by a piece of degassed, excised pork 

muscle; a type T, 33 gauge, stainless steel hypodermic needle thermocouple (HYP-0, 

Omega Engineering, Inc.) was inserted approximately 2 mm beneath the surface of the 

tissue and placed at the focus to measure the achievable temperature rise.  The data 

acquisition system (Integra model 2700, Keithley Instruments, Inc., Cleveland, OH, 

USA), which contains built-in signal conditioning hardware for filtering and noise 

reduction, recorded temperature data at a sampling frequency of 3.8 Hz.  The tissue-

heating experiment was replicated four times.  The non-attenuating water path between 

the transducer and the tissue served to isolate the tissue from conductive heating, so as 

to better correlate temperature measurements with intensity measurements.  Possible 



 

22 

artifacts associated with this type of thermal measurement are viscous heating, 

reflections, and conduction along the wire; the small-diameter, fine wire thermocouple 

sheathed in stainless steel was chosen to minimize these effects, and they are 

disregarded for the proof-of-concept experiments described here [94, 95]. 

 

2.2.2 Integrated Catheter Transducer Design & Fabri cation 

The results from the preliminary experiment validated the effort to develop a 

new design for a dual-mode catheter device integrating a matrix array and a linear 

array.  A custom 10-Fr multi-layer flexible circuit made by Microconnex (Snoqualmie, 

WA, USA) was used as a construction template.  The flex circuit could accommodate an 

array with 198 matrix elements and 18 linear elements, diced on a 0.2-mm pitch, for a 

total aperture size of 8.4 mm × 2.3 mm.  Two different schemes were considered as 

methods to achieve optimal tissue heating: one with all the elements (both the matrix 

and linear arrays) driven by the Volumetrics scanner focusing at 2 cm, and one 

unfocused scheme using only the linear array elements driven by a single-channel, 25-

Watt RF power amplifier (Model 525LA, ENI, Rochester, NY, USA) connected to a 

waveform generator (Model 33250, Agilent, Santa Clara, CA, USA).  The unfocused 

linear array with single-channel power amplifier was considered as an alternative to 

using the Volumetrics scanner at high power settings that could potentially harm its 

internal electronics.  Both schemes used a 4.4 MHz operating frequency. 
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Figure 6. Field II simulation apertures and beam plots.  (a,b,c) Active apertures for 

each case: the entire integrated array with 2 cm focus, the integrated catheter’s linear 

arrays with unfocused transmit, and the AcuNav with 2 cm focus, respectively.  (d,e,f) 

Relative pressure amplitude in the zero-elevation plane for each case, respectively.  

(g,h,i) Relative pressure amplitude at a depth of 2 cm for each case, respectively. 

To aid the design process, the beam pattern for each of these prototype schemes 

was simulated and compared with that of a Siemens 10-Fr AcuNav catheter probe using 

Field II [96].  The AcuNav is a linear array with 64 elements on a 0.11-mm pitch, for an 

aperture size of approximately 7.1 mm × 2.5 mm; this array was focused at 2 cm, 

operating at 5.33 MHz.  Each computation included a 0.5 dB/cm/MHz attenuation factor 

to simulate brain tissue [97].  The simulations did not calculate the first 5 mm in front of 

the transducer because the model is less accurate for very short distances, due to use of a 

far-field approximation of the response of each transducer element. 
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Figure 6 illustrates this stage of the design process.  Figures 6a, 6b, and 6c show 

the footprint of the active aperture in each case: the entire integrated array (2-cm 

transmit focus), the integrated design’s linear array elements only (unfocused transmit), 

and the AcuNav (2-cm transmit focus), respectively.  Figures 6d, 6e, and 6f display the 

beam’s relative pressure amplitude in the zero-elevation plane for each case, 

respectively, and Figures 6g, 6h, and 6i show each beam’s relative amplitude at a depth 

of 2 cm.  For the case of the entire integrated array, the -6 dB azimuthal beamwidth was 

7.5 mm at 0.5 cm deep.  For the case of the integrated design’s unfocused linear array 

elements, the -6 dB beam beamwidth was 7.8 mm at 0.5 cm deep.  For the focused 

AcuNav, the -6 dB beamwidth was 4.6 mm at 0.5 cm deep. 

Fabricating the integrated array involved adapting the flex circuit (shown in 

Figure 7a), which was initially designed for a matrix array alone [88].  A 0.35-mm-thick 

piece of PZT-5H was bonded to the flex circuit with silver epoxy, slightly overlapping 

the grid of element contacts onto the bordering ground contact.  This piece was diced on 

a 0.2 mm pitch both vertically and horizontally to create the matrix array on a 19 × 11 

element grid.  The linear array was then built in the adjacent spaces: first each space was 

filled with silver epoxy and cured to create a level backside contact, then a piece of PZT-

5H was bonded to each side and diced (0.2 mm pitch), physically separating the nine 

elements on each end.  MicroFlat cables from W.L. Gore & Associates, Inc. (Newark, DE, 

USA) were soldered with appropriate spacing to the exposed border contact, and these 
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solder joints were reinforced with UV-curing epoxy before carefully re-dicing the linear 

array to ensure electrical separation of the linear array channels (Figure 7b shows the 

completion of these steps: the 8.4 mm × 2.3 mm total aperture).  

 

Figure 7. (a) Bare flex circuit above a ruler with mm markings.  (b) Diced matrix and 

linear arrays with MicroFlat cables soldered to linear array contacts.  (c) Completed 14 

Fr dual-mode catheter transducer. 

A layer of double-sided metallized liquid crystal polymer (LCP) was attached to 

the face of the transducer for a front grounding contact and overall electronic shielding 
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for the transducer.  There was no acoustic matching layer for this prototype.  MicroFlat 

cables were soldered to the pads of the flex circuit to connect the matrix array channels, 

and an acoustic backing was attached before bending the flex circuit into a side-viewing 

configuration and packaging the transducer into the 14-Fr catheter lumen.  The proximal 

ends of the cables were soldered to custom circuit boards fitted with Samtek, Inc. (New 

Albany, IN, USA) connectors (model # BSH-060-01-F-D-A) to link with the ultrasound 

system handle.  The complete, packaged transducer is shown in Figure 7c (on a larger 

scale than Figures 5a and 5b). 

 

2.2.3 In Vitro Temperature Measurement 

For measurements assessing the prototype dual-mode catheter transducer’s 

hyperthermia capability, tissue-mimicking material from National Physical Laboratory 

(Teddington, UK) was used as a model, having thermal properties similar to brain tissue 

[98, 99].  Because the dual-mode prototype had a smaller aperture than the 50-channel 

linear array used in the preliminary experiment, a 2-cm focus was chosen instead of 3 

cm, to increase focal gain.  A hypodermic needle thermocouple was inserted 

approximately 2 mm beneath the surface and placed at the focus to measure the 

achievable temperature rise.  As before, the water path between the transducer and the 

target served to isolate the tissue from conductive heating.  In order to compare 

hyperthermia experiments and assess whether the heating was a result of conduction or 
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ultrasound absorption, the maximum heating rate was calculated by dividing by the 

amount of time taken to achieve the initial 2.0°C of the total temperature rise. 

 

2.2.4 Large Animal Study Protocol 

The Institutional Animal Care and Use Committee at Duke University approved 

the following procedure used on two canine subjects—one for a RT3D imaging study 

using an earlier matrix array catheter prototype, and one for a combined RT3D imaging 

and hyperthermia study using the integrated matrix and linear array prototype [100].  In 

each study, an intravenous (IV) line was established in a peripheral vein, and the dog 

was sedated with thiopental sodium, 20 mg/kg administered intravenously.  Anesthesia 

was induced with inhalation of isoflurane gas 1% to 5 % delivered through a nose cone.  

The animal was intubated, placed on a water heated thermal pad, and started on a 

ventilator.  A femoral arterial line was placed via a percutaneous puncture or cutdown.  

Electrolyte and ventilator adjustments were made based on serial electrolyte and arterial 

blood gas measurements.  An IV maintenance drip of D-5 lactated Ringer’s solution was 

started and maintained at 5 mL/kg/min.  Blood pressure, lead II electrocardiogram, and 

temperature were continuously monitored throughout the procedure.  The animal was 

placed in a prone position, the top of the head was shorn, and a scalp incision was made 

near the skull midline.  The skin and muscle were dissected free and retracted to expose 

the skull.  A 1 cm burr hole was carefully drilled through the bone just above the 
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external occipital protuberance to expose the dura mater encasing the superior sagittal 

venous sinus.  An incision in the dura was made and a catheter device was inserted into 

the superior sagittal sinus; the catheter was advanced and rotated in the vessel to orient 

and optimize the field of view and identify structures in the cranial cavity using both B-

mode and Doppler imaging.  For the catheter hyperthermia portion of the study, a 

second 1 cm burr hole was made approximately 1.5 cm lateral to the midline and the 

position of the inserted transducer.  A type T, 33 gauge, stainless steel hypodermic 

needle thermocouple was inserted through the exposed dura into the cerebrum to 

monitor temperature during hyperthermia trials. 

 

2.3 Results 

 

2.3.1 Preliminary Experiment: Hyperthermia with RT3 D Scanner 

With the 50-channel linear array transmitting to a 3-cm focal depth in a water 

tank, a spatial-peak, temporal-average intensity (ISPTA) of 6.88 W/cm2 was measured with 

the membrane hydrophone.  Using identical scanner settings, a temperature rise of 5.0°C 

in degassed, excised pork muscle was measured.  The scanner’s internal temperature 

remained at an acceptable level as the power output was maintained for several 

minutes.  Figure 8a is a photo of the center of the linear array used in this experiment—

note that a gap was left where the matrix array would be according to the integrated 
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design given in Figure 5.  The data in Figure 8b show the temperature rise over 4°C 

within one minute after turn-on, leveling off at about 5°C above the ambient 

temperature. 

 

Figure 8. (a) Center of linear array transducer used in in vitro hyperthermia 

experiment with Volumetrics RT3D scanner and matching circuits.  (b) Thermocouple 

data showing a 5.0ºC temperature rise at 3 cm focus in degassed, excised pork muscle. 
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2.3.2 In Vitro Imaging & Thermal Performance Tests 

The dual-mode RT3D/hyperthermia prototype catheter construction yielded 153 

matrix array elements (77% element yield) and 11 linear array elements (61% yield)—

element yield will improve with practice and refinement of fabrication techniques.  The 

dual-mode catheter and Volumetrics scanner were compared with a Siemens 10-Fr 

AcuNav and SONOLINE AnteresTM system as a gold standard to assess imaging 

capability and therapeutic potential.  Various wire, tumor, and cyst phantoms were 

imaged with each probe.   

 

Figure 9. (a) AcuNav image of 4-cm deep, 1.5-cm diameter cyst phantom.  (b) Dual-

mode catheter single-B scan of cyst phantom.  (c,d,e) Dual-mode catheter 3D scan of 

cyst phantom: coronal, axial, and sagittal image planes. 
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Figure 9 shows images of a test phantom containing a 1.5-cm diameter cyst, 4 cm 

deep: Figure 9a is an image taken with the AcuNav at 5.33 MHz, 7b is single-B scan 

using both the matrix and linear array elements of the integrated catheter array at 3.64 

MHz, and 7c, 7d, and 7e are simultaneously acquired coronal, axial, and sagittal planes, 

respectively, of a 3D scan using only the matrix array elements.   

It should be noted that the concentric ring pattern of the axial image (Figure 9d) 

is an artifact of the system’s scan converter.  The speckle patterns in these images show 

that the prototype dual-mode catheter yielded poorer spatial resolution than the 

AcuNav due to the reduced aperture and bandwidth of the matrix array for 3D imaging.  

In addition, the AcuNav showed superior color Doppler sensitivity (as seen in Figure 

12b). 

To assess the potential of the catheters to create hyperthermia, the maximum 

spatial-peak, temporal-average intensity was measured in a water tank with the 

membrane hydrophone.  At a transmit focus of 2 cm, the Volumetrics scanner delivered 

an ISPTA = 2.43 W/cm2 using a 12-cycle, 3.64-MHz pulse at a 6.6-kHz PRF with the dual-

mode catheter.  An ISPTA = 4.54 W/cm2 was also measured at 1 cm for the case of the 

unfocused linear array elements driven at 4.6 MHz by a 25-Watt power amplifier.  

Finally, the AcuNav could deliver a 10-cycle, 5.33-MHz pulse at 6.6-kHz PRF and 55% 

system voltage as projected maximum settings safe for the system.  To avoid potentially 

damaging self-heating in the AcuNav, ISPTA measurements were taken for lower voltage 
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settings on the Siemens system, and it was extrapolated to 55% yielding an estimate of 

ISPTA = 4.10 W/cm2. 

Using the same settings as for the ISPTA = 2.43 W/cm2 data, the dual-mode catheter 

prototype created a temperature rise of 3.5°C (see Figure 10) at a 2 cm transmit focus in 

tissue-mimicking material.   

 

Figure 10. Thermocouple data showing 3.5ºC temperature rise in tissue-mimicking 

material using the dual-mode catheter focused at 2 cm. 

This was achieved in less than 2.5 minutes, at which time transmission was 

halted because some of the scanner’s internal electronic components were overheating 

(above 85°C).  It took several minutes for the tissue-mimicking material to dissipate the 
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added heat and return to equilibrium temperature.  To avoid risking damage to the 

scanner, further therapy experiments were carried out with the dual-mode prototype by 

driving only the linear array elements as a single channel (unfocused) using an external, 

25-Watt RF power amplifier connected to a waveform generator.  Table 1 shows a 

complete chart of experimental results. 

Table 1. Intensity and thermal measurement data: three arrays, five configurations. 

  
Frequency 

(MHz) 

Focal 
Depth 
(cm) 

ISPTA 
(W/cm2) 

Temperature Rise 
(°C)  

Max. 
Heating 

Rate 
(°C/sec) in vitro in vivo 

Linear Array 
(w/matching circuits) 

4.4 3 6.88 5.0 (N/A) 0.509 

AcuNav 5.33 2 4.10* (N/A) (N/A) (N/A) 

AcuNav 5.33 1 (N/A) (N/A) 4.5† 0.020 

Dual-mode Catheter: 
All Elements 

3.64 2 2.43 3.5 (N/A) 0.164 

Dual-mode Catheter: 
Linear Arrays 

4.6 unfocused 4.54 (N/A) 0.87‡  0.146 

* extrapolated estimate 
† transducer self-heating 
‡ weakened elements 

 

2.3.3 In Vivo Canine Model – Imaging 

Each ultrasound catheter was placed in the superior sagittal sinus according to 

the large animal protocol.  Figure 11 is a photo from the surgical procedure showing the 

exposed skull, with the dual-mode catheter inserted anteriorly into the superior sagittal 

sinus through the burr hole created on the midline, and the thermocouple inserted 

medially into the cerebrum through the dura mater exposed by an adjacent burr hole.  
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Both echo and Doppler images were acquired with each probe.  The AcuNav produced 

echo images with clear delineation of cerebral gyri and sulci (Figure 12a), as well as 

color Doppler images of the internal carotid artery (Figure 12b), acquired without the 

use of contrast. 

 

Figure 11. In vivo canine model: the dual-mode catheter (C) placed in the superior 

sagittal sinus through a burr hole created in the skull, and a thermocouple (T) 

inserted into the cerebrum through the dura mater exposed by a second burr hole, for 

hyperthermia trials. 
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Figure 12. Intracranial AcuNav images.  (a) Echo image showing gyri and sulci of the 

cerebrum.  (b) Color Doppler image showing the internal carotid artery. 

The dual-mode catheter prototype acquired RT3D image data from a pyramidal 

volume extending from the transducer face toward the base of the cranial cavity.  The 

Volumetrics scanner simultaneously displayed two perpendicular B-mode sectors 

(sagittal and coronal planes) and two C-scans (axial plane, parallel to the transducer 

face), which can be inclined at any desired angle.  The coronal plane images were found 

to be very useful for orienting the transducer’s field of view, enabling the operator to 

identify structures more quickly, with greater confidence and accuracy.  The lateral 

ventricles were the most prominent anatomical landmark, and could be clearly seen in 

all three orthogonal image planes.  Due to the limited spatial resolution of the dual-

mode catheter, the narrow lumen of the lateral ventricles, and the highly echogenic 

ventricular walls in the canine, the ventricular lumen does not appear as an echo-free 

region.  The tentorium cerebelli membrane, which separates the cerebellum from the 

cerebrum, and pulsations of arteries at the base of the brain were also visible.  Figures 
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13a, 13b, and 13c compare simultaneous coronal, axial, and sagittal planes, respectively, 

versus corresponding anatomical slices [101].  The lateral ventricles can be clearly seen 

in the coronal and axial planes, and the sagittal plane just adjacent to the midline shows 

the cerebellum, the tentorium, and a posterior horn of the lateral ventricles. 

 

Figure 13. (a,b,c) Intracranial RT3D echo images in coronal, axial, and sagittal planes, 

respectively, compared to corresponding anatomical images (Reproduced with 

permission from Fletcher et al., University of Minnesota College of Veterinary 

Medicine).  The lateral ventricles (LV) are clearly seen in (a) and (b).  The tentorium 

(T) and cerebellum (C), as well as a posterior horn of the lateral ventricle, are visible 

in (c). 

For 3D color Doppler imaging, a bolus of agitated saline was needed for contrast 

and was delivered into the left internal carotid artery [102].  Several vessels became 

visible immediately after the bolus injection, including those that comprise the Circle of 
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Willis.  The contrast-enhanced 3D color Doppler scans are shown in Figure 14.  To 

eliminate effects of aliasing due to undersampling, the color Doppler look-up table was 

modified to display only a single hue, to better visualize the vessels (albeit eliminating 

directional flow information).   

 

Figure 14. Cerebral vasculature.  (a,b,c) Intracranial RT3D color Doppler images in 

coronal, axial, and sagittal planes, respectively (note: the color Doppler look-up table 

was modified, eliminating directional flow information).  (d) Latex-injected sheep 

brain vasculature for anatomical reference (Reproduced with permission from R.R. 

Miselis, University of Pennsylvania School of Veterinary Medicine).  The internal 

carotid arteries (ICA), left middle cerebral artery (MCA), and anterior communicating 

artery (ACoA) are visible in (a).  The Circle of Willis is shown in (b), with the anterior 

cerebral arteries (ACeA), posterior cerebral arteries (PCeA) and posterior 

communicating arteries (PCoA) also indicated. 
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Figure 14a is the coronal plane of the scan, clearly showing the anterior 

communicating artery and left middle cerebral artery, as well as the left and right 

internal carotid arteries.  Figure 14b shows the Circle of Willis, including the anterior, 

middle, and posterior cerebral, anterior and posterior communicating arteries, in an 

axial image plane.  Figure 14c is a sagittal plane of the scan, showing the left internal 

carotid, middle and posterior cerebral, and posterior communicating arteries.   Figure 

14d is an anatomical diagram showing a latex-injected sheep brain of similar scale for 

reference [103]. 

 

2.3.4 In Vivo Canine Model - Hyperthermia 

After imaging, the second burr hole was created, and a hypodermic needle 

thermocouple was inserted.  The thermocouple was located and aligned within 1 cm of 

the transducer by imaging, and both were held in place.  Figure 15a shows the 

thermocouple aligned in an AcuNav scan.  Scanning was halted, and high power pulse 

sequences (10-cycles at 5.33 MHz, 6.6-kHz PRF and 55% system voltage) were initiated.  

As seen in Figure 15e, after about 20 seconds, the temperature began to rise slowly and 

linearly with time for the next 3.5 minutes up to 4.5°C above baseline, until it was 

reported that the AcuNav felt hot where it was being held 6 inches from the transducer.   
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Figure 15. (a) AcuNav image of thermocouple (arrow) placed at 1 cm depth in 

cerebrum.  (b,c,d) RT3D coronal, axial, and sagittal images, respectively, of inserted 

thermocouple (arrows), acquired with dual-mode catheter.  (e) Temperature rise 

achieved using the AcuNav (transducer self-heating and conduction).  (f) Temperature 

rise achieved by driving the dual-mode catheter’s linear array elements as a single 

channel (unfocused) with an RF power amplifier. 

After turning off power, the thermocouple recorded a slow decline in 

temperature, while the probe itself remained warm.  The casing around the transducer 

had melted and deformed, and the probe could no longer acquire images, indicating 

that the measured heating was due to energy dissipation within the transducer and 

conduction through the tissue, rather than ultrasound absorption at the focus.  
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Comparison of the slow heating rate (0.020°C/sec) with those of the in vitro ultrasound 

hyperthermia experiments (0.164-0.509°C/sec) reinforces this determination. 

For the dual-mode catheter, it was decided that driving the linear array elements 

as a single channel (unfocused) with an external, 25-Watt power amplifier was 

preferable to using the Volumetrics scanner at high power settings that could potentially 

harm its internal electronics.  Here the thermocouple was aligned with one side of the 

linear array at a depth of 0.5 cm, where maximal heating was expected according to the 

simulations (see Figure 6e).  Figure 15b, 15c, and 15d show simultaneous coronal, axial, 

and sagittal planes of the inserted thermocouple.  3D scanning with the matrix array was 

paused as thermocouple monitoring was activated and the power amplifier turned on to 

drive the linear array at 4.6 MHz.  The measured temperature rise was just over 0.85°C 

(see Figure 15f); however, it was found later that the transmit efficiency of the linear 

array elements had been considerably weakened during the experiment, indicating that 

this measurement did not give the maximum possible temperature rise achievable by a 

dual-mode probe of this design.  For this experiment, because there was less than 2.0°C 

of heating, the maximum heating rate (0.146°C/sec) was calculated by dividing by the 

amount of time taken to achieve the initial 0.685°C of the total temperature rise.  This 

datum was in agreement with the in vitro heating rate measurements. 
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2.4 Discussion 

A temperature rise of 5°C was successfully created in excised pork muscle using 

the Volumetrics RT3D scanner and customized, channel-specific impedance matching 

circuits with a 50-channel linear array, demonstrating that hyperthermia might be 

achievable in brain tissue using 14-Fr catheter arrays.  An integrated matrix and linear 

array catheter transducer prototype was designed and fabricated.  When compared to a 

Siemens AcuNav probe, this dual-mode catheter device exhibited satisfactory RT3D 

image quality, and it created a 3.5°C temperature rise in tissue-mimicking material at a 

depth of 2 cm, without using electrical impedance matching circuits.  Achieving a higher 

element yield and adding matching circuits at the proximal end of the catheter to 

maximize power output efficiency would likely enable a 4.0°C or greater temperature 

rise using the Volumetrics scanner with this array design. 

To our knowledge, the results show the first use of an intracranial catheter probe 

to acquire ultrasound images of the brain.  In an in vivo canine model, the AcuNav and 

dual-mode prototype each were placed in the superior sagittal venous sinus to image 

the brain volume and attempt to create hyperthermia with ultrasound.  The higher 

sensitivity and Doppler resolution of the AcuNav was apparent in 2D scans of cerebral 

gyri and sulci and of an internal carotid artery; these images demonstrate the immediate 

clinical imaging potential of intracranial catheters.  The dual-mode catheter prototype 

interrogated a 3D pyramidal volume in real-time, which made it easier to recognize 



 

42 

structures within the cranial cavity.  The lateral ventricles were easily distinguishable in 

echo images, and injection of an agitated saline bolus for vessel contrast allowed 

visualization of the Circle of Willis and several connecting arteries. 

The AcuNav was able to create a temperature rise of 4.5°C in canine brain tissue, 

but it was evident that this was primarily, if not exclusively, due to transducer self-

heating and the resulting heat conduction throughout the tissue volume, not absorption 

of energy from ultrasound waves at the focus.  This illustrates the importance of 

considering the conduction of internal heat away from the transducer elements when 

designing a dual-mode device: the polymer casing encapsulating the AcuNav may have 

been effectively trapping thermal energy and exacerbating the probe’s self-heating.   

The dual-mode prototype was able to create an in vivo temperature rise less than 

one degree Celsius by driving the linear array elements as a single channel at 4.6 MHz 

using a 25-Watt power amplifier.  Post-experiment assessment of the transducer’s 

performance revealed that the acoustic power output had been degraded by a factor of 

30 during use in the canine brain model, therefore the in vivo result is not conclusive.  

The maximum heating rate for the dual-mode prototype in vivo was comparable to the in 

vitro measurement, which indicates that the heating was due to ultrasound absorption 

and suggests that a 4°C in vivo temperature rise may be achievable with this probe 

design.  Further testing is needed to determine the optimal tissue heating method 

(focused or unfocused beam) and transmit circuitry settings, and the addition of 
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matching circuits to maximize power output efficiency should enhance the deposition of 

thermal energy as well. 

As a whole, the results from these experiments, in particular the in vivo RT3D 

images and measured in vitro temperature rises, suggest that the development of an 

intracranial ultrasound catheter combining RT3D imaging and hyperthermia capability 

is feasible.  In addition to attaining a higher element yield, building electrical impedance 

matching circuits, and optimizing the driving circuitry, the catheter itself must be built 

to manage the curves it must make through the vasculature for the intended, minimally-

invasive procedure (see Figure 4).  This will require a smaller, more flexible catheter for 

a next-generation device, perhaps similar to the 4.8-Fr design previously described by 

Light and Smith for 3D intravascular imaging [86].  This 4.8-Fr device contains 

conductors for 100 channels, and may be adequate to reproduce the proposed integrated 

matrix and linear array design in a smaller size while achieving sufficient acoustic 

output for tissue heating. 

In the long-term plan, a brain tumor will be localized by CT or MR imaging.  

Fluoroscopic angiography/venography will be used to guide the 3D ultrasound catheter 

retrograde from the jugular vein to the dural venous sinuses so that the catheter is 

adjacent to or in close proximity to the tumor.  A microbubble or liposomal agent 

molecularly targeted to regions of tumor angiogenesis will be administered via 

intravenous injection.  The dual-mode catheter will produce RT3D ultrasound images 
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with 3D color Doppler of the lesion, and an ultrasound hyperthermia beam will 

sufficiently warm the given agent, triggering the release of a chemotherapeutic drug 

from the targeted agent at the tumor site. 
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3. Investigation of Dual-mode IVUS Apertures 

 

3.1 Introduction 

The goal of this study was to determine the feasibility of using an IVUS coronary 

imaging catheter as a platform for a dual-mode intracranial ultrasound probe 

integrating imaging and localized hyperthermia for neuro-oncology applications. 

 

Figure 16. Vascular pathways to the brain for minimally-invasive intracranial 

catheters. (a) Arterial route (Reproduced with permission from Matthew Holt and the 

Internet Stroke Center [104]): common carotid artery to middle cerebral artery (MCA). 

(b) Venous route (Reproduced with permission from Dean Falk, Florida State 

University [105]): internal jugular vein (IJV) to dural venous sinuses (DVS). 

In an earlier study, catheter ultrasound probes were placed in the superior 

sagittal sinus through a burr hole in the skull to acquire 2D and 3D intracranial echo and 

Doppler images of the cerebral gyri and sulci, lateral ventricles, internal carotid artery, 

and Circle of Willis [80].  A catheter ultrasound probe also demonstrated significant 

potential to create hyperthermia in tissue.  However, the 10-14 Fr catheter probes used 

previously were too large and stiff to navigate a minimally-invasive vascular pathway to 
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the brain, either by an arterial route (introduce catheter into common carotid artery to 

gain access to middle cerebral artery, allowing treatment of lesions in the frontal and 

temporal lobes—see Figure 16a) or a venous route (introduce catheter into internal 

jugular vein to gain access to dural venous sinuses, allowing treatment of lesions in the 

occipital and parietal lobes and in deeper cerebral and cerebellar white matter—see 

Figure 16b). 

Commercially-available IVUS catheters no larger than 4 Fr already have an 

appropriate form factor—are both thin and flexible enough—to achieve the desired 

placement within the brain volume via either vascular approach (arterial or venous 

system).  Therefore, an IVUS catheter modified to be hyperthermia-capable would be 

ideal for this application.  Using fluoroscopic guidance, the physician could place this 

minimally-invasive catheter immediately adjacent to a brain tumor target to image the 

tumor and then direct an ultrasound hyperthermia beam to trigger the release of 

chemotherapeutic drugs from thermosensitive liposomes molecularly targeted to 

regions of tumor angiogenesis. 

This chapter describes an investigation of various dual-mode transducer 

apertures for integration into a flexible, 3.5-Fr mechanical IVUS catheter, with the goal of 

eventually achieving minimally-invasive, endovascular access for image-guided 

ultrasound hyperthermia treatment of tumors in the brain.  Using a plane wave 

approximation, target frequencies of 8.7 MHz and 3.5 MHz were considered optimal for 
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heating at depths (tumor sizes) of 1 cm and 2.5 cm, respectively.  Beam plots and on-axis 

tissue-heating profiles were simulated for apertures measuring: 0.7 mm in diameter, 0.35 

× 0.35 mm, and 5 × 0.5 mm.  Test transducers were fabricated with PZT-4, and the 

electrical impedance, impulse response, frequency response, maximum intensity, and 

mechanical index of each were measured to assess therapeutic potential.  The 5 mm × 0.5 

mm test transducer was used to mechanically scan and reconstruct an image of a 2.5-cm 

diameter cyst phantom as a preliminary measure of imaging potential. 

 

3.2 Methods 

 

3.2.1 Frequency Selection & Beam Simulation 

Malignant brain tumors come in a wide range of shapes and sizes.  To simplify 

the problem of transducer frequency selection, the aim of effectively heating spherical 

tumor targets with diameters of 1 cm and 2.5 cm was considered as an approximation of 

small and large tumor sizes.  Based on literature describing previous interventional 

endovascular procedures for intracranial diseases, it was assumed that a 3.5-Fr catheter 

transducer can be placed in a blood vessel immediately adjacent to the tumor [26, 56-62].  

The optimal frequency for heating each tumor size was estimated from a simplified 

expression, according to the following derivation. 
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As a first-order approximation, the case of a one-dimensional plane wave was 

considered, where the intensity (I, in W/cm2) of an ultrasound wave decreases with 

depth z (in cm) due to absorption α (in Nepers/cm), according to [106]:  

 )2exp(0 zII α−⋅=  (5) 

This intensity factors into the heat source function qv (in W/cm3)  

 )2exp(22 0 zIIqv ααα −==  (6) 

which is present in the Pennes bio-heat transfer equation, 
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where T is the tissue temperature rise (in Kelvin), κ is the thermal diffusivity (in cm2/s), τ 

is the perfusion time constant (in seconds), and cv is the volume specific heat (in J/K/cm3) 

[46, 47].  If the absorption coefficient is assumed to be approximately linear with 

frequency (α = βf), it is possible to derive from (5) and (6) a frequency  

 
z

f
β2
1

=  (8) 

for maximal heating at a depth of z cm in brain tissue, where β = 0.5 dB/cm/MHz = 0.0576 

Np/cm/MHz [97, 107]. 

From the plane-wave optimal frequency expression, it is found that maximal 

heating at a 1-cm depth occurs at 8.7 MHz, and maximal heating at a 2.5-cm depth 

occurs at 3.5 MHz.  Therefore, an ideal transducer would incorporate both a high-

frequency resonance mode near 8.7 MHz to be used for imaging and shallow heating 
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with smaller tumors, and a low-frequency resonance mode near 3.5 MHz to be used for 

deeper heating with larger tumors.   

 

Figure 17. Field II beamplot simulation at 8.7 MHz for 0.7 mm diameter SoniCath 

transducer. (a) Aperture footprint (one-half millimeter gridline spacing). (b,d) 

Simulated relative pressure amplitude plots: zero-elevation plane and 4 mm deep 

plane, respectively. (c) Normalized beamplot at 4 mm deep, truncated at half-

maximum. 

Three different apertures were evaluated as dual-mode designs.  The simplest 

design used a 0.7-mm diameter Boston Scientific (Natick, MA, USA) SoniCathTM 

transducer with a 30 MHz nominal frequency, to be driven as a shallow-heating, high-

frequency device at 8.7 MHz.  For a lower-frequency design, a 220-μm thick, 0.35 mm × 

0.35 mm PZT-4 transducer was of appropriate size to replace a 40-MHz element in a 

Boston Scientific Atlantis™ SR Pro coronary imaging catheter and was evaluated as a  
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Figure 18. Field II beamplot simulation at 3.5 MHz for 0.35 mm × 0.35 mm PZT-4 

transducer for Atlantis retrofit. (a) Aperture footprint (one-half millimeter gridline 

spacing). (b,d) Simulated relative pressure amplitude plots: zero-elevation plane and 

4 mm deep plane, respectively. (c) Normalized beamplot at 4 mm deep, truncated at 

half-maximum. 

width-mode resonator at 3.5 MHz for deeper heating (this design would utilize a higher-

frequency thickness mode for imaging).  Finally, a maximum-allowable aperture 

geometry for a flexible 3.5-Fr IVUS catheter was taken to be 5 mm × 0.5 mm: the width of 

the catheter lumen constrains the transducer element to a width of 0.5 mm, and the 5 

mm length was considered to be the longest element possible (introducing some 

increased rigidity to a small section of the catheter) without compromising the catheter’s 

ability to navigate the curvature of the cerebral vessels.  A 220-μm thick PZT-4  
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Figure 19. Field II beamplot simulation for 5 mm × 0.5 mm PZT-4 transducer for 

flexible 3 Fr IVUS. (a) Aperture footprint (one-half millimeter gridline spacing). 

Simulated relative pressure amplitude beamplots at 8.7 and 3.5 MHz, respectively: 

(b,f) zero-elevation plane; (c,g) zero-azimuth plane; (e,i) 4 mm deep plane. (d,h) 

Normalized beamplots at 4 mm deep, truncated at half-maximum, at 8.7 and 3.5 MHz, 

respectively. 
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transducer of this size was evaluated as a possible design for combined high- and low-

frequency operation.  

Table 2. -6 dB beamwidths in Field II simulations. 

Aperture 
Frequency 

(MHz) 

-6 dB beamwidth 
at 4 mm depth 

(mm) 

0.7 mm diameter 8.7 1.4 
0.35 mm × 0.35 mm 3.5 6.3 

5 mm × 0.5 mm 
8.7 

4.8 (azimuth) 
1.7 (elevation) 

3.5 
4.7 (azimuth) 
5.2 (elevation) 

  

Using Field II software, beamplots were calculated for each transducer aperture 

at the designated 8.7 MHz and 3.5 MHz frequencies, as can be seen in Figures 17-19 [96].  

A 4-cycle excitation pulse with 25% fractional bandwidth was used in the calculations, 

and attenuation was set to zero to mimic the conditions of experimental measurements 

taken in a water tank.  Figures 17a, 18a, and 19a show the relative sizes of each of the 

active apertures (0.5 mm gridline spacing).  Figures 17b, 18b, 19b, and 19f display the 

beam’s relative pressure amplitude in the zero-elevation plane for each aperture, and 

Figures 19c and 19g also show the zero-azimuth plane for the largest aperture (which 

lacks a 1:1 aspect ratio).  Figures 17d, 18d, 19e, and 19i show each beam’s simulated 

relative pressure amplitude at a depth of 4 mm, the closest distance at which the 

membrane hydrophone can be placed for measurement in a water tank.  Table 2 lists the 

-6 dB beamwidth at a depth of 4 mm for each aperture and transmit frequency. 



 

53 

3.2.2 Prototype Fabrication 

For these feasibility prototypes, emphasis was put on simple fabrication 

techniques without significant efforts to optimize transducer performance and 

bandwidth.  Each transducer needed to be made functional (by having a signal wire and 

a ground contact attached) and sufficiently durable for water tank testing.  Each 

experimental transducer was modeled in PiezoCADTM (Sonic Concepts, Bothell, WA, 

USA) to calculate a pulse-echo impulse response and spectrum to compare to 

hydrophone measurements taken later.  Accuracy of the PiezoCAD modeling was 

limited by complex backing materials constrained by the small diameters of the 

catheters. 

 

Figure 20. (a) Boston Scientific SoniCath 0.7 mm diameter transducer secured in test 

lumen. (b) Pulse-echo impulse response and frequency spectrum. 
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First, the 0.7-mm diameter Boston Scientific SoniCath 3.5-Fr IVUS transducer (see 

Figure 20a) was used without modification but was driven at a frequency near 8.7 MHz.  

For durability during testing, the transducer and cable were secured in an open lumen 

using 5-minute epoxy (Loctite, Hartford, CT, USA). 

 

Figure 21. (a) Boston Scientific Atlantis retrofitted with 220 μm thick, 0.35 mm × 0.35 

mm PZT-4 transducer. (b) Pulse-echo impulse response and frequency spectrum, 

PiezoCAD calculation (green) and experimental measurement (blue). 

For the first experimental prototype, the original 0.5-mm diameter element was 

removed from a 40-MHz Boston Scientific Atlantis SR Pro 3.5-Fr IVUS catheter, and 

replaced by a 0.35 mm × 0.35 mm PZT-4 transducer, which was 220 μm thick with a 

nominal thickness resonance of 10 MHz (see Figure 21a).  PZT-4 was chosen because its 

material properties (relatively high electromechanical coupling coefficient, high 

mechanical quality factor, low dissipation factor, and high Curie temperature) make it 

optimal for dual-mode imaging and therapy transducers.  A drop of low-viscosity, 20-

minute epoxy (Finish-Cure, Bob Smith Industries, Atascadero, CA, USA) was applied at 

the corners of the transducer and allowed to set, in order to stabilize the element in 
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relation to the surrounding metal housing.  A drop of silver epoxy (CHO-BOND, 

Chomerics, Woburn, MA, USA) was added to connect the front contact of the element 

with the exposed signal wire, and cured in an oven at 60°C for three hours.  The cavity 

behind the element was then filled with silver epoxy to electrically connect the back 

contact of the element with the grounded metal housing.   

 

Figure 22. (a) 220 μm thick, 0.35 mm × 0.35 mm PZT-4 test transducer. (b) Pulse-echo 

impulse response and frequency spectrum, PiezoCAD calculation (green) and 

experimental measurement (blue). 

A more durable and easy-to-fabricate test transducer, using an identical 0.35 mm 

× 0.35 mm × 220 μm PZT-4 element, was also constructed (see Figure 22a).  The thin 

coaxial cable was taken from a disassembled Atlantis catheter, and its inner signal wire 

was separated from the outer ground wires and stripped of its insulation.  The ground 

wires were pressed together and smothered with a drop of silver epoxy before placing 

the transducer in the center.  After this grounded back contact was cured in the oven, the 

signal wire was attached to a corner of the front contact with silver epoxy.  The device 

was then secured inside an open catheter lumen with 5-minute epoxy. 
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Because a transducer with such a small area but significant thickness naturally 

has a low capacitance and high electrical impedance, a simple, two-component ‘L-

section’ impedance-matching network, consisting of an inductor in series with the load 

and a capacitor in parallel, was built to maximize the power transfer from the driving 

amplifier to the transducer.  To design this network, the amplifier (source) impedance 

and the corresponding water-coupled transducer element (load) impedance were 

measured for a selected frequency using an impedance analyzer (Model 4194A, Hewlett-

Packard, Palo Alto, CA, USA).  Then, because maximum real power transfer occurs 

when the input impedance (L-section plus load) equals the complex conjugate of the 

source impedance, the optimal inductance (11 μH) and capacitance (750 pF) values for 

the L-section components were found algebraically (see Appendix A).   

 

Figure 23. (a) 220 μm thick, 5 mm × 0.5 mm PZT-4 test transducer. (b) Pulse-echo 

impulse response and frequency spectrum, PiezoCAD calculation (green) and 

experimental measurement (blue). 
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Finally, a 220-μm thick, 5 mm × 0.5 mm PZT-4 test transducer (see Figure 23a) 

was constructed using a thin coaxial cable in a similar fashion to the 0.35 mm × 0.35 mm 

test transducer described above. 

After measuring the electrical impedance, pulse-echo impulse response, and 

frequency response (using a Model 5073PR Pulser/Receiver and Model 5605A Stepless 

Gate, Olympus NDT, Waltham, MA, USA, and Hewlett-Packard Model 3588A Spectrum 

Analyzer) for each transducer, measurements of maximum intensity and mechanical 

index were taken at frequencies that both corresponded to a peak on the frequency 

spectrum and were reasonably close to the 8.7 or 3.5 MHz ideal.   

 

3.2.3 Imaging 

To get a qualitative assessment of PZT-4’s potential for imaging as a dual-mode 

IVUS transducer, the 5 mm × 0.5 mm PZT-4 test transducer was used to manually 

reconstruct an image of a 2.5 cm diameter cyst phantom.  The transducer was mounted 

to a translation stage and moved laterally over the target phantom.  The pulser/receiver 

was then used to generate a line of image data every 1 mm over a span of 35 mm.  A 

20th-order bandpass filter, windowing between 8.5 MHz and 10 MHz, was applied to 

isolate the high-frequency components and reduce noise, and linear time-gain 

compensation (TGC) was applied to balance the attenuation and give uniform image 

brightness with depth (see Appendix C).  The resulting image is shown in Figure 24. 
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Figure 24. Image of a 2.5 cm diameter cyst phantom acquired with 5 mm × 0.5 mm 

PZT-4 test transducer. A 8.5 MHz to 10 MHz bandpass filter and linear TGC was 

applied to the data. 

 

3.2.4 Thermal Modeling 

To further analyze the potential for hyperthermia generation with each 

transducer, a model previously used for circularly-symmetric, spherically-focused 

transducers in a homogeneous medium was adapted for the stated IVUS transducer 

geometries in brain tissue.  This approach, described in [108] and based on [109] and 

[110], considers the acoustic thermal beam to be a continuum of heated disks.  The 

continuous-wave acoustic intensity is assumed to be uniform (spatial-averaged ISATA) 

inside each disk and zero outside.  The acoustic power is assumed to decay 

exponentially due to absorption as a function of depth z: 

 )2exp()( zWzW o α−=  (9) 
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The thermal beam diameter is defined with the help of a dimensionless parameter Ψ as 

follows: 
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where do is the transducer diameter and roc is the transducer’s radius of curvature [110].  

Because the transducers considered have no spherical focusing, the radius of curvature 

is infinite, and the expression for Ψ reduces to: 
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Based on [110], the diameter d of the thermal beam is then given for Ψ > 2.56 by: 

 odzd =)(  (12) 

and for Ψ < 2.56 by: 
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Because the aspect ratio of the 5 mm × 0.5 mm transducer is not 1:1, a transducer 

diameter do could not be given to calculate the beam diameter.  Therefore, as a first-order 

approximation for this case, the diameter of the thermal beam was taken to be the 

geometric mean of the beam diameters found for apertures of do = 5 mm and do = 0.5 

mm. 

Before calculating the maximum possible temperature rise for each transducer, a 

measurement of total acoustic power radiating from the transducer face, Wo, was 
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needed.  Each transducer was placed in a water tank and driven by a waveform 

generator (Model 33250, Agilent, Santa Clara, CA, USA) connected to a 25-Watt RF 

power amplifier (Model 525LA, ENI, Rochester, NY, USA), creating a maximum-

amplitude 4-cycle excitation pulse with a 100 Hz PRF.  This low duty cycle was chosen 

cautiously for this first set of experiments, primarily to ensure that the power amplifier 

could maintain stable output without risk of being damaged, as well as to prevent 

possible damage to the transducer from repeated, prolonged excitation at high power 

levels.  Thus the values found for intensity and power are instantaneous values which 

were extrapolated to estimate continuous-wave operation; this thermal modeling does 

not address the possibility of transducer self-heating and its potential contribution to 

tissue heating. 

A calibrated membrane hydrophone (S4-251, Sonora Medical Systems, 

Longmont, CO, USA) was used to locate the peak intensity at the closest measurable 

distance (4 mm) using our setup.  This peak intensity value was used to scale a 

normalized azimuth-elevation beamplot, and the total hydrophone-measured power, 

Wo, was calculated by integrating over the half-maximum area, according to the AIUM 

Acoustic Output Measurement Standard [111].  This is illustrated in Figures 17c, 18c, 

19d, and 19h, which show 4-mm-depth beamplots of normalized pressure for each 

transducer’s beam, truncated at half-maximum.  The hydrophone data was also used to 

compute the mechanical index of each pulse. 
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The estimated temperature rise ∆T (in °C) at an observation point zobs along the 

beam axis was then computed according to: 

 ∫
∞

⋅




=∆
0

)()( dzzF
K

LW
zT o

obs

α
 (14) 

where 

 





























 −+−
−






 −−
⋅

−
=

L

zzzR

L

zz

zA

z
zF

obsobs

22 )(
expexp

)(

)2exp(
)(

α
 (15) 

and where A(z) is the beam area and R(z) the beam radius versus depth, L is the 

perfusion length in brain tissue (3.9 mm), and K is the thermal conductivity of brain 

tissue (5.35 mW/cm/Kelvin) [108, 112].   

This thermal model strongly depends on the size and shape of the acoustic 

aperture, and thus differs from the simple plane-wave approximation used to select the 

ideal high and low frequencies of 8.7 and 3.5 MHz.  To investigate this dependence and 

better predict the effectiveness of ultrasound heating at a certain frequency, thermal 

simulations were performed for each aperture over a range of frequencies from 1 to 20 

MHz.  The ∆T(zobs) curve was first normalized to a maximum temperature rise of 8°C 

(corresponding to a local absolute tissue temperature of 45°C; above this temperature 

proteins begin to denature, losing their tertiary structure) [108].  The depth at which the 

temperature increase fell below the 4°C thermosensitive liposome release threshold was 

then recorded as the ‘thermal penetration’ possible for a given aperture. 



 

62 

3.3 Results 

 

3.3.1 Experimental Measurements 

The impulse response and frequency spectrum for the unmodified, 0.7-mm 

diameter Boston Scientific SoniCath transducer is shown in Figure 20b.  The spectrum 

indicates a broadband response centered about 20 MHz.  For the purpose of shallow 

tumor heating (frequencies near 8.7 MHz, considered optimal for 1 cm depth), its 

maximum-amplitude operating frequency was found to be 8.6 MHz, and a maximum 

spatial-peak, pulse-averaged intensity (ISPPA) of 4.6 W/cm2 was measured, with a 

mechanical index (MI) of 0.16. 

For the Boston Scientific Atlantis catheter retrofitted with a 220-μm thick, 0.35 

mm × 0.35 mm PZT-4 element, frequency components at 5, 9, 11, and 13 MHz were 

found to be present (see Figure 21b).  PiezoCAD modeling of this transducer had 

estimated a thickness-mode center frequency of 9.27 MHz.  Unfortunately, after repeated 

handling, this transducer no longer functioned and intensity measurements could not be 

taken. 

The analogous 0.35 mm × 0.35 mm test transducer showed a peak width-mode 

resonance at 3.85 MHz (see Figure 22b), so the electrical impedance matching network 

was designed for this frequency.  PiezoCAD had estimated the peak thickness-mode 

frequency to be 9.29 MHz.  The customized matching circuit served to increase the 
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output pressure amplitude by 36% (see Figure 25).  Using this matching network, the 

transducer achieved an ISPPA of 4.6 W/cm2 and a MI of 0.19. 

 

Figure 25. Output pressure from 0.35 mm × 0.35 mm PZT-4 test transducer with 

maximum-amplitude, 4-cycle driving pulse. (a) Without L-section matching circuit. (b) 

With L-section matching circuit. 

The 220-μm thick, 5 mm × 0.5 mm test transducer’s frequency response had a 

thickness-mode resonance peak at 9.8 MHz, as well as a width-mode resonance at 3.6 

MHz, as seen in Figure 23b.  PiezoCAD modeling had predicted a thickness-mode 

resonance at 9.35 MHz.  ISPPA measurements of 30.9 W/cm2 (MI = 0.29) and 5.2 W/cm2 (MI 

= 0.23) were taken at each resonant frequency, respectively.  Table 3 lists these measured 

results. 
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Table 3. Acoustic output measurements and thermal modeling results. 

  Measured Pulse CW Extrapolation 

Transducer 
Frequency 

(MHz) 
ISPPA 

(W/cm2) 
MI 

ISPTA 
(W/cm2) 

Wo 
(W) 

Max. 
Temp. 
Rise 
(°C) 

Normalized 
(8° max.) 4° 
Penetration 
Depth (mm) 

0.7mm diam. 
SoniCath 

8.6 4.6 0.16 5.0 0.06 4.6 4.7 

.35x.35mm PZT-4 
w/MN 

3.85 3.6 0.19 5.6 1.0 31.0 1.9 

5x.5mm PZT-4 
9.8 30.9 0.29 39.6 1.9 73.8 5.9 
3.6 5.2 0.23 8.1 0.8 9.8 8.6 

 

 

3.3.2 Thermal Model Calculations 

The hydrophone-recorded pulse data used to find the ISPPA values mentioned 

above were extrapolated to estimate the continuous-wave ISPTA for each transducer.  

These continuous-wave intensity values were used to find the total hydrophone-

measured power, Wo, for each transducer [111].  With a Wo value as input, the thermal 

model calculated the on-axis tissue temperature rise vs. depth curve, ∆T(z), and found 

the maximum possible temperature rise for each transducer operating with continuous-

wave excitation, as listed in Table 3.  

Figure 26 is an example illustrating the result of these calculations for the 0.7-mm 

diameter SoniCath transducer: Figure 26a gives the calculated thermal beam radius as a 

function of depth; Figure 26b gives the ISATA as a function of depth (found by dividing 

the beam’s exponentially-decaying total power by the cross-sectional beam area); Figure 

26c gives the depth-dependent on-axis temperature rise in brain tissue.   
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Figure 26. Thermal model calculations for 0.7 mm diameter SoniCath (continuous-

wave Wo = 0.06 Watts). (a) Thermal beam radius vs. depth. (b) Uniform (spatial-

average) intensity vs. depth for the thermal beam. (c) Resulting on-axis temperature 

rise in brain tissue. 

After scaling each ∆T(z) curve to an 8°C maximum, the maximum 4°C thermal 

penetration was determined.  It was found that the 0.7-mm diameter Boston Scientific 

SoniCath transducer aperture would be capable of safely achieving a 4°C temperature 

rise up to 4.7 mm deep at 8.6 MHz.  The 0.35 mm × 0.35 mm test transducer aperture 

could achieve 4°C thermal penetration up to 1.9 mm deep at 3.85 MHz.  The 5 mm × 0.5 

mm test transducer aperture could achieve thermal penetration up to 5.9 mm deep at 9.8 

MHz, and up to 8.6 mm deep at 3.6 MHz.  These results are listed in Table 3. 
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Figure 27. Calculated 4°C thermal penetration (8°C maximum) vs. frequency for each 

aperture. 

Figure 27 shows the model’s computation for the thermal penetration for each 

acoustic aperture as a function of frequency.  This figure shows that, for each aperture 

geometry, the model predicts a particular frequency where there is an optimal 

distribution of energy, balancing the frequency-dependent tradeoff between absorption 

and beam divergence, resulting in a theoretical maximum of safe thermal penetration.  

The model’s computation shows that the 0.7-mm diameter SoniCath aperture is capable 

of achieving 4°C thermal penetration to a maximum depth of 4.8 mm in brain tissue at 

an optimal frequency of 8.7 MHz.  The 0.35 mm × 0.35 mm transducer aperture is 

capable of achieving thermal penetration up to 2.8 mm deep at 12.4 MHz, and the 5 mm 

× 0.5 mm transducer aperture is capable of achieving thermal penetration up to 12.4 mm 

deep at an optimal frequency of 2.4 MHz. 
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3.4 Discussion 

Three different transducer apertures appropriate for 3.5-Fr IVUS catheter 

packaging were investigated for their potential to create dual-mode ultrasound imaging 

and hyperthermia.  Beamplots for each aperture were generated using Field II, and a 

thermal model was used to calculate the expected temperature rise on the beam axis 

within brain tissue.  ISPPA values of several Watts per square centimeter were measured, 

indicating that localized hyperthermia in brain tissue may be possible. 

A 3.5-Fr Boston Scientific SoniCath IVUS transducer with a 0.7-mm diameter 

element was driven near 8.7 MHz (estimated as an optimal frequency for heating at a 

depth of 1 cm in brain tissue), and thermal modeling calculated that this transducer 

aperture could achieve 4°C thermal penetration up to a depth of 4.7 mm at 8.6 MHz.   

A 3.5-Fr Boston Scientific Atlantis catheter was successfully retrofitted with a 

220-μm thick, 0.35 mm × 0.35 mm PZT-4 element and transducer operation was verified, 

but the device failed after repeated use.  A test transducer with an identical PZT-4 

element was fabricated and driven at a width-mode resonance frequency (lower 

frequencies near 3.5 MHz were considered optimal for heating at a depth of 2.5 cm in 

brain tissue) with the help of a custom L-section electrical impedance matching circuit.  

Thermal modeling predicted a 4°C thermal penetration depth of 1.9 mm at 3.85 MHz.  

Future tissue heating experiments will need an electrical impedance matching network 
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customized for each transducer to maximize power transfer efficiency for high duty 

cycle, high power transmit. 

A 220-μm thick, 5 mm × 0.5 mm PZT-4 test transducer was built as a possible 

high- and low-frequency option; this aperture geometry was considered the maximum 

allowable size for a flexible 3-Fr IVUS catheter.  Thermal modeling calculated 4°C 

thermal penetration depths of 5.9 mm at 9.8 MHz and 8.6 mm at 3.6 MHz.  The results 

from the three aperture geometries considered indicate that the largest, 5 mm × 0.5 mm 

transducer is the only practical solution for achieving the desired 4°C temperature rise to 

an effective treatment depth in tissue. 

The 4°C thermal penetration predicted by the acoustic measurements and 

associated thermal modeling at specific frequencies was not deep enough for either of 

the 1-cm or 2.5-cm diameter tumors initially considered; however, investigation of the 

model reveals that the design frequencies used may not have been ideal.  The thermal 

model suggests that the maximum depth to which a transducer can achieve a 4°C 

temperature rise (without heating any part of the tissue more than 8°C) is highly 

dependent on the size and shape of the acoustic aperture (see Figure 27); naturally, a 

larger aperture achieves better results, but the catheter’s size and required flexibility 

limit the feasible size of the transducer.  As indicated in Figure 27, the model predicts 

that the ideal driving frequency for the 5 mm × 0.5 mm aperture is 2.4 MHz; operation at 

this frequency is predicted to achieve a maximum safe thermal penetration depth of 12.4 
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mm, which would be sufficient for heating a 1-cm diameter tumor target.  In future 

work, this method of thermal modeling may be used to aid the frequency selection and 

design of dual-mode transducers. 

While future studies will involve temperature measurements in tissue for high-

power exposures with IVUS-sized transducers, the mechanical index is an important 

metric as well.  Studies have shown that the blood-brain barrier (BBB) disruption 

threshold is estimated to be at a mechanical index between 0.2 and 0.5 when ultrasound 

exposures are used in conjunction with circulating microbubble contrast agent [39, 40, 

113].  Optimized IVUS transducer designs could achieve higher pressure amplitudes at 

frequencies below 2 MHz, opening the door for another drug-delivery strategy where 

microbubbles and chemotherapeutic drugs in solution could be delivered through the 

same ultrasound catheter device, and BBB disruption (rather than hyperthermia) would 

be the mechanism by which the chemotherapeutic effect could be localized. 

With these possibilities in mind, perhaps the most exciting result of the current 

work is the successful retrofitting of Boston Scientific’s 40 MHz, 3.5 Fr Atlantis SR Pro 

catheter with a lower-frequency, higher-power transducer element, which demonstrates 

the potential for this technology to be quickly implemented clinically once its efficacy is 

fully established. 

In summary, high-power PZT-4 prototype transducers capable of being 

packaged in 3.5-Fr IVUS catheters were built and tested as potential dual-mode 
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imaging-and-therapy devices for minimally-invasive treatment of tumors in the brain.  

Acoustic output was measured and a thermal model was used to estimate the spatial 

extent to which 4°C hyperthermia could be safely achieved with each transducer 

aperture under continuous-wave excitation.  These results, and the successful retrofit of 

a 3.5-Fr Boston Scientific IVUS catheter with a PZT-4 element, indicate that the creation 

of hyperthermia with a dual-mode IVUS transducer may be possible and that this 

technology may become clinically viable with further development. 
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4. Dual-mode IVUS Transducer Validation 

 

4.1 Introduction 

The goal of this study was to determine the feasibility of using 3.5-Fr IVUS 

catheters for minimally-invasive, image-guided hyperthermia treatment of tumors in the 

brain.  The design goal is a dual-mode ultrasound catheter that is both thin and flexible 

enough to navigate a vascular pathway to the brain and be placed immediately adjacent 

to a brain tumor target, to visualize the tumor before directing an ultrasound 

hyperthermia beam to trigger the release of chemotherapeutic drugs contained within 

thermosensitive liposomes molecularly targeted to regions of tumor angiogenesis (see 

Figure 28).  Commercially-available IVUS catheters have an appropriate form factor—

are both thin and flexible enough—to achieve the desired placement within the brain 

volume via the intended vascular approach, so they are considered here as one possible 

platform for a dual-mode intracranial catheter integrating ultrasound imaging and 

hyperthermia. 

In previous studies, the feasibility of a dual-mode intracranial catheter 

transducer was investigated by means of two different approaches: first by using 14-Fr, 

phased-array prototype transducers for focused tissue heating and real-time 3D 

intracranial imaging, and second by modeling and measuring acoustic output for 

various 3.5-Fr IVUS catheter transducer apertures [80, 81]. 
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Figure 28. Schematic of proposed dual-mode IVUS operation. Radial imaging field 

(gray circle) with tumor (white circle). Hyperthermia beam (straight lines indicate full 

beamwidth at half-maximum) from catheter (black circle) directed at tumor volume. 

This chapter describes the design, fabrication, and testing of a dual-frequency, 5 

× 0.5 × 0.22 mm PZT-4 transducer in two prototypes to independently assess imaging 

performance and therapeutic potential of the proposed dual-mode, intracranial IVUS 

catheter design.  One prototype was designed for 9-MHz imaging, using the PZT-4 

transducer to retrofit a commercial 3.5-Fr IVUS catheter; the other prototype was built 

for the purpose of 3.3-MHz continuous-wave therapeutic insonification.  The imaging 

catheter was used to visualize the post-mortem ovine brain and attempt vascular access 

to an in vivo porcine brain.  The therapy prototype was used on a tissue-mimicking 

thermal phantom, an excised glioblastoma tumor, and a human glioblastoma xenograft 
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tumor grown in the flank of a nude mouse, to determine a range of achievable 

temperatures in the tissue. 

 

4.2 Methods 

PZT-4 was used in prototype construction because its properties (high kT and Qm, 

low tan δ) make it an excellent choice of material for dual-mode imaging and therapy 

transducers.  A 9-MHz resonance for imaging corresponds to a PZT-4 thickness of 0.22 

mm, and the maximum-allowable aperture geometry for a flexible 3.5-Fr IVUS catheter 

was determined to be 5 × 0.5 mm in consultation with neurosurgery and interventional 

neuroradiology colleagues.  In addition to the thickness-mode, a width-mode resonance 

at 3.3 MHz was designed and utilized for increased thermal penetration depth at high 

power levels.  Consequently, two prototypes were built using 5 × 0.5 × 0.22 mm PZT-4: 

one to assess imaging performance at 9 MHz in a mechanical IVUS catheter, and one to 

assess therapeutic potential by hyperthermia generation at 3.3 MHz. 

 

4.2.1 Imaging 

For the imaging prototype, a mechanical IVUS catheter was needed as a 

construction template.  A Boston Scientific (Natick, MA, USA) AtlantisTM SR Pro 

coronary imaging catheter, with a nominal frequency of 40 MHz, was chosen and tested 

prior to modification by connecting to a ClearView UltraTM scanner.  Figure 29 shows a 
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40-MHz image of a portion of a 2.5-cm-diameter cyst phantom acquired with the 

unmodified Atlantis catheter. 

 

Figure 29. 40-MHz image of 2.5-cm cyst phantom, acquired with Atlantis IVUS 

catheter.  Arrows indicate cyst wall.  Tick mark spacing is 1 mm. 

The Atlantis’ original 40-MHz element was carefully removed from the distal 

end of the catheter, and the rounded metal housing was filed down to create a level 

shelf.  The 5 × 0.5 × 0.22 mm PZT-4 element was then bonded to the shelf with silver 

epoxy (CHO-BOND, Chomerics, Woburn, MA, USA) to secure and electrically connect 

to the ground contact on the back of the element.  The front contact was then connected 

to the signal wire—protruding from the middle of the housing—with silver epoxy.  To 

reinforce the delicate bonds of silver epoxy, a coating of 20-minute epoxy (Finish-Cure, 

Bob Smith Industries, Atascadero, CA, USA) was applied around the proximal end of 

the element.  Finally, to ensure that sound was transmitted and received only through 
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the front face of the transducer, an improvised air backing was created using a mixture 

of 20-minute epoxy and phenolic microballoons (BJO-0930, Asia Pacific Microballoons, 

Selangor, Malaysia).  Figure 30 shows a top-view and side-view schematic of the 

prototype. 

 

Figure 30. Schematic of 9 MHz imaging prototype. (a) Top view of transducer bonded 

to metal housing (light gray). (b) Side view showing phenolic microballoon backing 

(dark gray). Scale in mm. 

To initially assess imaging performance, the modified Atlantis IVUS prototype 

was compared to a Boston Scientific 9-Fr intracardiac echo catheter (Ultra ICETM; see 

Figure 31a) as a gold standard for 9-MHz imaging.  Using the ClearView Ultra scanner, 

each catheter was used to image two targets: a 2.5-cm-diameter cyst phantom, and three 

post-mortem ovine brains. To image the ovine brain 30 minutes post-mortem, a burr 

hole was made along the midline of the skull, angled posteriorly. This allowed catheter 

insertion into the superior sagittal sinus, such that the imaging plane (perpendicular to 

the catheter axis) could be swept over the brain volume by push-through or pull-back 

(see Figure 32). 
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Figure 31. Catheter devices and 9-MHz images of 2.5-cm cyst phantom. (a) 9-Fr ICE 

with 2.1-mm-diameter transducer. (b) ICE catheter cyst image. (c) Modified IVUS 

prototype outside of 3.5-Fr sheath. (d) Modified IVUS cyst image. Tick mark spacing 

is 16 mm. 

The final experiment with the 9-MHz imaging prototype attempted to access the 

cranial cavity via a minimally-invasive vascular approach in an in vivo porcine model.  

The Institutional Animal Care and Use Committee at Duke University approved the 

following procedure.  An intravenous (IV) line was established in a peripheral vein and 
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the animal was sedated with thiopental sodium, 20 mg/kg administered intravenously.  

Anesthesia was induced with inhalation of isoflurane gas 1% to 5 % delivered through a 

nose cone.   

 

Figure 32. Diagram of ovine brain imaging scheme.  Catheter insertion into posterior 

portion of superior sagittal sinus, with rotating transducer scanning a perpendicular 

plane (dark blue).  Reproduced with permission from R.R. Miselis, University of 

Pennsylvania School of Veterinary Medicine [103]. 

The animal was intubated, placed on a water heated thermal pad, and started on 

a ventilator.  A line was placed in the left femoral artery via a percutaneous puncture or 

cutdown.  Electrolyte and ventilator adjustments were made based on serial electrolyte 

and arterial blood gas measurements.  An IV maintenance drip of D-5 lactated Ringer’s 

solution was started and maintained at 5 mL/kg/min.  Blood pressure, lead II 

electrocardiogram, and temperature were continuously monitored throughout the 

procedure.  The animal was placed in a supine position, and the right femoral artery was 

punctured using the Seldinger technique and dilated over a guide wire.  A preliminary 

angiogram of the right common carotid and vertebral arteries was performed and 
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recorded to identify the locations and anatomy of proximate branch vessels.  With a 6-Fr 

EnvoyTM XB (670-258-90B, Cordis Corp., Bridgewater, NJ, USA) guiding catheter in place 

over a wire guide, the modified Atlantis IVUS prototype was advanced toward the 

cranial vessels via either the carotid or vertebral arteries.  Real-time images of the vessels 

and surrounding tissue were acquired at 9 MHz using the ClearView Ultra scanner. 

 

4.2.2 Therapy 

A therapy prototype designed for high-power operation was constructed using a 

piece of PZT-4 identical to that used in the 9-MHz imaging prototype (5 × 0.5 × 0.22 mm).  

Double-sided metallized liquid crystal polymer (LCP, 20 μm thick) was bonded to the 

face of the ceramic with silver epoxy, to provide both a signal ground contact and a 

separate outer ground layer to shield RF noise.  Four feet of IVUS-catheter coaxial cable 

was removed from the inside of a spare Atlantis catheter, and the cable’s ground and 

signal wires were carefully exposed and separated at the distal end before being bonded 

to the front and back contacts of the PZT-4, respectively.  An epoxy-and-microballoons 

air backing was applied (similar to the imaging prototype), and the transducer was 

secured and sealed in a 9-Fr catheter scrap, in side-viewing configuration. 

An impedance analyzer (Model 4194A, Hewlett-Packard, Palo Alto, CA, USA) 

was used to measure the electrical impedances of both the therapy prototype and a 25-W 

RF power amplifier (Model 525LA, ENI, Rochester, NY, USA) at 3.3 MHz.  These 
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impedance values were used to calculate the optimal inductance and capacitance values 

(7.7 μH and 55 pF, respectively) for the design of a simple L-section impedance 

matching network, which would be used to maximize power transfer from the power 

source (amplifier) to the load (therapy prototype transducer) at a single frequency (see 

Appendix A). 

To initially assess therapeutic potential, the transducer was used in vitro with 

tissue-mimicking material (National Physical Laboratory, Teddington, UK), which is 4 

cm in diameter and 4 mm thick, and has thermal properties similar to brain tissue [97-

99].  To measure the achievable temperature, a type T, 33-gauge, hypodermic needle 

thermocouple (HYP-0, Omega Engineering, Stamford, CT, USA) was used.  This small-

diameter, fine-wire thermocouple sheathed in stainless steel was chosen to minimize the 

possibility of artifacts in the thermal measurement (e.g. viscous heating, reflections, 

conduction along the wire) [94, 95].  These effects were not otherwise considered in the 

proof-of-concept experiments described here. 

The thermocouple was inserted approximately 1 mm beneath the surface of the 

material, and the depth of the thermocouple was verified by imaging the sample with a 

Vevo 770TM scanner and RMV706TM scanhead (VisualSonics, Toronto, Ontario, Canada) 

at 40 MHz (see Figure 33a).  The prototype transducer was aligned with the 

thermocouple and placed within 1 mm of the surface of the submerged material sample 

(see Figure 33b).  A waveform generator (Model 33250, Agilent, Santa Clara, CA, USA) 
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was connected to the power amplifier to produce continuous-wave (CW) excitation at a 

net average electric power of 700 mW at 3.3 MHz for nearly 2 minutes while the 

thermocouple recorded temperature.  Electrical input to the matching network and 

therapy prototype transducer, including average forward and reflected power, was 

measured using a power reflection meter (NRT, Rohde & Schwarz, Munich, Germany). 

 

Figure 33. Therapy experiment procedures. (a) 40-MHz VisualSonics image verifying 

thermocouple needle 1 mm beneath the surface in tissue-mimicking material. (b) In 

vitro therapy experiment setup. (c) In vivo glioblastoma therapy setup: anesthetized 

mouse on foil-lined heating pad. Arrow indicates transducer position. 

The therapy prototype transducer was tested on an excised glioblastoma tumor, 

which had been grown artificially on the flank of a nude mouse.  The tumor measured 

13 mm along the long axis, and 10 mm along the short axis.  A minimal amount of 

standard ultrasound transmission gel (Conductor, Chattanooga Group, Hixson, TN, 

USA) was applied to the face of the transducer before placing it in contact with the 

tumor.  The thermocouple was inserted approximately 1.5 mm beneath the surface of 

the tissue, and aligned with the center of the transducer.  The waveform generator and 

power amplifier created 3.3 MHz CW excitation.  The power was alternately turned on 
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and off for 90 seconds at a time, at levels of 700, 350, and 175 mW, while the 

thermocouple recorded temperature. 

Finally, the therapy prototype was tested on a human glioblastoma xenograft 

tumor, grown to approximately 1 cm × 2 cm in the flank of a nude mouse.  The animal 

was anesthetized with 100mg/kg ketamine/xylazine and monitored by toe pinch reflex.  

The anesthetic was re-administered as needed on a per animal basis, when the animal 

responded to the toe-pinch.  Animal body temperature was maintained at 37°C using a 

homeothermic heating blanket.  The skin around the tumor was carefully dissected 

away so that the transducer could be placed directly on the surface of the tumor, using 

minimal ultrasound transmission gel.  The tumor measured 18 mm along the long axis, 

and 16 mm along the short axis.  The thermocouple was inserted approximately 1.5 mm 

beneath the tissue surface and aligned with the transducer (see Figure 33c).  The 

waveform generator and power amplifier produced 3.3-MHz CW excitation for 60 

seconds, followed by 120 seconds of off-time, to allow the tissue temperature to recover 

to nearer its baseline temperature.  This was done sequentially at power levels of 700, 

350, and 175 mW, while the thermocouple recorded temperature. 

 

4.3 Results 
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4.3.1 Imaging 

Figure 31a shows the 9-Fr ICE catheter used as an imaging gold standard, and 

the modified Atlantis IVUS prototype transducer is shown in Figure 31c.  The ICE 

transducer is 2.1 mm in diameter, while the IVUS prototype has an aperture 0.5 mm in 

azimuth.  Figures 31b and 31d are 9-MHz images of a 2.5-cm cyst phantom acquired by 

the commercial 9-Fr ICE catheter and the 3.5-Fr modified IVUS prototype, respectively.  

Though the gold-standard ICE catheter outperforms the prototype in terms of lateral 

resolution and sensitivity, the images are roughly comparable.  The IVUS prototype has 

greater degree of beam divergence due to its much smaller aperture, resulting in poorer 

lateral resolution relative to the ICE gold standard. 

Figure 34 compares the imaging performance of the 9-Fr ICE and 3.5-Fr modified 

IVUS catheter probes in a post-mortem ovine brain, with an anatomical diagram for 

reference [101].  In both images, the skull is seen outlining the cranial cavity, and the 

symmetric wings of the lateral ventricles are clearly visible in the center of the brain 

volume as well. 

In the in vivo porcine experiment, the prototype catheter was unfortunately 

unable to advance beyond the pig’s vertebral artery into the basilar artery at the base of 

the brain.  Figure 35 shows the prototype transducer at its farthest advancement in the 

vertebral artery, as well as a real-time, 9-MHz ultrasound image of the vertebral artery 

near the subclavian junction. 
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Figure 34. Post-mortem ovine brain 9-MHz imaging comparison showing lateral 

ventricles.  (a) 9-Fr ICE catheter image.  (b) Anatomical diagram, reproduced with 

permission from Fletcher et al., University of Minnesota College of Veterinary 

Medicine [101].  (c) 3.5-Fr modified IVUS prototype image. Tick mark spacing: 16 mm. 
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Figure 35. In vivo porcine imaging results. (a) Angiogram showing modified IVUS 

prototype (arrow) in right vertebral artery. (b) 9-MHz image of vertebral artery lumen 

(arrow) and surrounding tissue near subclavian junction. Tick mark spacing is 16 mm. 

 

4.3.2 Therapy 

In the tissue-mimicking material, the 3.3-MHz therapy prototype transducer was 

able to create a temperature rise of 6.7°C in less than 2 minutes with CW transmission at 

700 mW (see Figure 36).  In the excised glioblastoma brain tumor, the therapy prototype 

created a temperature rise of 19.1°C in 90 seconds of CW excitation at 700 mW.  

Subsequently, temperature rises of 9.2°C and 4.9°C were created using 350 mW and 175 

mW of CW power, respectively (see Figure 37).  Finally, in the in vivo tumor experiment, 

the therapy prototype achieved temperature rises of 13.5°C, 6.8°C, and 3.0°C in 60 

seconds of CW excitation at 700, 350, and 175 mW, respectively (see Figure 38).  
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Figure 36. Thermocouple data from in vitro therapy experiment with tissue-

mimicking material. Resulting temperature rise was 6.7°C in under 2 minutes. 

 

Figure 37. Thermocouple data showing sequential temperature rises in excised 

glioblastoma tumor of 19.1°C, 9.2°C, and 4.9°C after 90 seconds of on-time for power 

levels of 700, 350, and 175 mW, respectively. 
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Figure 38. Thermocouple data in a human glioblastoma xenograft tumor in vivo, 

showing sequential temperature rises of 13.5°C, 6.8°C, and 3.0°C after 60 seconds of 

on-time for power levels of 700, 350, and 175 mW, respectively. 

 

4.4 Discussion 

Identical 5 × 0.5 × 0.22 mm PZT-4 transducers were used to build a 9-MHz 

imaging prototype in a 3.5-Fr mechanical IVUS catheter, and a 3.3-MHz high-power 

prototype for therapy.  The 3.5-Fr imaging prototype performed comparably to a 9-Fr 

commercial ICE catheter in imaging a 2.5-cm cyst phantom and visualizing brain 

anatomy in a post-mortem ovine brain.  The ovine brain images show that a 3.5-Fr IVUS 

catheter is capable of resolving features (including the lateral ventricles and skull) at a 

depth of up to 3 cm. 

To our knowledge, these experiments demonstrate the first attempt to access and 

image the brain in vivo via a minimally-invasive, vascular approach using an ultrasound 
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catheter.  The 3.5-Fr, 9-MHz modified-Atlantis imaging prototype was able to navigate 

as far as the vertebral artery and image surrounding tissue before vessel narrowing and 

tortuosity prevented further catheter advancement.  Although access to the brain 

volume was not achieved in the porcine model, the experienced interventional 

neuroradiologist who helped conduct this experiment was supremely confident that 

such restricting vessel size and tortuosity issues would not be present in a human 

procedure. 

 

Figure 39. In vivo porcine vascular imaging results. (a) Angiogram showing a regional 

hematoma (arrows) surrounding the right vertebral artery. (b) Volcano ChromoFlo 

image showing non-uniform flow (arrow) in the lumen near the vessel puncture site, 

acquired with 20-MHz Eagle Eye Gold. Tick mark spacing is 1 mm. 

The results from the 3.5-Fr, 9-MHz IVUS imaging prototype can be compared to 

the findings of two final experiments using a 20-MHz Volcano (San Diego, CA, USA) 

3.5-Fr phased-array IVUS imaging catheter with an In-VisionTM scanner.  First, a Volcano 

Eagle EyeTM Gold was used in the same porcine model experiment as the modified 

Atlantis, to visualize the vessel and its surroundings with a higher-frequency, 
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commercial IVUS catheter.  As the Eagle Eye was advanced into the vertebral artery, the 

wire guide accidentally punctured the vessel wall, creating a regional hematoma which 

was visible under fluoroscopy (see Figure 39a).  The turbulent blood flow created by the 

puncture was visible when using the scanner’s ChromaFloTM feature to image the lumen 

(see Figure 39b). 

The other auxiliary experiment used a Volcano PV018 catheter to visualize 

structures near the brain surface.  The 3.5-Fr catheter was inserted through a 1-cm burr 

hole in a porcine skull, placing the IVUS array between the inner surface of the skull and 

the dura mater, a few millimeters adjacent to the midline.  The scan depth was 

maximized to 12 mm, and features including cerebral gyri, sulci, and pulsating vessels 

could be clearly seen out to a range of 5-6 mm (see Figure 40).  The findings from these 

auxiliary experiments suggest that additional useful information might be obtained with 

a more sophisticated device designed to operate at a frequency above 9 MHz. 

The therapy prototype achieved a temperature rise of 6.7°C in tissue-mimicking 

material before testing tissue-heating capability in glioblastoma tumors.  In an excised 

tumor, the therapy prototype achieved a temperature rise as high as 19.1°C in 90 

seconds at 1.5 mm deep.  When similarly tested on an in vivo tumor, the prototype 

achieved a temperature rise of 13.5°C in 60 seconds.   
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Figure 40. In vivo porcine brain imaging results. (a) Volcano PV018 image showing 

bordering skull (red arrow) and three gyri in close proximity (green arrows).  Tick 

mark spacing is 2 mm. (b) Anatomical diagram, reproduced with permission from the 

the University of Wisconsin and Michigan State Comparative Mammalian Brain 

Collections [114]. 
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The sharp rise and fall of the temperature data as power was turned on and off in 

the tumor therapy experiments (Figures 37 & 38) further suggests that the observed 

heating was predominantly due to absorption of ultrasound energy (not conduction), 

and it also demonstrates the range and control of achievable tissue temperatures using 

an IVUS-sized transducer [115].  The sequential excitations were effectively set at 100% 

power, 50% power, and 25% power, and the resulting increases in temperature were 

proportional. 

The lower temperature increase in the tissue-mimicking material, relative to the 

tumor experiment results, is likely due to the fact that the transducer was not directly in 

contact with the tissue.  This may have allowed for some amount of divergence and 

reflection of the ultrasound energy beam.  The presence of a water path also served to 

somewhat isolate the sample from any conductive heating contributions that may have 

been present.  The 19.1°C and 13.5°C increases in the excised and in vivo tumor 

experiments were much higher than the minimum increase of 4°C necessary for drug 

release from thermosensitive liposomes, demonstrating that it is possible to facilitate 

thermally-targeted drug delivery using a transducer small enough to be packaged in a 

3.5-Fr IVUS catheter. 

In total, the images obtained using the 3.5-Fr modified Atlantis prototype and 

commercially-available Volcano catheters in brain and vascular-access experiments 

demonstrate that it is possible to use an intravascular ultrasound device to effectively 
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visualize structures in the brain which are in close proximity to the transducer, and that 

catheter probes may be placed intracranially via a minimally-invasive vascular 

approach.  It was also shown that a 5 × 0.5 × 0.22 mm PZT-4 transducer is capable of 

heating a tumor in vivo +13.5°C above baseline temperature, a value well above the +4°C 

threshold for drug release from thermosensitive liposomes. 

These results indicate that combining these imaging and therapeutic capabilities 

into a single dual-mode device may be feasible, and this could yield a clinically-viable 

technology for brain tumor treatment.  Future experiments will investigate the 

therapeutic effect such a device may have on an intracranial brain tumor. 
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5. Future Work 

Results and analysis presented in the preceding chapters have shown that a 

single intravascular ultrasound catheter device can be made capable of minimally-

invasive insertion, intracranial visualization, and hyperthermia creation.  Further efforts 

are necessary to optimize the device design for clinical effectiveness.  

Ideally, the IVUS catheter device should have both functionalities (image 

acquisition and hyperthermia generation) seamlessly integrated for simultaneous 

operation, providing real-time image guidance of the directed therapy beam.  This 

introduces two challenges that could be met by a few different approaches. 

To implement real-time image-guided therapy with an IVUS catheter, the first 

challenge is delivering a large amount of electrical power to the transducer through the 

circuitry of the system and the wiring in the device for hyperthermia generation.  The 

second challenge is synchronizing the timing of the imaging and therapeutic excitations, 

or otherwise implementing a real-time, co-registered coordinate system between the two 

functionalities. 

For example, the Boston Scientific Atlantis mechanical IVUS catheter plugs into a 

console attached to the ClearView Ultra system for imaging.  The console contains a 

rotor to spin the catheter’s internal cable, and adjacent metallic contacts for the 

transmitted and received electrical signals.  To avoid mechanical contact between the 

stationary and spinning wires, the plug at the proximal end of the catheter contains a 1:1 
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transformer—one coil spins with the internal cable, and the other stays fixed in relation 

to the surrounding plug and console.  Whether this transformer can carry the 

transmission of more than 100 mW of electric power must be verified; if the transformer 

fails to sufficiently transmit power, a more robust solution must be engineered. 

Implementing real-time image guidance of a therapeutic ultrasound beam with a 

mechanical IVUS catheter requires control over the cable rotation and the high- and low-

power signals for transducer excitation.  Access to the system software (and possibly 

modification of its power supply) is needed to achieve this degree of control.  Ideally, 

after identifying the tumor target in the image and specifying the angular span over 

which to direct the hyperthermia beam, the rotation of the ultrasound beam could be 

slowed or stopped over the region of interest while gated, high-power excitation is 

applied.  The rotation speed and excitation power could readjust intermittently for 

image acquisition and continued guidance for the operator. 

A phased-array IVUS catheter, such as one of the Volcano devices used in 

Chapter 4, has similar concerns: the array has built-in multiplexers, amplifiers, and 

beamforming integrated circuitry.  It is perhaps likely that these microscopic electronics 

are unable to handle the high current and voltage used for ultrasound hyperthermia 

generation.  All or some of these electronics may need to be redesigned to handle 

therapeutic power levels and realize the full potential of a dual-mode, phased-array 



 

IVUS catheter: completely electronic control of the hyperthermia beam’s angular span 

and direction with real-time image guidance, using no moving parts

Figure 41. Proposed dual

electronic control or hard

hyperthermia beam can be selected, while retaining imaging capability.
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IVUS catheter: completely electronic control of the hyperthermia beam’s angular span 

time image guidance, using no moving parts (see Figure 41)

. Proposed dual-mode IVUS phased array (dashed white line).  By either 

electronic control or hard-wiring adjacent elements together, a narrower or wider 

hyperthermia beam can be selected, while retaining imaging capability.

IVUS catheter: completely electronic control of the hyperthermia beam’s angular span 

(see Figure 41). 

 

ashed white line).  By either 

wiring adjacent elements together, a narrower or wider 

hyperthermia beam can be selected, while retaining imaging capability. 
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The cylindrical IVUS array may require modification as well.  The 20-MHz 

ceramic elements in the array may not have an ideal geometry (20 MHz may not be the 

ideal frequency) or be made of an appropriate material for high-power excitation.  

However, a simpler modification would involve electrically connecting several adjacent 

elements in parallel, to hard-wire a particular sector for therapeutic excitation.  

Connecting elements in parallel raises the overall capacitance and lowers the electrical 

impedance overall, which generally allows for more efficient transfer of electrical power 

from the driving circuitry to the transducer and enhanced acoustic power output.  A 

Volcano IVUS catheter can be modified in this way to assess its ability to generate 

hyperthermia with the original array elements designed for diagnostic use.  An early 

prototype could utilize this sort of hard-wired hyperthermia sector, while using the rest 

of the array for imaging (this might also require access to the system software).  The 

imaging field could be swept through all angles by rotating the catheter in the vessel, 

allowing full visualization and an indirect alignment of the therapy beam with the 

target. 

The research presented in these chapters demonstrates that an intravascular 

ultrasound catheter transducer can operate at multiple frequencies to effectively image 

and generate a high-intensity field up to several millimeters deep in tissue.  This 

knowledge opens the door for the development of minimally-invasive ultrasound 

devices specifically designed for various diagnostic and therapeutic applications. 



 

Appendix A : Maximum Electric Power Transfer & 

Matching Network Design

For maximum average power transfer, the load impedance 

complex conjugate of the source’s Thévinen equivalent impedance 

To derive this, we begin by expressing 

the RMS value of the current 

The average power delivered to the
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: Maximum Electric Power Transfer & 

Matching Network Design  

 

For maximum average power transfer, the load impedance ZL

complex conjugate of the source’s Thévinen equivalent impedance Z0; that 

*
0
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To derive this, we begin by expressing Z0 and ZL in rectangular form, and writing 

value of the current I by adding the impedances in series: 
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Substituting the expression for I into the expression for P yields: 
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Perhaps the simplest type of matching network is the L-section, which uses two 

reactive elements to match an arbitrary load impedance to a source.  There are two 

possible configurations for this network, as shown on the following page. 

If the frequency is low enough (less than ~ 1 GHz) and/or the circuit size small 

enough, actual lumped-element inductors and capacitors can be used—the reactive 

elements may be either inductors or capacitors, depending on the source and load 

impedances.
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-when R0 < RL, 

 

- when R0 > RL, 

 

It is clear that for the R0 < RL configuration, S
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Similarly, for the R0 > RL configuration, 
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We are able to measure the complex quantities Z0 (system/source impedance) 

and ZL (water-coupled transducer element impedance) for each channel as a function of 

frequency, using an impedance meter.  If we set the value of Z0 and ZL at the operating 

frequency of the transducer ( f = [speed of sound] / [2 × element thickness] ), we then 

have values for R0, X0, RL, and XL, and can calculate XS and XP using an appropriate set 

of equations above.  The necessary inductor and capacitor can be selected using: 
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If we assume that we have ideal, lossless inductors and capacitors which 

dissipate zero real power and neglect any loss in the transducer, then we have 

maximum real power transfer and the transducer is the only circuit component 

dissipating power, by transmitting the electric energy as acoustic energy. 

 

 

 

*For further reference, please see: 

 

J. W. Nilsson and S. A. Riedel, Electric Circuits, 6th Ed. Upper Saddle River, New Jersey: 

Prentice, 2001, pp. 512-513. 

 

D. M. Pozar, Microwave Engineering, 3rd Ed. Hoboken, New Jersey: Wiley, 2005, pp. 222-

225. 
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Appendix B: Matching Network Code 

The following MATLAB script calculates the optimal inductance and capacitance 

values to be used when implementing a two-component, L-section matching network 

between given source and load impedances, at a specified frequency.  The script, titled 

LEsh3MN3p4MHz.m, is customized for a 3rd-generation, metallized-LCP-shielded 

therapy prototype transducer, as described in Chapter 4, to be used with a 25-Watt 

power amplifier at 3.4 MHz.   

close all; clear all; 
 
%import impedance meter data (water-coupled element  Z, Z looking 
into 50dB amp--1mVpp noise as input--turned on): 
%***note that frequency range for long element is 0 .1-20.1MHz, 
***3.4MHz is index 67 
load LEsh3.imp;  wz01mag = LEsh3(67,2);  wz01phs = LEsh3(67,3);  
wzCmplx(:,01) = wz01mag.*exp(i*(pi/180).*wz01phs); 
%***note that frequency range for amplifier is 0.1- 20.1MHz, 3.4 
MHz is index 67 
load ENIamp2.imp;  On01mag = ENIamp2(67,2);  On01ph s = 
ENIamp2(67,3);  OnCmplx(:,01) = 
On01mag.*exp(i*(pi/180).*On01phs); 
 
f = 3.4.*1e6; %hard-code or create frequency (Hz) v ector from 
impedance meter data 
w = 2*pi.*f; %radial frequency vector 
 
foInd = 1; %67; %index corresponding to desired cen ter/operating 
frequency in above frequency vector (67 -> 3.4MHz) 
f0 = f(foInd) %display operating freq. 
 
LoadZ = wzCmplx(foInd)   %display load impedance(s)  
SourceZ = OnCmplx(foInd) %display source impedance( s) 
 
%Given an output voltage magnitude of 80V and the s ource 
impedance profile for each channel.... 
Vth = 80; 
Zo = OnCmplx(foInd,:); %set source impedance at ope rating freq. 
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%find max. power transfer for given channels(at ope rating freq., 
no matching network): 
Zcmax = conj(Zo); %set load to be the complex conju gate of source 
impedance, for each channel(element) 
Vmax = (Zcmax./(Zo+Zcmax)).*Vth; %find voltage acro ss load 
Smax = (abs(Vmax).^2)./(conj(Zcmax)); %calculate ma x. possible 
complex power that can be delivered to each element  
Pmax = real(Smax); %max. real power that can be del ivered to each 
element 
MaxPowAvg = mean(Pmax) %display the average of the max. real 
power that can be delivered to each element 
 
%find power transfer into water-coupled transducer elements (at 
operating freq., NO matching network): 
Zcunmtch = wzCmplx(foInd,:); %set load to be the el ement 
impedance at operating freq., for each channel(elem ent) 
Vunmtch = (Zcunmtch./(Zo+Zcunmtch)).*Vth; %find vol tage across 
load 
Sunmtch = (abs(Vunmtch).^2)./(conj(Zcunmtch)); %cal culate complex 
power delivered to each element w/o matching networ k 
Punmtch = real(Sunmtch); %real power delivered to e ach element 
w/o matching network 
UnmtchPowAvg = mean(Punmtch) %display the average o f the real 
power delivered to each element w/o matching networ k 
 
%plot max. real power that can be delivered and rea l power 
delivered w/o matching network: 
figure; subplot(2,1,1); plot(Pmax,'bo'); hold on; 
plot(Punmtch,'rx'); legend('Maximum Possible','Thru  Unmatched 
Elements',0); axis([0,2,0,40]); set(gca,'YMinorGrid ','on'); 
stem(Pmax,'bo'); stem(Punmtch,'rx'); xlabel('Elemen t #'); 
ylabel('Watts'); title('Output Power Transferred at  f_0, No 
Matching Network'); hold off; 
%display the percentage of max. power we're using: 
PowRatioUnmtch = Punmtch./Pmax 
subplot(2,1,2); bar(100.*PowRatioUnmtch,'k'); xlabe l('Element 
#'); ylabel('%');  
axis([0,2,0,100]); title('Percentage of Max. Power Transferred at 
f_0, No Matching Network'); set(gca,'YMinorGrid','o n'); 
 
 
%Begin calculating ideal matching network (for spec ified 
operating freq.) components necessary for each chan nel: 
for E = 1:size(wzCmplx,2) %for each element... 
    RL = real(wzCmplx(foInd,E)); %element resistanc e at fo 
    XL = imag(wzCmplx(foInd,E)); %element reactance  at fo 
    Ro = real(OnCmplx(foInd,E)); %source resistance  at fo 
    Xo = imag(OnCmplx(foInd,E)); %source reactance at fo 
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    ZL = wzCmplx(foInd,E); %load impedance (complex , at fo) for 
each channel 
     
%*Note: only one of the following 4 schemes will be  used. (the 
relationship 
%between the source and load resistances will gener ally hold for 
every 
%channel, and of the two solutions for whichever ca se, by 
inspection only 
%one will have both Xp be only capacitive and Xs be  only 
inductive) 
%Therefore, 3 sets of Xs, Xp, and Zin_fo must be co mmented out.  
     
    %use expressions for analytical solutions, obta ined from 
Mathematica: 
    if (Ro > RL) 
        rad = sqrt( RL*Ro*(-RL*Ro + Ro^2 + Xo^2) );  
         
        Xs1(E) = -XL + (rad/Ro); 
        Xp1(E) = (rad - RL*Xo)/(RL-Ro); 
         
        Zin1fo(E) = ((ZL + i*Xs1(E))*i*Xp1(E))/((ZL  + 
i*Xs1(E))+i*Xp1(E)); %Zin sees C parallel first, th en L in series 
w/Load 
         
        Xs2(E) = -((Ro*XL + rad)/Ro); 
        Xp2(E) = -((RL*Xo + rad)/(RL-Ro)); 
         
        Zin2fo(E) = ((ZL + i*Xs2(E))*i*Xp2(E))/((ZL  + 
i*Xs2(E))+i*Xp2(E)); %Zin sees C parallel first, th en L in series 
w/Load 
    end 
     
    if (Ro < RL) 
        rad = sqrt( RL*Ro*(-RL*Ro + RL^2 + XL^2) );  
         
        Xs3(E) = -Xo + (rad/RL); 
        Xp3(E) = (Ro*XL - rad)/(RL-Ro); 
         
        Zin3fo(E) = ((ZL*i*Xp3(E))/(ZL+i*Xp3(E))) +  i*Xs3(E); 
%Zin sees series L first, then C parallel w/Load 
         
        Xs4(E) = -((RL*Xo + rad)/RL); 
        Xp4(E) = (Ro*XL + rad)/(RL-Ro); 
         
        Zin4fo(E) = ((ZL*i*Xp4(E))/(ZL+i*Xp4(E))) +  i*Xs4(E); 
%Zin sees series L first, then C parallel w/Load 
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    end 
     
    %Note: need to check values of Xp & Xs for 1-4 to be sure all 
are 
    %inductive(+) or capacitive(-), then determine which scheme 
to use to 
    %calculate L & C values 
     
    %calculate necessary circuit component values f or each 
element: 
    Lseries(E) = Xs3(E)/w(foInd);       % X = wL     --> L = X/w 
    Cshunt(E) = -1/(Xp3(E)*w(foInd));   % X = 1/(wC ) --> C = 
1/(wX) 
     
    %**CHECK**calculate Zin over the full frequency  range, using 
the calculated L & C components for each channel: 
    for k = 1:length(w) 
        ZL = wzCmplx(k,E); 
        jXs = i*w(k)*Lseries(E); 
        jXp = 1/(i*w(k)*Cshunt(E)); 
        Zin(k,E) = jXs + ((jXp*ZL)/(jXp+ZL)); %seri es L first, 
then C parallel w/Load (used when Ro < RL) 
%         Zin(k,E) = ((jXs+ZL)*jXp)/((jXs+ZL)+jXp);  %C parallel 
first, then series L w/Load (used when Ro > RL) 
    end 
%     E 
end 
 
%find max. power transfer for given channels(at ope rating freq., 
with ideal matching network): 
Zcmtch = Zin(foInd,:); %look at transformed load im pedance, at 
the operating freq., for each channel 
Vmtch = (Zcmtch./(Zo+Zcmtch)).*Vth; %find voltage a cross 
transformed load 
Smtch = (abs(Vmtch).^2)./(conj(Zcmtch)); %calculate  complex power 
that can be delivered to each element now w/matchin g network 
Pmtch = real(Smtch); %real power that can be delive red to each 
element now w/matching network 
IdealMtchPowAvg = mean(Pmtch) %display the average of the real 
power delivered to each element w/ideal matching ne twork 
figure; subplot(2,1,1); plot(Pmax,'bo'); hold on; 
plot(Pmtch,'rx'); legend('Maximum Possible','Thru M atched 
Elements',0);  
stem(Pmax,'bo'); stem(Pmtch,'rx'); xlabel('Element #'); 
ylabel('Watts'); title('Output Power Transferred at  f_0, With 
Ideal Matching Network'); hold off; axis([0,2,0,40] ); 
set(gca,'YMinorGrid','on'); 
%display the percentage of max. power we're using: 
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PowRatioMtch = Pmtch./Pmax; 
 
PowIncrease = (Pmtch - Punmtch)./Punmtch; 
AvgPowIncreasePercent_Ideal = mean(PowIncrease)*100  %display 
average real power increase factor for ideal MN 
subplot(2,1,2); bar(100.*PowIncrease,'g'); xlabel(' Element #'); 
ylabel('%'); title('Percent Increase in Power at f_ 0 by using 
Ideal Matching Network'); set(gca,'YMinorGrid','on' ); 
axis([0,2,0,200]); 
 
Zinmag = abs(Zin); 
Zinphs = angle(Zin)*(180/pi); 
 
%graphically show the values of series inductance a nd shunt 
capacitance needed for each channel's ideal matchin g network: 
figure; 
subplot(2,1,1); stem(Lseries*1e6); ylabel('Series I nductance 
(\muH)'); xlabel('Element #'); title('Ideal Matchin g Network 
Components'); set(gca,'YMinorGrid','on'); 
subplot(2,1,2); stem(Cshunt*1e12); ylabel('Shunt Ca pacitance 
(pF)'); xlabel('Element #'); set(gca,'YMinorGrid',' on'); 
 
Lseries %display ideal inductance value(s) 
Cshunt  %display ideal capacitance value(s) 
 
% return 
 
%***Now look for the best MN we can make IN REAL LI FE (using no 
more than 2 inductors and 3 capacitors): 
 
%Based on using 2 inductors to achieve the values c losest to 
Lseries, "real-world" L becomes (must enter these b y hand): 
Lrw = [ 7.7 ].*1e-6; %(go from uH values to H) 
 
%By connecting (no more than 3) capacitors of 22, 3 3, 47, 68, 82, 
100, 150, and 390 pF in parallel, can get shunt cap acitances of: 
Cposs = 
[022,033,044,047,055,068,080,082,090,094,100,104,11 5,122,133,136,
141,144,147,150,158,162,168,172,183,190,194,197,200 ,204,215,218,2
22,232,236,247,250,265,268,272,282,300,318,333,347, 368,382,390,40
0,412,423,437,450,458,472,490,512,523,540,558,572,5 90,608,622,640
,690,780,802,813,827].*1e-12; 
 
Zo = OnCmplx(foInd,:); %set source impedance at ope rating freq. 
 
%find which real-world capacitance, paired with the  given real-
world inductance in the MN, will help transfer the most real 
power to the load: 
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for E = 1:size(wzCmplx,2) %for each element... 
    %create a 'ZinTmp' array, of input impedance fo r each 
possible MN capacitance, over all frequencies 
    for k = 1:length(w) %over all frequencies... 
        ZL = wzCmplx(k,E); 
        jXs = i*w(k)*Lrw(E); %set series inductor g ives series 
reactance 
        for C = 1:length(Cposs) %**CHECK** 
            jXp = 1/(i*w(k)*Cposs(C)); 
            ZinTmp(k,C) = jXs + ((jXp*ZL)/(jXp+ZL)) ; %series L 
first, then C parallel w/Load (used when Ro < RL) 
%             ZinTmp(k,C) = ((jXs+ZL)*jXp)/((jXs+ZL )+jXp); %C 
parallel first, then series L w/Load (used when Ro > RL) 
        end 
    end 
    ZcTmp = ZinTmp(foInd,:); %makes vector of 'tran sformed load 
impedance as a function of possible capacitance val ues' 
    Vmtch = (ZcTmp./(Zo(E)+ZcTmp)).*Vth; %voltage ( function of 
possible capacitance values) 
    Smtch = (abs(Vmtch).^2)./(conj(ZcTmp)); %comple x power 
transferred ( " ) 
    Pmtch = real(Smtch); %real power transferred ( " ) 
    [dummy,PowInd] = max(Pmtch); %***determine whic h capacitance 
results in maximum real power transferred to the lo ad 
    Cind(E) = PowInd; 
    C4elem(E) = Cposs(Cind(E)); %vector of best cap acitance to 
use for each channel 
    %**CHECK**(now calculate Zin over the full freq uency range, 
using the real-world L & C components for each chan nel) 
    for k = 1:length(w) 
        ZL = wzCmplx(k,E); 
        jXs = i*w(k)*Lrw(E); 
        jXp = 1/(i*w(k)*C4elem(E)); 
        Zin(k,E) = jXs + ((jXp*ZL)/(jXp+ZL)); %seri es L first, 
then C parallel w/Load (used when Ro < RL) 
%         Zin(k,E) = ((jXs+ZL)*jXp)/((jXs+ZL)+jXp);  %C parallel 
first, then series L w/Load (used when Ro > RL) 
    end 
end 
figure; plot(Cposs,Pmtch); grid on; xlabel('Possibl e 
Capacitance'); ylabel('Power Delivered'); 
% return 
 
%find max. power transfer for given channels(at ope rating freq., 
with real-world matching network): 
Zc = Zin(foInd,:); %look at transformed load impeda nce, at the 
operating freq., for each channel 
Vmtch = (Zc./(Zo+Zc)).*Vth; %find voltage across tr ansformed load 
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Smtch = (abs(Vmtch).^2)./(conj(Zc)); %calculate com plex power 
that can be delivered to each element now w/matchin g network 
Pmtch = real(Smtch); %real power that can be delive red to each 
element now w/matching network 
RealWorldMtchPowAvg = mean(Pmtch) %display the aver age of the 
real power delivered to each element w/real-world m atching 
network 
figure; subplot(2,1,1); plot(Pmax,'bo'); hold on; 
plot(Pmtch,'rx'); legend('Maximum Possible','Thru M atched 
Elements',4);  
stem(Pmax,'bo'); stem(Pmtch,'rx'); xlabel('Element #'); 
ylabel('Watts'); title('Output Power Transferred at  f_0, With 
Real-World Matching Network'); hold off; axis([0,2, 0,40]); 
set(gca,'YMinorGrid','on'); 
%display the percentage of max. power we're using: 
PowRatioMtch = Pmtch./Pmax 
subplot(2,1,2); bar(100.*PowRatioMtch); xlabel('Ele ment #'); 
ylabel('%'); title('Percentage of Max. Power Transf erred at f_0, 
With Real-World Matching Network'); set(gca,'YMinor Grid','on'); 
axis([0,2,0,100]); 
 
PowIncrease = (Pmtch - Punmtch)./Punmtch; 
AvgPowIncreasePercent_Real = mean(PowIncrease)*100 %display 
average real power increase factor for real-world M N 
 
Zinmag = abs(Zin); 
Zinphs = angle(Zin)*(180/pi); 
 
%graphically show the values of series inductance a nd shunt 
capacitance needed for each channel's real-world ma tching 
network: 
figure; 
subplot(2,1,1); stem(Lseries*1e6); ylabel('Series I nductance 
(\muH)'); xlabel('Element #'); title('Real-World Ma tching Network 
Components'); set(gca,'YMinorGrid','on'); 
subplot(2,1,2); stem(Cshunt*1e12); ylabel('Shunt Ca pacitance 
(pF)'); xlabel('Element #'); set(gca,'YMinorGrid',' on');  
 
Lrw    %display real-world inductance value(s) 
C4elem %display real-world capacitance value(s) 
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Appendix C: Acoustic Power & Thermal Modeling Code 

The following two MATLAB scripts calculate the hydrophone-measured power, 

Wo, from a 5 × 0.5 × 0.22 mm PZT-4 therapy prototype transducer and simulate the 

thermal response of brain tissue to continuous-wave insonification with the same 

transducer at 3.6 MHz.  LongWoLoF.m computes the peak hydrophone-measured 

power, Wo, for a 4-cycle pulse, according to the AIUM Acoustic Output Measurement 

Standard using Field II.  ThoModel5x0p5LoF.m  models the on-axis temperature rise of 

brain tissue in response to continuous-wave insonification and determines the maximal 

safe extent of +4°C thermal penetration. 

(LongWoLoF.m) 

%Determination of total ultrasonic hydrophone-measu red power, by 
% replicating and scaling the peak voltage trace by  a normalized, 
% Field II-generated beamplot of a constant depth 
 
% First, Field simulation (4-cycle pulse) of propos ed modified 
Boston Scientific 
%   Largest element feasible for 3Fr IVUS catheter- -0.22mm-thick 
PZT-4. 
% ***5mm x 0.5mm element***  ***Driven at 3.6MHz***  
clear all; field 
centerFrequency = 3.6e6; %center freq. (Hz) 
foMHz = centerFrequency/(1e6) 
c = 1540; %speed of sound (m/s) 
lambda = c/centerFrequency %wavelength (m) 
LinearEleHigh = .0005; %linear-array element height  (m) 
EleWide = 0.005; %element width (m) 
FocDep = .15 %focal depth (m) 
Foc = [0,0,FocDep]; 
D = .005 
Fnum = FocDep/D; 
LamZovD_LinAz = (lambda*FocDep)/D; 
LinAzFWHMdeg = atan(LamZovD_LinAz/FocDep)*(180/pi);  
NearFarTransDist = (D^2)/(4*lambda) 
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fractionalBandwidth = .25; %fractional bandwidth 
samplingFrequency = 40*centerFrequency; 
set_field('fs',samplingFrequency); 
set_field('c',c); 
 
NsubdivX = 200;   %10;  
NsubdivY = 20;   %10; 
TA = 
xdc_linear_array(1,EleWide,LinearEleHigh,0,NsubdivX ,NsubdivY,Foc)
; 
data=xdc_get(TA,'rect'); 
figure; subplot(3,1,1); show_xdc(TA);  view([0,90]) ; 
 
tc = gauspuls('cutoff',centerFrequency,fractionalBa ndwidth,-6,-
40); 
t = -tc:1/samplingFrequency:tc; 
impulseResponse = 
gauspuls(t,centerFrequency,fractionalBandwidth,-6);  
subplot(3,1,2); plot(t,impulseResponse); title('Imp ulse 
Response'); xlabel('t'); ylabel('Amplitude'); grid on; 
xdc_impulse(TA,impulseResponse); %sets impulse resp onse 
 
ncyc=4;  numcyc = ncyc; 
texcite=0:1/samplingFrequency:ncyc/centerFrequency;  
excitationPulse=sin(2*pi*centerFrequency*texcite); 
subplot(3,1,3); plot(texcite,excitationPulse); titl e('Excitation 
Pulse'); xlabel('t'); ylabel('Voltage'); grid on; 
xdc_excitation(TA,excitationPulse); %sets excitatio n pulse 
 
alpha = 0.0; %0.5; %acoustic attenuation in dB/cm/M Hz 
Freq_att=alpha*100/1e6; %modified to dB/m/Hz for fi eld II 
att_f0=centerFrequency; 
att=Freq_att*att_f0;  
set_field ('att',att); 
set_field ('Freq_att',Freq_att); 
set_field ('att_f0',att_f0); 
set_field ('use_att',1); 
disp('field set.'); 
 
voxelsize = 0.1; %point separation in mm 
Volx = [-4.0:voxelsize:4.0]/1000;       lx=length(V olx); 
Voly = [-4.0:voxelsize:4.0]/1000;       ly=length(V oly); 
Volz = [0.1:voxelsize:8.1]/1000;       lz=length(Vo lz); 
for j = 1:ly 
    for k = 1:lz    %calculate axial/elevation slic e (x=0) 
        [PressFld, PrT] = calc_hp(TA, 
[Volx(ceil(lx/2)),Voly(j),Volz(k)]); 
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        PresRMSta(ceil(lx/2),j,k) = 
sqrt((sum(PressFld.*PressFld))/length(PressFld)); 
    end 
end 
for i = 1:lx 
    for j = 1:ly    %calculate azimuth/elevation sl ice (z=4.0mm) 
        [PressFld, PrT] = calc_hp(TA, 
[Volx(i),Voly(j),Volz(ceil(lz/2)-1)]); 
        PresRMSta(i,j,ceil(lz/2)-1) = 
sqrt((sum(PressFld.*PressFld))/length(PressFld)); 
    end 
    for k = 1:lz    %calculate axial/azimuth slice (y=0) 
        [PressFld, PrT] = calc_hp(TA, 
[Volx(i),Voly(ceil(ly/2)),Volz(k)]); 
        PresRMSta(i,ceil(ly/2),k) = 
sqrt((sum(PressFld.*PressFld))/length(PressFld)); 
    end 
%      i 
end 
disp('rectangular coordinates calculation complete' ); 
 
PresRMSta_max=max(max(max(PresRMSta))); 
rel_amptarec=20*log10(PresRMSta/PresRMSta_max); 
disp('0.0dB/cm/MHz attenuation simulation complete. '); 
MeasDepth = Volz(ceil(lz/2)-1) 
 
%(2D rectangular beamplot displays) 
figure; subplot(1,2,1); 
surf(Volx,Volz,transpose(squeeze(rel_amptarec(:,cei l(ly/2),:))).*
5e-4); axis image; view([0 90]); 
title('Beamplot,\alpha=0.0 (y=0)'); xlabel('x (m)') ; ylabel('z 
(m)'); 
[cmin cmax] = caxis;  colorbar; 
 
subplot(1,2,2); %figure 
surf(Voly,Volz,transpose(squeeze(rel_amptarec(ceil( lx/2),:,:))).*
5e-4); axis image; view([0 90]); 
title('Beamplot,\alpha=0.0 (x=0)'); xlabel('y (m)') ; ylabel('z 
(m)'); 
caxis([cmin cmax]);  colorbar; 
 
HydPlnMtrx = squeeze(PresRMSta(:,:,ceil(lz/2)-1)); 
HydPlnMtrxNorm = HydPlnMtrx./max(max(HydPlnMtrx)); 
figure; surf(Volx,Voly,HydPlnMtrxNorm*1e-2); axis([ -.004 .004 -
.004 .004 0 .01]); %image;  
title('Normalized Beamplot,\alpha=0.0 (z=4mm)'); xl abel('x (m)'); 
ylabel('y (m)'); caxis([0 .01]); colorbar; 
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%Threshold to find points falling within FWHM 
NdataPts = 0; 
for i = 1:lx 
    for j = 1:ly 
        if HydPlnMtrxNorm(i,j) < 0.5 
            HyPlMxNormThresh(i,j) = 0; 
        else 
            HyPlMxNormThresh(i,j) = HydPlnMtrxNorm( i,j); 
            NdataPts = NdataPts+1; 
        end 
    end 
end 
figure; surf(Volx,Voly,HyPlMxNormThresh*1e-2); axis ([-.004 .004 -
.004 .004 0 .01]); colorbar; %image; 
 
%Load voltage trace, convert to pressure 
load le_4cyc250VloF.osc 
Raw = le_4cyc250VloF; 
Time = Raw(:,1);    t = Time; 
Voltage = Raw(:,2); v = Voltage; 
 
% Calculate initial variables 
L = length(t); % # of sample points 
T = t(2)-t(1); %time period btw samples (sec) 
Fs = 1/T 
 
foMHz = 3.6;   centerfreq = foMHz*1e6; 
calib = load('SmithSonicTechData.txt'); %Load calib ration data 
for hydrophone 
pos = round((centerfreq-calib(1))/47500) + 1; %row index of 
centerfrequency in calib table 
 
AcqWindow = v;  AcqWindow = AcqWindow-mean(AcqWindo w); 
SampFreq = Fs; 
dt = 1/SampFreq; %find time step btw samples 
AcqWindow(:,2) = AcqWindow; %.*ScaleFactor; 
AcqWindow(:,1)=[1:size(AcqWindow,1)]'.*dt; % [time, voltage] array 
created 
%Calculate pressure vector, add to array: 
AcqWindow(:,3) = AcqWindow(:,2)./calib(pos,3); 
 
P = AcqWindow(:,3); 
 
Zwater = 1.494e6; %acoustic impedance of water, kg/ (m^2 s) 
BurstT = 0.01; %seconds (100Hz PRF) 
 
%Ispta calculation: integrate squared pressure vect or (actually 
over time), divide by Z of 
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% medium, factor of 1/10000 converts from W/m^2 to W/cm^2, divide 
by # samples to get time avg. 
WindowIspta = sum((P.^2)/Zwater)/10000/L; 
TrueIspta = (sum((P.^2)/Zwater)/10000/L)*( (t(end)- t(1))/BurstT 
); 
 
PtArea = (voxelsize^2)/100; %cm^2 
 
IntensProf = HydPlnMtrxNorm.*TrueIspta; 
IntensProfThresh = HyPlMxNormThresh.*TrueIspta; 
 
FullAreaCm2 = PtArea*(size(IntensProf,1)*size(Inten sProf,2)) 
WoFull = sum(sum(IntensProf)).*(PtArea) 
ExtrapWoFull = WoFull*(BurstT/(numcyc/centerfreq)) 
 
ThreshAreaCm2 = PtArea*(NdataPts) 
WoThresh = sum(sum(IntensProfThresh)).*(PtArea) 
ExtrapWoThresh = WoThresh*(BurstT/(numcyc/centerfre q)) 
 

 

(ThoModel5x0p5LoF.m ) 

%Use of Kai Thomenius' thermal modeling, from 1990 paper in IEEE 
% Ultrasonics Symposium proceedings, for IVUS cathe ter element. 
% ***more accurate detail in NCRP Report No. 113, p p. 78-83, 204-
209 
 
clear all; 
 
d0 = 5.0; %transducer diameter, mm 
f0 = 3.6e6; %center frequency, Hz 
c = 1.5e6; %speed of sound, mm/sec 
lambda = c/f0; %wavelength, mm 
% roc = 100; %transducer radius of curvature, mm 
alpha = 0.0576; %absorption coeff., Np/cm/MHz   
alpha = alpha*(f0/1e6); %absorption coeff., Np/cm ( at particular 
freq.) 
L = 3.9; %perfusion length, mm 
K = 0.00535; %thermal conductivity, W/cm/K 
 
T = (d0^2)/(4*lambda); %near/far transition distanc e 
DivAng = asin(1.22*lambda/d0)*(180/pi); 
 
Zdep = 40; 
dz = 0.05; 
z = [0:dz:Zdep]; %axial distance from transducer, m m 
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% if (0) 
warning off MATLAB:divideByZero 
psi = ( pi*(d0^2) )./( 8*lambda.*z ); 
for i = 1:length(z) 
    if psi(i) > 2.56 
        d(i) = d0; 
        trans_ind = i; 
    else 
        d(i) = ( 0.55*d0 )./( sin(psi(i)) ); 
    end 
end 
d1 = d; 
 
d0 = 0.5; %transducer diameter, mm 
T = (d0^2)/(4*lambda); %near/far transition distanc e 
DivAng = asin(1.22*lambda/d0)*(180/pi); 
 
psi = ( pi*(d0^2) )./( 8*lambda.*z ); 
for i = 1:length(z) 
    if psi(i) > 2.56 
        d(i) = d0; 
        trans_ind = i; 
    else 
        d(i) = ( 0.55*d0 )./( sin(psi(i)) ); 
    end 
end 
d2 = d; 
 
BeamArea = (d1.*d2)./100; %cm^2 
Dmock = sqrt(BeamArea).*10; %mm 
 
figure; 
subplot(4,1,1); plot(z,d1); hold on; plot(z,d2); gr id on; hold 
off; xlabel('z, mm'); ylabel('r, mm'); axis image; title('Beam 
radius'); 
subplot(4,1,2); plot(z,BeamArea); grid on; xlabel(' z, mm'); 
ylabel('A, cm^2'); 
 
W0 = 0.8; %acoustic power output, Watts 
W = W0*exp(-2*alpha.*z./10); 
 
Isata = W./(BeamArea); 
subplot(4,1,3); plot(z,Isata); grid on; xlabel('z, mm'); 
ylabel('Isata, W/cm^2'); 
 
dz = z(2)-z(1); 
for i = 1:length(z); 
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    z_obs = z(i); %observer point along the axis (m m) 
    Zeta = abs(z_obs - z); %(mm)    
    r1 = sqrt( (Dmock./2).^2 + Zeta.^2 ); %(mm)    
    F = ( exp(-2*alpha.*z./10).*(exp(-Zeta./L)-exp( -r1./L)) )./( 
BeamArea ); %(1/cm^2) 
    delT(i) = ((alpha*(L/10)*W0)./(K))*sum(F)*(dz/1 0); %(degrees 
C) 
end 
 
subplot(4,1,4); plot(z,delT); grid on; xlabel('z, m m'); 
ylabel('\DeltaT, \circC'); %axis([0 125 0 0.5]); 
 
[DTpk,DepInd] = max(delT); 
PkDep = z(DepInd); 
NormT = delT./DTpk; %max(delT); 
for j = 1:length(z) 
    n = length(z)+1-j; 
    if NormT(n) < 0.5 
        FourDegZ = z(n); 
    else 
        break; 
    end 
end 
FourDegZ 
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Appendix D: Digital Filter Code 

The following MATLAB code is a simple implementation of a 20th-order 

bandpass filter, with a pass band from 8.5 to 10 MHz, for a 50-MHz sampling rate.  This 

code filters a single line of echo signal data received by a single-element transducer 

through a digital data acquisition board for image reconstruction. 

 

Wn = [8.5 10.0]./25; %pass band from 8.5 to 10 MHz,  25 = half of 
50-MHz sampling rate 
B = fir1(20,Wn,'bandpass');  
...  
filtdata = filter(B,1,tempdata);   

 

-where 'filtdata' and 'tempdata' are vectors. 
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