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Pancreatic cancer is one of the most incurable and lethal human cancers in the United 

States. Mild hyperthermia (~ 41 °C) has been shown effective as an adjuvant for chemotherapy. 

An optimal mild hyperthermia treatment is targeted and non-invasive without tissue damage or 

vascular shutoff. High intensity focused ultrasound (HIFU) can non-invasively heat solid 

tumors without heating the surrounding organs. Magnetic resonance imaging (MRI) is suitable 

for therapy planning and monitoring of HIFU therapy due to its high spatial image resolution 

and ability to measure temperature changes in real time. Magnetic resonance-guided high 

intensity focused ultrasound (MR-g HIFU) is the novel approach for non-invasive mild 

hyperthermia applications. Temperature sensitive liposomes (TSL) release their drug cargo at 

the target temperature and in combination with mild hyperthermia may improve drug delivery 

to solid tumors.   

The objectives of this dissertation were to evaluate the ability of conventional and 

multi-parametric MRI techniques to characterize pancreas tumor in three different animal 

models. In addition, to develop and implement targeted drug delivery methods using mild 

hyperthermia induced by HIFU under guidance and monitoring of MRI in combination with 



TSL for pancreatic cancer. Moreover, to assess the short-term tumoricidal activity against 

tumor in response to MR-HIFU hyperthermia targeted drug delivery.  

The characterization of tumor models using conventional and multi-parametric MRI 

provided valuable information regarding tumor properties that can be use as in vivo markers for 

targeting and therapy monitoring. The combination of hyperthermia induced by MR-HIFU and 

TSL loaded with chemotherapy resulted in significantly higher tumor drug concentrations 

compared to TSL alone and free drug. Finally survival studies indicated combination of MR-

HIFU and TSL for targeted drug delivery resulted in greater tumor response to the therapy. 

This technique has potential for clinical translation as an image guided method to deliver drug 

to pancreas tumor.   
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Chapter 1. Introduction 

1.1 Motivation  

The general purpose of the research described in this dissertation was to investigate 

the biological effects (bioeffects) of hyperthermia induced by high intensity focused 

ultrasound (HIFU) in conjunction with systemically administered, drug-loaded 

temperature sensitive liposomes (TSL) in pancreatic cancer tumors, and whether these 

bioeffects can result in higher concentration and penetration of drug. Identifying the 

potential mechanisms involved in HIFU-induced, local release of drugs loaded in 

liposomal carriers or enhancing the penetration of drug into the interstitium of tumors is 

important for all therapeutic ultrasound applications.  

The field of therapeutic ultrasound has been in development since 1917, when, during 

the development of sonar, Langevin first observed fish death [1]. In 1938, therapeutic 

ultrasound was first considered for use on humans when Ziess began to study the effects 

of ultrasound on the eye [2]. Now, therapeutic ultrasound is used in clinics and physical 

therapy centers around the world to treat a wide range of diseases ranging from prostate 

cancer, bone metastases, uterine fibroids, and kidney stones to treatment of essential 

tremor. The main advantage to using ultrasound as a therapeutic agent is that it can 

produce clinical effects on tissues deep inside the body without damaging the intervening 

tissue. Ultrasound has additional advantages of being a real-time imaging modality that 

is relatively inexpensive and can be extremely portable.  
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The most well-known use of ultrasound is for imaging; however, new and widespread 

therapies are in various stages of development. While many of the therapeutic anti-

tumoral effects of ultrasound are elicited by some degree of hyperthermia (mild or 

extreme) and ablation of center of the tumor, other therapies utilize acoustically excited 

bubbles which interact mechanically with the tissues. Bubbles can be used to enhance 

drug delivery through the formation of transient pores in the cell membrane [2] [3]; aid 

in the breaking of kidney stones in shock wave lithotripsy (SWL) [4]; and can be used to 

emulsify cancerous tumors or other unwanted tissues in cavitation cloud and boiling 

histotripsy [5]. With the new development of liposomal drug carriers therapeutic 

ultrasound has shown its potential in the field of targeted drug delivery. While the 

diagnostic ultrasound is a perfect imaging modality, to date It has not been capable of 

providing real-time tissue temperature estimates, and is thus poorly suited for monitoring 

thermal therapies.   

Magnetic resonance imaging (MRI) is now used to providing the necessary guidance 

and monitoring for thermal ultrasound therapies. This noninvasive imaging modality has 

excellent soft-tissue contrast and is used widely for image guided interventions, and can 

also aid in the treatment planning of focused ultrasound surgery (FUS) therapy. 

Moreover, several MR tissue parameters are altered as a result of ablation and MRI can 

thus also be used to visualize the severity of tissue damage following treatment. Perhaps 

the most important utility of MRI for HIFU therapy is its ability to produce high-
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resolution in vivo temperature maps that can be used to visualize the temperature rise in 

real-time in any imaging plane within the body [6] [7].  

The clinical potential of magnetic resonance imaging (MRI)-guided focused 

ultrasound surgery (MRgFUS) is to provide noninvasive, controlled, safe, and accurate 

treatment. Clinical MRgFUS systems have been used for high temperature ablative 

treatment of uterine fibroids [8], [9], breast cancer [10], prostate cancer [11], brain 

tumors, and the treatment of essential tremor [12]–[15]. MRgFUS technology has also 

been used to perform relatively low temperature hyperthermia treatments (viz., to elevate 

and maintain the temperature to 40-45°C [16]) and, of special interest in this dissertation, 

to effect hyperthermia-induced targeted drug delivery [17]–[19]. During therapy, 

vascular shut down, which can occur at hyperthermic exposures as low as 43°C, may be 

avoided by maintaining the temperature within a narrow temperature range [20], [21].   

HIFU can only be used to facilitate release the drug loaded in liposomal carriers, or 

whether it can also be used to enhance drug penetration into the tumor interstitium, 

identifying the potential mechanisms involved is an important step toward clinical 

applications. In addition accurate guidance, monitoring and evaluation of absorption and 

distribution of the drug and physiological read-outs to evaluate the therapeutic efficacy 

is a certain need of different MRgFUS therapies. The guiding clinical motivation for the 

research presented in this dissertation is to examine in the ability to use HIFU mediated 

hyperthermia under guidance of MRI in combination of TSL drug to achieve controlled 

release of and consequently higher concentration of the drug in the targeted tumor. This 
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approach could be applied to improve chemotherapy and the treatment of pancreatic 

cancer.  

1.2 Objectives 

This dissertation investigates whether HIFU-induced hyperthermia in conjunction 

with systemically administered TSL loaded with chemotherapy agent results in higher 

tissue concentration and penetration of drug compared with other drugs or with no 

hyperthermia. Microscopic morphologic analysis was performed using standard tissue 

histology methods as well as florescent microscopy to evaluate the drug release and 

uptake by tumor cells qualitatively. In addition, quantitative measurements of the drug 

concentration was performed using high-performance liquid chromatography (HPLC). 

This dissertation will also characterize the properties of three different pancreatic 

cancer mouse model using quantitative multi-parametric MR analysis. Moreover, in a 

feasibility study, this dissertation investigates the ability of multi-parametric MR analysis 

to assess the HIFU-induced hyperthermia.  

1.3 Hypotheses and Specific Aims 

The work described in this dissertation has been divided into 4 aims:  

Specific Aim 1: Assess the tissue concentration and penetration of doxorubicin in 

pancreas tumors treated with HIFU to induce hyperthermia in conjunction with systemic 

administration of either ThermoDox® or free doxorubicin.  
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Hypothesis: HIFU induced hyperthermia in combination with TSL loaded 

chemotherapy agent will increase extravasation of drug out of the tumor 

microvasculature.  

Methods: Pancreatic cancer mouse models were treated using clinical MRgFUS 

system (Sonalleve, Philips Healthcare) to achieve hyperthermia in combination with 

systemically administered commercial TSL ThermoDox® (Celsion Corp). Treatment 

guidance and temperature monitoing were performed using 3.0T MRI (Achieva, 

Philips Healthcare). For control groups free doxorubicin (DOX) was administered in 

combination with hyperthermia. Additionally, sham treatment was delivered to 

groups after injection of the drug. Mice were sacrificed and samples were collected 

after each treatment for qualitative evaluation and quantitative analysis.  

Specific Aim 2: Assess the response to tumors treated with and without HIFU-

induced hyperthermia in conjunction with systemic administration ThermoDox®, Doxil 

and gemcitabine in a survival study.  

Hypothesis: Tumors treated with HIFU-induced hyperthermia in conjunction with 

systemically administered ThermoDox® will have a greater and more rapid decrease in 

tumor size compared to tumors treated with HIFU-induced hyperthermia in conjunction 

with systemically administered Doxil. 

Methods: Transgenic mice with pancreatic cancer were treated by clinical MRgFUS 

system to achieve mild hyperthermia. ThermoDox, Doxil and gemcitabine were 
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administered to different treatment groups. Sham treatment was performed in all groups. 

Tumor sizes were measured using ultrasound imaging until the volume doubled after the 

treatment or reached the IACUC limits.  

Specific Aim 3: To evaluate the ability of conventional MRI and newly emerging multi-

parametric techniques in characterizing the pancreas tumor in three different mouse 

models.  

Hypothesis: Conventional MRI methods such as T2w-weighted imaging and 

quantitative values acquired from multi-parametric MRI can serve as valuable in-vivo 

biomarkers of different tumor models with information regarding stroma tissue, 

blood flow and relative the drug diffusion.  

Methods: T2W, Magnetization Transfer (MT) Imaging, DW-MRI and Dynamic 

Contrast Enhanced (DCE) imaging were performed to measure the biomarkers 

related to each organ. The information was compared to histology images of each 

tumor. Comparison of the quantitative data provide useful information regarding 

morphological (T2WI), tumor cellularity (apparent diffusion coefficient), ratio of 

collagen deposition (MT ratio) and relative blood flow (DCE) of each tumor model.  
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1.4 Organization of the Dissertation  

The dissertation is divided into 10 chapters following this introduction.  

 Chapter 2 provides information of the pancreatic cancer and the tumor 

models.  

 Chapter 3 is an introduction to therapeutic ultrasound and the biological 

effects of high intensity focused ultrasound  

 Chapter 4 introduces magnetic resonance imaging and the MR-guided HIFU 

as a treatment platform. This chapter describes the temperature monitoring 

technique and scans related to therapy. In section 4.5 conventional and multi-

parametric MRI scans are described in detail 

 Chapter 5 describes the concept of liposomal and temperature induced drug 

delivery 

 Chapter 6 introduces hyperthermia and MR-HIFU drug delivery method 

 Chapter 7 evaluates the ability of MRI techniques to characterize tumor 

models 

 Chapter 8 investigates the MR-HIFU induced hyperthermia drug delivery in 

an acute study 

 Chapter 9 assesses the efficacy of MR-HIFU induced hyperthermia drug 

delivery in a survival study 

 Conclusion and possible future studies are discussed in chapter 10  
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Chapter 2. Pancreatic Adenocarcinoma  

2.1 Introduction   

Pancreatic ductal adenocarcinoma (PDA) is the fourth leading cause of cancer-related 

mortality and is responsible for 5% of all cancer deaths in the United States. According 

to the SEER Cancer Statistics Review, in 2010 there were over 42,000 new cases of 

pancreatic cancer and over 35,000 deaths, despite the standardization of surgical 

techniques and advances made in systemic treatments [22]. Most pancreatic cancer 

patients present with inoperable disease and rapidly succumb to a devastating illness 

characterized by tumor spread, vital organ dysfunction, intractable pain, galloping 

cachexia, and coagulopathy. The inherent biology of this disease makes it uniformly and 

rapidly lethal: overall 5-year survival for PDA is less than 5%, with a median survival of 

4–6 months. Unfortunately, current treatment options are severely limited. Surgical 

resection offers a small hope for long-term survival in approximately 20% of patients 

who qualify, but few survive longer than 5 or 10 years, and the distinguishing features of 

this subgroup of patients remain a mystery. Systemic chemotherapy provides only 

temporary benefits in advanced disease. Many chemotherapeutic regimens have failed in 

treatment of PDA; Gemcitabine, a deoxycytosine analog, is the current standard of care 

for advanced disease and improves quality of life in a minority of patients, but prolongs 

survival by only a few weeks. Moreover, despite notable advances in surgical technique 

and postoperative care, and the use of adjuvant chemical and radiotherapies, virtually all 

early-stage patients who undergo resection also eventually succumb to recurrent and/or 
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metastatic disease [23]. The high resistance of the tumor to chemo- and radiation therapy 

is due to the poor vasculature structure and consequent, lack of perfusion and stroma 

tissue around the tumor. It is clear that more effective therapies for pancreatic cancer are 

needed urgently. 

2.2 Pancreatic Cancer Mouse Model 

Efficacy testing of new agents in oncology drug development relies heavily on mouse 

models bearing transplanted tumors. However, transplanted tumor models of PDA 

respond to numerous chemotherapeutic agents, including gemcitabine [24]–[27], which 

suggests that the predictive utility of such models may be limited. The most common 

models of PDA utilize human cells xenografted into immunodeficient hosts. In these 

models, the tumor microenvironment does not resemble the natural development of the 

tumor and in humans. As an experimental model, tumors have been implanted 

subcutaneously, primarily in mice. However, disease in these animal models does not 

adequately resemble human disease, because these tumors are often surrounded by a 

pseudocapsule, and rarely metastasize [28]. Furthermore, no adjacent major anatomic 

structures (such as major vessels or gastrointestinal organs) are invaded by the tumor 

[29].   

An orthotopic pancreas tumor model, with the tumor growing in the pancreas itself, 

was described in 1985 [30]. Orthotopic pancreatic tumors somewhat better resemble the 

biologic characteristics of human tumors, and thus better represent the clinical situation.  

Compared with human pancreatic cancer, however, the orthotopic xenograft is not poorly 
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perfused [31]. Therefore, genetically engineered mouse models of PDA offer an 

alternative to transplantation models for preclinical therapeutic evaluation.  

Genetically engineered strains of the species Mus musculus with mutations of 

KrasG12D; Trp53R172H; Pdx-1-Cre recombinase targeted to the pancreas (KPC mice) 

develop pancreatic ductal adenocarcinoma. The model closely recapitulates the genetic 

mutations, clinical symptoms, and histopathology found in human pancreatic cancer 

[32], [33]. The KPC model remains a nearly ideal way to perform definitive testing of a 

key hypothesis of this thesis regarding improved drug delivery. 

In addition to the KPC mouse model that spontaneously develops pancreatic ductal 

adenocarcinoma, an orthotopic and a subcutaneous xerograph mouse models were used 

in these studies. Using tumor cells obtained from mice with the KPC mutation, a rapid 

and predictable orthotopic model of invasive pancreatic cancer could be produced. For 

the orthotopic model, immunocompetent mixed 129/SvJae/C57Bl/6 mice of 8-10 weeks 

age were used. Animals were administered general anesthesia with isoflurane and 

prepped in sterile fashion. A 2 cm incision was made along the left flank to expose the 

tail of the pancreas. One million KPC cells in 40 µl Hanks Balanced Salt Solution 

(HBSS) were injected directly into the pancreatic parenchyma and the incision were 

closed with sutures. Animals were recovered and monitored by ultrasound and palpation. 

For the subcutaneous mouse model, the same procedures were followed with the 

exception of injecting the tumor cells into the flank, close to hind limb. This procedure 
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was performed without anesthesia and tumor development was monitored visually, as 

the subcutaneous tumors are fully visible and palpable.   
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Chapter 3. High Intensity Focused Ultrasound  

3.1 Introduction   

HIFU, in comparison with the diagnostic ultrasound has significantly higher time-

average intensities in the focal region of the ultrasound transducer. Diagnostic ultrasound 

transducers, based on the mode of imaging (i.e. B-mode, pulsed Doppler, or continuous 

wave Doppler), deliver ultrasound with intensities on the order of 0.1-100 mW/cm2, 

corresponding to acoustic pressure in the range of 0.001-3 MPa [34]. In contrast, high 

intensity focused ultrasound transducers deliver ultrasound with intensities in the range 

of 100-4000 W/cm2 to the focal region [2], [35].  

The ultrasound field generated by a transducer depends on the size, shape, and 

vibration frequency of the source. If the diameter of an ultrasound source is much larger 

than the acoustic wavelength in the medium, then the ultrasonic wave can be focused by 

reflectors or lenses, or by making the transducer self-focusing [36]. Acoustic lenses are 

made of materials in which the speed of sound is different from that in the coupling 

medium, causing the ultrasound beams to focus if the lens shape is appropriate. Another 

method of focusing ultrasonic beam is by using one- or two-dimensional arrays of 

transducers, with each element driven by radio frequency signals (RF-signals) of a 

specified phase and amplitude, so that the waves emitted by all of the elements are in 

phase at the desired focal point [36]. Today, phased arrays are the method of choice for 

clinical devices. The concentric ring design provides control over the depth of focus with 
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added sectors to provide limited beam steering to make the focal ‘coverage’ larger [37]. 

Figure 3.1 represents the ability of electric focusing and beam steering using multiple 

elements in a phased array transducer.  

 
FIGURE 3.1. A diagram of a phased array focusing illustrating the ability to control the 

location of the focus by the phase and amplitude of the RF-signals driving each element. [36] 

 

3.2 Therapeutic Ultrasound  

Therapeutic ultrasound, or the use of ultrasound for purposes other than imaging or 

diagnostics, acts on cells and tissues by thermal and mechanical mechanisms. Ultrasound 

enhanced drug delivery uses these mechanisms to cause bioeffects which can improve 

targeting and delivery of chemotherapeutic agents [38], [39]. Physical therapists use 

therapeutic ultrasound to reduce pain and promote soft tissue healing, although there is 

still a debate on whether the bioeffects of ultrasound are beneficial [40]. Therapeutic 

ultrasound has also been used to treat glaucoma and tumors in the eye [41], [42] in 

addition to being used in applications such as tissue fractionation, renal stone 
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fragmentation, cauterization, and wound healing [2], [35], [43]. One of the greatest 

advantages of therapeutic ultrasound is its ability to be focused into a small, well-defined 

target region in the body and produce clinically significant effects without damaging the 

intervening tissue as shown in Figure 3.2 [2], [35], [38], [43]. Guidance and monitoring 

of HIFU therapies are generally accomplished with B-mode ultrasound, or magnetic 

resonance imaging (MRI) [2], [35]. While HIFU is being used clinically to treat benign 

prostate hyperplasia and prostate cancer, clinical trials are underway for the treatment of 

breast cancer, uterine fibroids, and other tumors.  

 

FIGURE 3.2. Focused ultrasound schematic, showing the well-defined treatment volume at 

the focus. Tissue in the near and far field will not be affected by the ultrasound. 
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An alternative to tissue denaturation is a mechanical version of HIFU that has the 

ability to cut through the heart septum [44] and to fractionate tissue by pulsed ultrasound 

cavitation or shock wave heating and millisecond boiling [5], [45]–[47]. These 

techniques utilize bubbles to fractionate tissue into submicron-size fragments (i.e. no 

remaining intact cells), with sharp boundaries between the treated and untreated tissues. 

Histotripsy, or pulsed ultrasound cavitation therapy, fractionates tissue at the focus using 

microsecond pulses at very high acoustic pressures and pulse-repetition frequencies 

(PRF) to create and maintain a cavitation bubble cloud on the order of several millimeters 

in size, composed of bubbles on the order of hundreds of microns in diameter [5], [45], 

[48]. On the other hand, shock wave heating and millisecond boiling, hereafter denoted 

as boiling histotripsy, uses millisecond pulses and lower PRFs and acoustic pressures 

than cavitation cloud histotripsy to explosively expand a millimeter-size boiling bubble 

at the focus to fractionate tissue [46], [47]. Figure 3.3 shows the differences in the bubble 

fields between cavitation cloud histotripsy and boiling histotripsy in a tissue- mimicking 

polyacrylamide gel. 
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The biological effect of therapeutic ultrasound are generally broken down into two 

categories, Viz.  thermal and mechanical. Although understanding and ability to control 

and monitor both of these effects are important, the focus of this work is on HIFU and 

ultrasound-enhanced drug delivery. 

3.3 Interaction of HIFU with tissue (bioeffects)  

3.3.1 Ultrasound propagation and tissue heating  

The thermal effects caused by ultrasound have been used in many ultrasound surgery 

applications as well as in hyperthermia as a cancer therapy. In order to cause thermal 

damage, the exposure at a given temperature must exceed a threshold time, below which 

the tissue recovers and above which the tissues are damaged irreversibly. The thermal 

damage threshold depends on tissue type and physiological factors, such as pH and 

oxygen level. The temperature elevation in a tissue depends on the absorption and 

attenuation coefficients of the tissue, in addition to the frequency and intensity of the 

ultrasonic field. Moreover the local blood perfusion rate strongly effects the temperature 

change.  

Tissue interfaces within the beam path may cause reflection due to a mismatch 

between the acoustic impedance of the two tissues, although the impedances of biological 

soft tissues are very similar and this effect is mostly negligible in HIFU [49]–[51]. 

However, ultrasound waves reaching a tissue interface at an angle may be subject to both 

reflection and refraction [52]–[55]. The reflection will reduce the energy contained in the 
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transmitted ultrasound beam, whereas refraction will alter the direction in which the 

transmitted ultrasound waves continue to propagate in the new tissue layer. Thus 

refraction may shift the focus away from the geometrical focus, dephase and/or distort 

the focal spot [52]–[55]. If a phased-array transducer is used and the speed of sound in 

the different layers can be determined (for example with CT imaging [56], [57]); then 

the focal spot may be recovered at the desired location by applying appropriate phase 

corrections [52]–[55]. 

The resulting temperature rise caused by absorption of HIFU energy is often 

described using Pennes’ bioheat transfer equation [58] that takes into account heat 

diffusion as well as heat loss through perfusion. The relationship between exposure 

duration and temperature increase for the actual temperature threshold is characterized 

by a thermal dose equation that describes the thermal exposure as the time in minutes at 

43 ºC that achieves an equivalent bioeffects.  

The concept of thermal dose was introduced as a measure of thermal damage by 

Sapareto and Dewey in 1984 [20]. This model, which is based on the Arrhenius model 

of physical reaction rates, takes into account not only the current temperature but also 

the entire temperature history in estimating the thermal damage. The equation describing 

the thermal dose is written as 

              TD43(𝑡) =  ∫ 𝑅(43−𝑡(𝜏))𝑡

0
𝑑𝜏                               3.1 
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Where R = 0.25 (T < 43), R = 0.5 (T > 43) and TD is the thermal dose in 

equivalent minutes at 43 ºC (EM), t is the time and T(τ) the time-dependent temperature. 

Due to the logarithmic relationship between the thermal dose and temperature, the spatial 

distribution of the thermal dose is typically much sharper than for the somewhat diffuse 

temperature. The thermal dose thresholds for different levels of thermal damage have 

been shown to differ somewhat between tissues [59]–[65]. However, a threshold of 240 

EM is generally considered to be a good representative for full coagulative necrosis [65]–

[67]. Similarly, 30 EM has been reported to be a relevant predictor for the onset of tissue 

damage [65], [68]. 

In the presence of thermal noise, the logarithmic temperature relationship of the 

thermal dose will induce errors in the thermal dose estimate if the effect of thermal noise 

does not average to zero. If a normal distribution of the temperature is assumed, as is 

commonly done for the temperature estimates obtained from magnetic resonance (MR) 

thermometry, then the thermal dose increments will follow a log-normal distribution. 

Normal noise with a standard deviation of σT (°C) will thus on average result in an 

overestimation of the thermal dose with a factor of  

   

if no compensation is applied [69]. Hence, for a relatively low temperature standard 

deviation of 1.2 °C, the thermal dose would be overestimated by 40%, whereas for a 

slightly higher temperature uncertainty, σT = 2 °C, the overestimation exceeds 150%. 
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The overestimation can, however, be accounted for by dividing the thermal dose obtained 

from Equation 3.1 with the overestimation factor. 

3.3.2 Mechanical effects 

During the nonlinear propagation of ultrasound wave in biological tissue, the wave 

is distorted strongly and a shock wave forms. Great mechanical force is applied on the 

tissue in the ultrasonic field. The beam also induces a steady force, the radiation force. 

The radiation force in a standing wave field has been found to cause red blood cells to 

align in bands with a spacing on ½ of the wavelength [70]. The radiation force can induce 

detectable tissue motion in a traveling wave. This tissue motion may result in motion on 

a cellular level when intracellular structures, or gas-filled spaces cause inhomogeneities 

in the sound field resulting in an imbalance of the macroscopic forces. This can lead to a 

steady circular flow called acoustic streaming that can induce bioeffects via shear forces.  

Acoustic cavitation can be defined as the creation or motion of a small gaseous nuclei 

in an acoustic field [71]; e.g., the oscillatory movement of the bubble in a liquid medium 

exposed to an acoustic field. There are two forms of cavitation. The first, stable cavitation 

happens where a bubble is exposed to a low pressure acoustic field resulting in stable 

oscillation of the size of the bubble. The second form of cavitation is inertial cavitation 

where the exposure of the bubble to the acoustic field will result in violent oscillations 

of the bubble with rapid growth of the bubble during negative pressure phase eventually 

leading to the violent collapse and destruction of the bubble [72], [73].  
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The center of interest of this work is to induce thermal effects of HIFU in a controlled 

manner while minimizing cavitation and other nonlinear effects of ultrasound.  
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Chapter 4. Magnetic resonance guidance of HIFU therapy  

4.1 Introduction   

The initial experiments involving magnetic resonance imaging (MRI)-guided HIFU 

(MR-HIFU) were performed in the early 1990s by a collaboration of investigators at the 

University of Arizona with investigators at Brigham and Women’s Hospital and General 

Electric [74]–[77]. The feasibility of using a focused ultrasound device within an MRI 

scanner was demonstrated, focal heating was visualized and the resulting tissue damage 

was detected by the investigators.  

Following these initial studies, substantial work involving methods to improve the 

MR-HIFU device and the treatment monitoring was performed. Essential work in the 

area involved developing MR-compatible phased array [37], [78]–[80] and computer 

control driving systems [81] that can be used to increase the focal heating volume and 

steer the focal beam, and testing and validating MRI-based temperature imaging [82]–

[84] to localize the focal spot [85].  

In this chapter the MR-HIFU platform that is used for the experiments as well as 

treatment planning and temperature monitoring is described.  

4.2 MR-HIFU platform   

Ultrasound waves cannot propagate in air and need a fluid or gel to couple acoustic 

path the transducer to the body. In clinical HIFU platforms, this is accomplished by 

submerging the transducer in a degassed water- or oil-bath that is sealed within an MR -
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compatible table top using a thin membrane [86]–[88]. This membrane also acts as an 

acoustic window through which the ultrasound waves may propagate. Alternative 

methods where the transducer is confined in a plastic bag inside a table-top have also 

been suggested [9].  

This HIFU table top can be used as any other conventional MR patient table, and can 

be moved in and out of the MR scanner. A gel pad is often positioned on top of the 

membrane to improve the acoustic coupling between the water tank and the skin of the 

patient [86]. Ultrasound gel or degassed water may also be applied at both sides of the 

gel pad, or alternatively instead of the gel pad, to improve the acoustic coupling at the 

interfaces between the water tank and the patient [85], [86]. A schematic of a pig 

positioned on top of the Philips clinical HIFU platform can be seen in Figure 4.1. 

Intracavitary transducers intended for prostate ablation use an entirely different setup as 

the casing of the transducer is in direct contact with the wall of the cavity [11], [89], [90]. 

 
Figure 4.1. Schematic of the Philips clinical HIFU platform viewed in the transverse plane 

with a pig placed in a left decubitus position on top of the platform. The integrated multi-

element MR receive coil is also shown. The lower element is a loop surrounding the acoustic 

window in the table top through which the ultrasound propagates. The piezoelectric motors 

which control the positioning allow for three degrees of translational motion and two degrees 

of rotational motion.  
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Accurate and flexible positioning of the transducer is a crucial prerequisite for 

inducing localized thermal damage in the desired target region. Conventional motors 

cannot be used inside the MR and early positioning devices used hydraulic pistons to 

accurately position the transducer [87], [88], [91]. More accurate positioning devices 

have since been developed, and most modern HIFU transducer positioning devices are 

software controlled and use piezoelectric motors [85][92][93] or robotics [94], [95]. 

4.3 Therapy planning   

The excellent soft-tissue contrast provided by MRI makes this noninvasive imaging 

modality ideal for identifying and localizing the abnormal tissue to be targeted for any 

form of image guided therapy or treatment. High-resolution MR images can therefore be 

used for accurate planning of the MR-HIFU therapy if the relationship between the 

coordinate system of the planning images and the coordinate system of the ablation 

device, i.e. the transducer, is known. A graphical user interface to which these planning 

images are imported can then be used to create the MR-HIFU treatment plan by defining 

the position and angulation of the planned ablations, and examining the corresponding 

beam paths for acoustic barriers such as bone or air filled cavities. The efficiency and 

accuracy of this treatment planning can be improved by creating graphical overlays of 

the transducer and beam path on the planning images, which are updated according to 

the actual transducer position. The time needed for transducer positioning can be reduced 

and planning efficiency further improved if the transducer positioning is software 

controlled. Such a setup as outlined above allows for visualizing and interactively 
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adjusting the treatment plan and transducer position in reference to the target region 

anatomy, much in the same manner as in stereotactic surgery.  

4.4 Treatment monitoring by magnetic resonance thermometry    

Since both the relaxation properties and chemical environment of the signal in MRI 

are sensitive to Brownian motion and the associated molecular tumbling rates, MRI 

techniques are intrinsically sensitive to temperature.  

The objective of any thermal therapy is to adequately treat the target while sparing 

adjacent healthy tissue. However, the heat diffusion, absorption, and perfusion of the 

tissue all vary as a function of tissue architecture, tissue composition, local physiological 

parameters and temperature. These parameters may furthermore change due to 

coagulation or necrosis. This makes predicting the temperature distribution exceedingly 

difficult. Continuous acquisition of temperature maps during treatment would therefore 

significantly improve the control of the thermal therapy outcome by estimating the 

temperature distribution near and at the target.  

Of the many MR parameters that can provide temperature-sensitive contrast, the 

temperature dependence and sensitivity of several parameters in particular, have proven 

useful for temperature change monitoring in soft tissue, such as relaxation constants, 

diffusion, and resonance frequency. By choosing the MR imaging sequence 

appropriately, continuous dynamic MR imaging can provide real-time information on the 

instantaneous in vivo temperature distribution in any imaging plane at a good spatial and 
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temporal resolution. MR temperature imaging, or thermometry, has been suggested for 

monitoring hypothermia during cryosurgery [96] as well as for monitoring hyperthermia 

induced by laser [97], microwave [98], radio frequency (RF) [99], [100], and HIFU [6] 

treatments. The use of MR for thermometry was initially suggested by Parker et al. in 

1983 [101], even though the temperature dependency of several MR parameters had 

already been established earlier [102]–[104]. The method suggested by Parker was based 

on monitoring the longitudinal relaxation constant (T1). Since then several other methods 

of thermometry have been suggested. The most widely used of these methods is 

thermometry based on the diffusion constant as first suggested by Le Bihan et al. [105], 

thermometry based on the proton resonance frequency shift (PRFS)  as suggested by 

Ishihara et al. [7], as well as thermometry based on the longitudinal relaxation constant.  

PRFS thermometry is by far the most widely used method of thermometry, and is the 

method used in the experiments described in this dissertation. Because of this, discussion 

on other forms of thermometry is here omitted. Details on T1- and diffusion constant 

based- thermometry, as well as other methods of thermometry, can be found in the 

excellent reviews of Quesson et al. [106], Denis de Senneville et al. [106], and Rieke et 

al. [107]. 

4.4.1 Proton resonance frequency shift  

PRFS temperature dependence was first observed by Hindman in 1966 [103] when 

studying intramolecular forces and hydrogen bond formation between water molecules. 
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A hydrogen nucleus is screened more efficiently from the main magnetic field by the 

electron cloud when part of a free water molecule, than when in a water molecule that is 

hydrogen bonded to another water molecule. This is because the hydrogen bonds distort 

the electronic configuration of the water molecules, thereby reducing the electronic 

screening. The fraction of water molecules that are hydrogen bonded depends on the 

temperature. An increase in temperature causes the hydrogen bonds to bend, stretch, and 

break, thus reducing the average time spent by the water molecules in a hydrogen bonded 

state. 

The decrease in the local magnetic field due to the change in the temperature 

dependent chemical shift will also lower the proton resonance frequency that is linearly 

dependent on the local magnetic field. This temperature dependent shift in resonance 

frequency and thus also the chemical shift can be calculated using the phase information 

from the MR images of a gradient echo sequence.  

The temperature sensitivity of the PRFS method is very good as for a typical signal-

to-noise ratio (SNR) of 40, field strength of 3 T, and echo time of 20 ms, the theoretical 

standard deviation is as low as 0.3 ºC. The inverse of the SNR is proportional to the 

temperature standard deviation, and a low SNR will therefore result in a high temperature 

uncertainty. It is important to note that the PRFS technique is only capable of calculating 

relative temperature change, and not absolute temperature. The core body temperature is 

therefore typically used as the starting temperature to which the temperature variation 

maps are added in order to obtain absolute temperature maps. 
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In principle any gradient echo sequence can be used for acquiring the phase 

information necessary for these temperature maps, as long as stimulated echoes can be 

neglected. However, short repetition times and flip angles close to the Ernst angle are 

typically used, which makes efficient RF spoiling of the signal becomes crucial in order 

to avoid contaminating the phase information with stimulated echoes from previous 

excitations. A spin echo sequence cannot be used for measuring the temperature induced 

phase change as the spins will be refocused at the time of image acquisition, leaving the 

phase image independent of chemical shift and thus also independent of temperature. 

A very important advantage of the PRFS method of thermometry is that the 

temperature dependent chemical shift α is nearly independent of tissue type and is also 

not affected by coagulation. Typical values of the temperature dependent water PRF shift 

vary between -0.009 and -0.01 ppm/ºC. However, the PRF shift is only tissue 

independent for aqueous tissues, as the temperature dependent PRF shift stems from 

changes in the hydrogen bonds which are absent in lipids. The PRF of lipid hydrogen is 

thus almost independent of temperature and the presence of lipids in the phase images 

may therefore lead to errors in the PRF temperature images. Fortunately, fat suppression 

or spectral selective excitation can be used to image only water protons, thereby enabling 

accurate PRF thermometry in tissue where both fat and water protons are present. 

The need of a reference phase also poses some problems, as the phase is assumed 

only to be influenced by changes in temperature. However, the external magnetic field 

of currently available MR scanners will drift in time when the gradients are utilized 



29 

 

intensively, resulting in phase drift and an apparent temperature change. This phase drift 

can be compensated by subtracting the average phase change seen in either an external 

phantom in thermal equilibrium or an internal non-heated region. If the phase drift varies 

in space, an improved compensation can be obtained by fitting a polynomial curve to the 

spatial distribution of the phase drift in the non-heated reference region and subtracting 

this fitted phase from the acquired phase images. An alternative approach to PRF 

thermometry is to not use a phase reference image at all, but instead use a polynomial fit 

of the phase or complex data from the non-heated area to estimate the background phase 

in the heated area. The background phase, which is the estimated phase in the heated area 

had it not been heated, is then used as the reference phase. This so called referenceless 

thermometry does therefore not need a phase drift correction, as the temporal field drift 

is already included in the non-heated area from which the reference phase is estimated. 

A disadvantage of this method is, however, that a high SNR is required and the heating 

needs to be confined to a small well-defined area for the polynomial fitting of the phase 

reference to be reliable. 

Organ motion is, the most prevalent problem for PRFS thermometry. Several 

abdominal organs are prime candidates for MR-HIFU but are subject to both rigid and 

non-rigid motion during the respiratory cycle. Not only does this motion need to be 

compensated and the images aligned with the reference image to avoid artifacts in the 

temperature images, but a correct reference phase must also be used since the local 

magnetic field experienced by the organ will vary as the organ moves through the 
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inhomogeneous magnetic field inside the body. Removal of non-temperature related 

phase perturbations is thus imperative for accurate PRFS thermometry of moving objects. 

In this dissertation, the temperature monitoring is performed using PRFS 

thermometry method in a 3 T MRI to accurately monitor the therapy during hyperthermia 

exposures.  

4.5 Conventional and multi-parametric MRI techniques     

4.5.1 T2-weighted imaging  

T2-weighted imaging (T2WI) relies upon local dephasing of spins following the 

application of the transverse energy pulse. The contrast of a T2WI is predominantly 

dependent on T2 and can be increased by using a long echo time. The value of echo time 

(TE) effectively determines the sensitivity of the sequence to the process of T2-

relaxation. Water has a very high T2 constant, therefore has very high T2 signal and thus 

appears bright on a T2 contrast image. Thus this scan is important and suitable for 

evaluating cyst contents (fluid, septa) and the pancreatic ductal system.  

Traditionally, T2WI has been used to provide morphological information about the 

zonal anatomy of the cancer and highlight suspected areas. T2WI with and without fat 

suppression will provide good delineation of organ contour and the presence of 

peripancreatic inflammation. As pancreatic tumor may present a broad spectrum of 

appearance the small hyperfuctioning parts of pancreatic tumor may not be visible on 
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T2WI  [108]. In such case combination of T2W and other imaging techniques may be 

beneficial.  

4.5.2 Diffusion Weighted Imaging and Apparent Diffusion Coefficient 

Molecular diffusion and microcirculation in the capillary network result in a 

distribution of phases in a single voxel in the presence of magnetic field gradients. This 

distribution produces a spin-echo attenuation [109]. The diffusion weighted MRI (DW-

MRI) is sensitive to water diffusion because each image voxel has an image intensity that 

reflects the rate of water diffusion at the location. This scan demonstrates pathology 

based on fluid motion states at the cellular level. It is known that tumor water diffusion 

is associated with tumor cellularity. DW-MRI has a potential to be useful at all stages of 

a cancer and could be survival indicators. In addition DW-MRI is quantifiable and can 

be repeated easily. In living tissue the diffusion process is superimposed by capillary 

pseudo diffusion and gross motion to which the MR measurement is also very sensitive. 

In this thesis, the apparent diffusion coefficient (ADC) values were measured, the 

underlying hypothesis being that it could be a good marker to monitor early changes in 

the tissue. Comparing the ADC value of different tissues with the tumor we can acquire 

diffusion properties of cancer tissue. 

Yoshikawa et al. [110] reported that cancerous pancreatic tissues had an ADC value 

higher than that of normal pancreas, although the study included only a small number of 

patients. However depending on the area where a value is measured, one expects decrease 
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of the ADC value to correlate with lower diffusion in a region containing high fibrosis. . 

The b-value, a factor of diffusion weighted sequence, is a parameter that adjusts the 

strength, duration and time of the diffusion gradients. Sequences with low b-values are 

relatively sensitive to diffusion; sequences with high b-values are sensitive to even minor 

water displacements. It has been reported that high–b value DWI is different from 

morphologically oriented imaging techniques in that it can sensitively depict disease 

associated changes of random translational molecular motion, known as diffusion or 

Brownian water motion [111]. The authors of several studies have reported that 

quantification of diffusion as ADC values is useful in tissue characterization [112] [113].  

A minimum of two b-values must be acquired in order to process the ADC map or 

calculate the ADC values. Typically the first b-value is very low (0-100) and the second 

is optimized to the pathology. Multiple b-values can be acquired in a single pulse 

sequence; however, scan time increases as number of b-values increases. SNR decreases 

as b-value increases. Due to its nature this scan is extremely sensitive to gross movement 

of the patient. Therefore in this scan motion compensation techniques or proper gating is 

required to eliminate the effect of motion with longer scan times. 

4.5.3 Other imaging methods 

Magnetization transfer imaging (MTI) is based on the interaction of macromolecules 

with the proton spins of liquid pools through exchange processes and can be an indicator 
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of the structural integrity of the tissue being imaged. In this thesis, Magnetization transfer 

ratio (MTR) is the method used to assess potential changes in macromolecules.  

A common characteristic of PDA is tumor desmoplasia with a marked increase in 

fibrotic connective tissue that penetrates and envelopes the neoplasm. This extracellular 

matrix facilitates disease progression [114], metastasis [115], and confers drug resistance 

[31]. PDA-associated desmoplasia leads to threefold increases in collagen deposition 

compared with normal pancreas tissues [116] [117].   

MT-MRI can be used to noninvasively probe dynamic physical processes involving 

the exchange of magnetization between subpopulations of free water protons and those 

water protons bound to tissue macromolecules. MT-MRI studies in cartilage 

degeneration [118] and regeneration [119] and liver fibrosis [120] have each 

demonstrated that MT contrast can be highly sensitive to tissue collagen concentration, 

the primary component of desmoplasia. Thus, we hypothesized that fibrosis levels in 

PDA may be directly reflected in MT-MRI MT ratio (MTR) measurements. In chapter 

9, MTR values are measured to determine if it can serve as a marker that can differentiate 

the amount of fibrosis and stroma tissue in different mouse models.  

Dynamic contrast-enhanced MR imaging (DCE-MRI) has emerged as a promising 

method for diagnosis and prognosis of cancer. As with other modalities of perfusion 

imaging, DCE-MRI uses repeated imaging to track the entrance of diffusible contrast 

agents into tissue over time. A paramagnetic contrast agent, gadolinium-DTPA injected 
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intravenously circulates through the body and diffuses over time into the extravascular 

extracellular space. From the known properties of the imaging sequences it is possible to 

convert the relative signal increase into a quantitative measure of contrast agent over time 

in tissue. From these curves, one can obtain semi quantitative analogs of blood flow, or, 

if similar concentration curves are obtainable from arterial blood, one can use the two 

compartment tracer kinetic theories of Kety [121] [122] to obtain more quantitative 

indices of blood flow and capillary permeability. The DCE-MRI will be a good marker 

for blood flow and relatively the drug diffusion into different type of tumor models. 
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Chapter 5. Temperature sensitive liposomal drug delivery   

5.1 Liposomes for cancer therapy  

Liposomes were developed initially by Alec Bangham as closed vesicle models with 

which to study cell membranes [123], but are now widely used as biocompatible carriers.  

These carriers are composed of a lipid bilayer membrane encapsulating an aqueous 

volume [124], [125] and have been used as possible therapeutic intervention vehicles and 

as molecular MRI contrast agents [126]–[130]. A liposome can trap hydrophobic 

molecules of a few nanometers in diameter within the bilayer; it can hold hydrophilic 

agents of several hundred nanometer diameter in the relatively large interior 

compartment [125], [131]. Coating the lipid bilayer with water-soluble polymers 

(polyethyl glycol (PEG)) led to development of 'stealth' liposomes, so-called because the 

polymers prevent the attachment of plasma proteins which label foreign matter for 

removal by immune system cells.  Moreover, peptides which target specific biological 

targets may also be attached to the polymers [125]. Safinya et al., 2012 published an 

outstanding illustration on the evolution of liposomes, Figure 5.1 [125].  
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Figure 5.1. a, Simple liposomes are vesicles that have a shell consisting of a lipid bilayer. A 

liposome can trap hydrophobic guest molecules a few nanometers in diameter (red spheres) 

within the hydrophobic bilayer, and hydrophilic guests up to several hundred nanometers 

(green star) in its larger interior.  

b, In ‘stealth’ liposomes developed for drug-delivery applications, the lipid bilayer contains a 

small percentage of polymer lipids. Peptides (blue rectangle) that target specific biological 

targets may also be attached to the polymers.  

c, Most cationic liposome–DNA complexes have an onion-like structure, with DNA (purple 

rods) sandwiched between cationic membranes.  

d, Kubitschke et al. report liposomes in which the bilayer assembles from cavitands — vase-

shaped molecules — to which the authors attached hydrophobic and hydrophilic chains. The 

cavitands can trap angstrom-sized guest compounds (yellow diamonds) in their hydrophobic 

cavities. These vesicles can therefore encapsulate guest molecules of different sizes in the 

cavitands, the bilayer and the liposome’s interior.  

Reprinted by permission from Macmillan Publishers Ltd: Nature [125], copyright (2014), License 

Number 3534641200700 
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When used as carriers of anti-tumoral drugs, the prolonged circulation time of stealth 

liposomes in the blood can result in accumulation of the liposomes in the interstitium of 

tumors.  Release of their content in the targeted region can then be effected by various 

means.  Despite the fact that the concentration of drug inside PEGylated liposomes can 

be much higher than would be possible were the drug to be administered systemically in 

'free' form, liposome-encapsulated drugs are not bioavailable to the tumor cells absent a 

mechanism to release the liposomal contents [132].  Approved liposomal forms of 

doxorubicin (DOX) for the treatment of cancer (Doxil, DaunoXome and Myocet) reduce 

the cardiac toxicity associated with DOX, but these vesicles do not necessarily improve 

drug efficacy of cancer treatment [126].  Absent an active release-triggering mechanism, 

drug escapes from the accumulated drug carriers in the tumor tissue via slow, passive 

diffusion, or via slow degradation of the lipid shell.  While this can be advantageous with 

some drugs (e.g., cell cycle-specific drugs such as Vincristine), it may be of little benefit 

when using non-cell cycle specific drugs such as DOX and cisplatin (cisPt) [133]–[135].  

The lack of drug efficacy explains the failed phase III clinical trial of liposomes loaded 

with cisplatin [136].  Therefore, triggered release of the drug to control the amount as 

well as the time and location of the release is necessary.  Triggering mechanisms have 

included pH changes, light, and mild heating [137]–[140], the latter being the focus of 

this dissertation.   
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5.2 Thermosensitive liposomes 

Thermosensitive liposomes (TSL) consist of lipid membranes which undergo phase 

transition and melt from a relatively 'solid' and impermeable gel form to a liquid phase 

at a transition temperature, Tm, which varies with the lipid composition of the 

membranes. Bilayer structural changes occur at Tm, increasing dramatically the 

permeability of the membrane and resulting in the release of liposomal contents [141].   

Although the maximal release happens at T ≥ Tm [142], [143], significant amounts of 

drug escape the liposomes at temperatures  1-2 degrees below the bulk Tm of the bilayer.  

This is due to the inhomogeneous structure of the lipid bilayer plane; i.e., there exist 

minute domains whose properties differ from the bulk or average properties of the bilayer 

as a whole, and thermally-induced permeability increases can occur in these domains at 

somewhat lower temperature than required to melt the entire membrane [144].   

Early TSLs were formulated with dipalmitoylphosphatidylcholine (DPPC), having a 

Tm of 41.5 °C.  These were suitable for applications of very mild hyperthermia while 

remaining below 43 °C [145], [146]. When DPPC formulations are modified by the 

addition of other lipids (e.g., distearoylphosphatidylcholine (DSPC; Tm of 54.9 °C), and 

hydrogenated soy phosphocholine (HSPC)), these modifications produce greater lipid 

packing incompatibility relative to 'single-species' formulations, and this increases their 

permeability at elevated temperature. In turn, this increases drug release in tumors in 

response to TSL and hyperthermia therapy [147]–[149]. 
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The first PEGylated, long-circulating TSL was developed by Unezaki et al. [150].  

Although the addition of DSPC to DPPC can increase the permeability of the liposomal 

membrane, the phase transition temperature of these membranes is formulation-

dependent, and increases with increasing molar fraction of DSPC [151], which is 

generally undesirable.  These liposomes have a relatively broad transition temperature 

(43-48 °C) with the center Tm close to 46 °C [152], and slow drug release kinetics [153].  

However, the required release temperature range of such liposomes (43-45 °C) can be 

associated with the development of thermal doses sufficient to damage healthy tissues 

surrounding a tumor. Therefore, TSL formulations with lower drug release temperature 

thresholds (i.e., in the range of mild hyperthermia (39-42 °C)) were needed.  

To this end, lysolipids were incorporated into PEGylated DPPC membranes to lower 

the phase transition temperature and thereby promote rapid drug release under mild 

hyperthermic conditions [153], [154]. These were termed lysolipid thermosensitive 

liposomes (LTSL). Inclusion of lysolipids into the liposome membrane has several 

effects on the physicochemical properties of the bilayer. It has been shown that DPPC 

liposomes containing 10 mol% lysolipid phosphocholine (lyso-PCs) and corresponding 

alkyl or acyl analogues decreases the melting phase transition temperature and broadens 

the transition temperature range [155]. Other studies on the combination of mild 

hyperthermia and LTSL-localized DOX demonstrated DOX release within a few 

seconds, with 50% DOX release occurring within 20 s of heating to 42 °C [153], [154], 

[156]. Preclinical experiments clearly demonstrated the improved efficacy of this type of 
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drug delivery [153], [155], [157]–[159]. However, studies on the pharmacokinetics of 

LTSLs in human plasma indicated rapid DOX leakage at body temperature [160]–[162].  

This shortcoming led yet again to new formulations of TSLs.  

TSLs composed of dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol (DPPGOG) 

and DPPC/DSPC improved the serum stability at 37 °C relative to LTSLs.  Additionally, 

liposome formulations containing DPPGOG had longer circulation times in blood, 

leading to higher plasma levels of DOX compared with other TSL formulations. [163], 

[164].  

ThermoDox® (Celsion Corporation, Columbia, MD) is a commercially developed 

LTSL loaded with DOX (LSTL-DOX) that has demonstrated great promise in both 

preclinical and clinical studies. Pre-clinically, LTSL-DOX enhanced the delivery and 

therapeutic efficacy of DOX in multiple xenograft models (colon HCT116, squamous 

cell FaDu, prostate PC-2, ovarian SKOV, mammary 4T07) [165], [166]. In addition, in 

canine solid tumors LTSL-DOX demonstrated favorable toxicity profiles, 

pharmacokinetic properties, and efficacy [167]. This array of promising in vivo studies 

has led to the further investigation of LTSL-DOX (ThermoDox®) in human clinical 

trials. It is currently being tested in combination with focused microwave induced 

hyperthermia in a multi-center Phase I/II trial for the treatment of loco-regional recurrent 

breast cancer (ID: NCT00826085). A corresponding Phase I trial already established a 

maximum tolerated dose (MTD) of 50 mg/m2 and demonstrated promising tumor 

response activity. In a different set of trials, LTSL-DOX (ThermoDox®) is being 
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investigated in combination with radiofrequency ablation (RFA) for the treatment of 

hepatocellular carcinoma (HCC). A Phase I trial completed in 2009 also determined the 

MTD to be 50 mg/m2, demonstrated a promising toxicity profile, and showed promising 

efficacy results [168]. A Phase III HCC trial is ongoing and Celsion has also announced 

a randomized Phase III study of LTSL-DOX (ThermoDox®)/RFA for the treatment of 

colorectal liver metastases. Lastly, Celsion is working with Phillips Healthcare for a 

Phase II clinical study investing ThermoDox® in combination with Philips Sonalleve 

MR-HIFU technology for the treatment of prostate cancer metastases to the bone. These 

promising early results strongly recommend the clinical investigation of this therapeutic 

strategy for the treatment of pancreatic cancer. 

In addition to ThermoDox®, there is an ongoing attempt to produce a LTSL co 

loaded with Dox and gadolinium as MR contrast agent [144], [169], [170].  
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Chapter 6. Temperature induced drug delivery using MR-

HIFU   

6.1 Hyperthermia 

Hyperthermia is broadly accepted to be elevation of, and maintenance of the tissue 

temperature at 40-45 °C [20], [59], [171].  Increased tissue temperature leads to a number 

of vascular responses which alter blood flow.  Moreover, the responses differ in normal 

and tumor tissue.  In normal tissue, hyperthermia causes vasodilation, increased blood 

flow, and increased vascular wall permeability [172].  This response happens over a 

relatively a wide range of temperature (37-45°C), with specific responses depending on 

the tissue [173].  Elevation of temperature to a higher range may result in vascular 

damage.   

Hyperthermia-induced changes in the blood flow in tumors are considerably different 

from those of normal tissue [172], [174].  Tumor vessels are ill-formed, and are usually 

devoid of smooth muscle [174].  Historically, this was thought to preclude vasodilation.  

However, under relatively low temperature heating regimes,  blood flow increases 

slightly in some types of tumors [174].  Mild hyperthermia (41-42 °C) results in increased 

tumor blood flow [175] and increased tumor oxygenation during the treatment [176].  

This change is expected to enhance liposome penetration into the tumor via the tumor 

microvasculature and thus to carry more liposome-encapsulated drug into the tumor.  In 

healthy tissues under conditions of mild hyperthermia, blood vessel structure will not 

allow the extravasation of liposomes.  In tumors, however, hyperthermia has been shown 
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to enhance tumor microvascular permeability [177], [178] in addition to increasing blood 

flow.  The increase in blood flow peaks in the mild hyperthermia temperature range, but 

microvascular permeabilization continues to increase with increasing temperature until 

thermal vessel damage occurs and blood flow stops.  These aspects can be further used 

to enhance the delivery of the liposomes to the tumor site. 

6.2 MR-HIFU drug delivery  

Targeted release from TSLs has been studied extensively with different heating 

modalities, including water baths [149], [154], [157], external electromagnetic 

applicators (microwaves or radio waves) [167], localized interstitial hyperthermia 

applicators with ultrasonography guidance [179], [180], and therapeutic focused 

ultrasound.  

HIFU can be used noninvasively to heat deep tissue in a small focal volume relative 

to that achievable with other hyperthermia devices; i.e., spatial control capability can be 

quite good.  By controlling the duration and magnitude of ultrasound exposure, HIFU 

can also effect tissue heating with a high degree of temporal and amplitude control.  

Therefore, HIFU has emerged as a leading modality for heat-triggered drug release from 

TSL.  To maintain the target temperature, accurate measurement at the focal point is 

needed.  In some studies, temperature measurement was limited to point measurements 

made by invasive thermocouples or optical probes [181]–[183].  These studies provided 

useful information, but better temperature monitoring technology is required for clinical 
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use.  Therefore noninvasive monitoring of the temperature in the target volume has been 

a high priority area of research.  

MRgFUS is a powerful tool for controlled applications of hyperthermia.  MR imaging 

offers superior tissue contrast compared with ultrasound imaging, which makes it better 

for treatment guidance. Moreover, MR thermometry offers a noninvasive method to 

monitor temperature changes and to provide real-time treatment feedback.  Effective 

treatment of  in vivo tumors using MRgFUS and TSL has been demonstrated in recent 

studies [165], [166], [170], [184], [185].  In these experiments, tumors in the treatment 

groups receiving both MRgFUS and drug-loaded liposome demonstrated the greatest 

uptake of drug when compared with liposome only and/or free drug treatments. 
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Chapter 7. Characterization of three pancreatic cancer 

mouse model using conventional and multi-parametric MRI 

techniques  

7.1 Introduction  

Pancreatic cancer is one of the most lethal human cancers and continues to be a major 

unsolved health problem at the start of the 21st century. Although much effort has been 

devoted to increase the sensitivity for detecting early-stage pancreatic adenocarcinomas 

with conventional imaging techniques, such as sonography, computed tomography (CT), 

or magnetic resonance imaging (MRI), the detection sensitivity is still insufficient [186]. 

This topic was discussed in Chapter 2.  

Faced with such a poor prognosis, new treatment strategies for pancreatic cancer have 

been studied extensively. Development of different tumor models and different 

properties of each tumor model have been discussed in Chapter 2.2. Pancreatic tumor 

models that somewhat better resemble the biologic characteristics of the human tumor, 

and thus better represent the clinical situation in patients are among top choices for new 

studies. Characteristics such as perfusion, intra tumoral diffusion, the amount of stroma, 

genetic mutations, clinical symptoms, and histopathology of tumor and comparison of 

each with the one found in human pancreatic cancer are relevant for different types of 

studies. 

Efficacy testing of new agents in oncology drug development relies heavily on mouse 

models bearing transplanted tumors. Therefore evaluating a tumor's characteristics is also 
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very important to help evaluate different therapies and what type of therapy is most 

appropriate. In this thesis research, evaluation of tumor characteristics lead us to better 

targeting of the tumor while avoiding liquid cystic areas and necrotic cores of the tumor. 

Characterizing the tumor tissue can also be used to predict the response to chemotherapy 

[187]. Differentiation between cancer and pancreatitis is both important and difficult with 

CT. MR imaging is excellent in the delineation of small pancreatic tumors. Moreover 

due to its superior soft tissue contrast, MRI is often the method of choice to detect cystic 

masses or pancreatitis, which can lead to different types of treatment such as surgery, or 

chemo and radiation therapy in combination.  

MRI is capable of providing the necessary guidance and monitoring for focused 

ultrasound therapy. This noninvasive imaging modality is widely used for image-guided 

interventions, and can also aid in the treatment planning of HIFU therapy. Moreover, 

several MR tissue parameters such as the spin-lattice relaxation time, T, the equilibrium 

magnetization, M0, and the molecular diffusion contrast are altered as a result of 

temperature change and ablation. Thus MRI can also be used to visualize the severity of 

tissue damage following treatment. Perhaps the most important utility of MRI for HIFU 

therapy is, however, its ability to produce high-resolution in vivo temperature images that 

can be used to visualize the temperature rise in real-time in any imaging plane within the 

body[6] [7]. 

In addition, several MRI modalities have been explored in various cancer models for 

the early detection and therapy response. Diffusion weighted MRI helps differentiate 
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normal pancreas from pancreatic cancer [188]. Tumor growth curves constructed from 

serial T2-weighted MR measurements are used to measure the tumor therapeutic 

response. The inhibition of growth indicates therapeutic response [189]. T1 imaging has 

been used to assess treatment in brain tumors [190]; by evaluating the changes in vascular 

volume after cancer therapy, dynamic contrast enhanced (DCE) MRI has been used to 

assess response to cytotoxic and cytostatic therapies [191]. 

The general hypothesis guiding this research was conventional MRI methods such as 

T2-weighted imaging and quantitative values acquired from multi-parametric MRI can 

serve as valuable in-vivo biomarkers of different tumor models with information 

regarding stroma tissue, blood flow and relatively the drug diffusion.  

The MR imaging techniques have been described in Chapter 4.5. Briefly, T2-weighted 

images (T2WI) provide morphological information about the tumor. This scan defines 

the organ boundaries, the tumor and cystic components due to high water contrast and 

addition of fat suppression. Diffusion weighted imaging (DWI) provide quantitative 

method to characterize the tumor and other organs. The magnetization transfer ratio 

(MTR) in magnetization transfer imaging (MTI) is used to identify collagen deposition 

and fibrosis in the different tumor models. Dynamic contrast enhanced (DCE) MRI was 

used to characterize blood flow and diffusion into different types of tumor models.  
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7.2 Methods and materials  

In addition to transgenic KPC mice which spontaneously develop PDA, orthotopic 

xenograft and subcutaneously implanted mouse models were used. Mice with tumors 

larger 500 mm3 and smaller than 1000 mm3 in volume were prepared for imaging. Before 

scanning, the mouse was anesthetized with a mixture of 1.5% isoflurane in oxygen 

delivered at 1 liter/min through a nose cone (Novaplus). An eye lubricant was 

administered to each animal to prevent corneal desiccation while under anesthesia. 

Mouse temperature was controlled with a built-in heating system maintaining 

physiologic body temperature. A water circulation system embedded in the gradient coil 

housing controlled the temperature of the RF coil. Water temperature was controlled by 

a heated water bath. Heart- and respiration rates were monitored with an MRI-compatible 

small animal gating system (SA Instruments, Stony Brook, NY).  

For in vivo imagining, a 14T MR System, (spectrometer with a micro imaging 

accessory, 600 MHz Bruker Avance III) was used in combination with a 25 mm coil and 

the coil holder. The high-field MRI has the benefits of higher signal-to-noise ratio, 

contrast-to-noise ratio and spectral resolution for certain application. In most cases, these 

benefits facilitates higher spatial and temporal resolution. 

Turbo Spin Echo T2-weighted images were acquired in the coronal plane, with no 

interslice gap and identical fields of view of 40 x 40 mm. The acquisition was done under 

respiration gating. 
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With higher field strength, it was possible to acquire multi b-value diffusion weighted 

images which can be processed in low and high b-value ranges. Diffusion-weighted 

imaging was performed with different b-values to assess their ability to characterize the 

tumor. Two different diffusion weighted imaging protocols were performed in a coronal 

plane using a spin-echo single-shot echo-planar imaging sequence with two sets of 

diffusion gradients, a low b-value (b=0 s/mm2), and a middle b-value (b=400 s/mm2). 

Another scan with a low b-value (b=0 s/mm2) and a high b-value (b=1000 s/mm2). 

Diffusion-weighted gradients applied in slice directions. In order to reduce the effect of 

motion, the scans acquired with respiration and ECG gating. After initial studies 

demonstrated that ECG gating was superfluous, only respiration gating was used.  

All raw MR scans were processed using Image-J (Rasband, W.S., ImageJ, U. S. 

National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-

2012) [192]. The detection of diffusion by the spin-echo technique on the MR signal was 

calculated a technique similar to that described by Bihan D Le et al. 1986 [109]. The MT 

MRI pulse sequence with offset frequency 7000Hz. MTR measured by the technique 

described by Li et. al [193]. Briefly Voxel-wise MTR maps were calculated as follows: 

100 x (1 – MT/M0), where MT represents the signal intensity for the image acquired 

following application of the MT pulse and M0 is the signal intensity image acquired 

without MT saturation. For an imaging slice through the center of each tumor, a region 

of interest (ROI) was drawn to circumscribe the entire tumor. The mean MTR value is 

reported for each tumor.  
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The dynamic contrast-enhanced (DCE-MRI) time course was acquired using T1-

weighted RF-spoiled gradient echo. Five different T1 scans with different flip angles 

were acquired (FA=2, 5, 10, 20, 40). From these scans, T1 maps were calculated using 

ImageJ software.  700 time points were acquired after injection of the contrast agent 

giving a total imaging time of 10 minutes. For contrast enhanced imaging, 200μl of the 

paramagnetic contrast agent, Gadolinium (Gd-DTPA), was injected via a tail vein 

catheter. A compartmental analysis was used to analyze dynamic contrast-enhanced T1-

weighted data. The transfer constant, and the extravascular extracellular space fractional 

volume and the rate constant were calculated from the data. The transfer constant has 

several physiologic interpretations, depending on the balance between capillary 

permeability and blood flow in the tissue of interest. In high-permeability situations, the 

transfer constant is equal to the blood plasma flow per unit volume of tissue. With these 

values a two compartment tracer kinetic theories of Kety [121] [122] was used to obtain 

more quantitative indices of blood flow and capillary permeability. 

These mice were later used in Aim 2. After the final study, microscopic morphologic 

analysis was performed using standard tissue histology methods. For the histological 

analyses, tumors were excised, snap-frozen and cut into 5 µm sections utilizing a cryostat 

(CM1950, Leica, Bannockburn, IL).  H&E staining was completed using standard 

protocols for gross histological assessment of cellular density, necrosis and fibrosis. The 

sections were examined using a Nikon H550L light microscope (Nikon, Melville, NY). 

Consecutive cryosections from the sample were collected for Masson’s trichrome 
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staining for evaluation of the stroma layer in the tumor. Immunohistochemistry (IHC) 

was performed to visualize the vasculature structure.   

Masson’s trichrome staining samples were imaged, and using Matlab software 

(MatWorks, Natick, MA), fibrotic tissue areas were quantified within each slide. The 

total tumor tissue area (Atotal) was also measured. The percentage of fibrotic tissue was 

defined as the ratio Afibrosis/Atotal x 100. These measurements were repeated for each 

animal. The percentage were compared with the MT ratio for each group.  

In order to improve the study’s ability to resolve differences between different tumor 

model properties, 8 animals in each group were measured. With 90% power and a 

significance level = 0.0125, between treatment variance = 36, within treatment variance 

= 25. The treatment variance and between treatment variance in this calculation is 

estimated. 

The MRI data were expressed as mean ± SD. One-way analysis of variance was used 

to compare MTR measurements. All statistical analyses were performed with Stata 

software (Stata11, Stata-Corp, College Station, Tex). In order to have a baseline and 

distinct value from the tumor the ADC values of tumor were compared with values of 

liver, spleen and kidney.  
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7.3 Results  

Eight mice in each tumor group (orthotopic, subcutaneous xenograft, or transgenic) 

were imaged. Figure 7.1 shows the coronal view T2W images of three different tumor 

model. Red dashed line indicates the tumor and surrounding organs are visible in the 

plane. By reducing the slice thickness and acquiring more slices 3D reconstruction of 

each tumor is possible. The 3D image of each tumor is shown in Figure 7.2 and can be 

used to calculate the volume of each tumor.  

Using fully automated acquisition of T2 series, followed by a semi-automatic image 

analysis T2-map of the tumor was generated and overlaid on the T2WI. A representative 

example is shown in Figure 7.3. T2 measurements are helpful in detecting pathological 

tissues due to their elongated T2 relaxation time (e.g. degenerative changes of cartilage, 

muscular atrophy, and high signal intensity in tumors). T2 relaxation time of the tumor 

in each model is shown in Figure 7.4. There is no different between T2 relaxation time 

of three tumor models. But there is a different in relaxation time of tumors and other 

organs (Viz. spleen and muscle).  

ADC value of each tumor was calculated and the result is presented in Figure 7.5. 

KPC mice have the lowest ADC value and subcutaneous mice tumor has the highest 

ADC value. This is due to the higher density of the KPC tumor in comparison with the 

other tumor models.  
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Representative tri-chrome histology slides for KPC, orthotopic and subcutaneous 

mice are shown in Figure 7.6. These slides clearly depict the fibrotic stroma seen 

histologically as blue-stained bands of collagen enveloping the tumor cells in each tumor 

model. KPC model consistently demonstrated significantly greater levels of fibrosis and 

associated collagen deposition; the percentages of fibrotic tissue area measure for these 

specific examples were 1.4, 5.21 and 7.8 for subcutaneous, orthotopic and KPC tumors, 

respectively.  

A summary of both MTR measurements and histologic measurements of fibrotic 

tissue area for each tumor type is shown in Figure 7.7. MTR measurements from the 

tumors in KPC mice (45.4 ± 5.1) were higher than MTR measurements in orthotopic 

mice (38.4 ± 3) and tumors in the subcutaneous mice (26.3 ± 2.8). The comparison of 

MTR and histologic data indicates there is a correlation (r=0.87) between MT ratio and 

the amount of stroma in each tissue. The data confirms that the transgenic KPC model 

has the highest stroma level among other type of tumor.  
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Figure 7.2. Representative 3D volumetric image of the tumor grown in each model can be 

used to calculate the volume of the tumor. (Right) Subcutaneous, (Middle) Orthotopic, 

(Left) KPC mice.  

 

 

 
Figure 7.3. T2 relaxation time of the tumor overlaid on the T2WI. T2-map calculated semi-

automatically from series of T2 acquisitions.  

 

  



56 

 

 
Figure 7.4. T2 relaxation time of the tumor in three different mouse model and two organs 

(Viz. spleen and muscle) in all animals.   

 

 
Figure 7.5. ADC value of the tumor in three different mouse model.   
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Figure 7.7. MTR measurements (top) and histologic fibrotic tissue area measurements 

(bottom) for each of the three mouse model. There is a correlation between MT ratio and the 

amount of stroma in the tumor (r=0.87).  
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Chapter 8. MR-HIFU induced hyperthermia for enhanced 

drug delivery in the pancreatic cancer mouse model  

8.1 Introduction  

Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal types of cancer, in 

part because it is insensitive to many chemotherapeutic drugs [194], [195]. The current 

standard of care therapy, gemcitabine, improves survival by only a few weeks [195], 

[196].  It relies on systemic delivery with limited tumor specificity that may result in 

negative side effects in normal tissue and insufficient drug delivery to the tumor [197], 

[198].  In addition, previous pre-clinical studies have demonstrated that doxorubicin has 

activity against human pancreatic adenocarcinoma cell line [199], [200]. The literature 

describing such findings and barriers to DOX delivery into the tumor is reviewed in 

Chapter 2. To reiterate briefly, a special structure of the tumor, the desmoplastic stroma, 

is an effective barrier to doxorubicin delivery into the tumor.  Advances in cancer 

therapies such as localized heat induced drug delivery, discussed in Chapter 6, can offer 

a solution in the non-invasive treatment of PDA, and may increase treatment options by 

greatly increasing the effectiveness of drugs such as doxorubicin which are otherwise 

ineffective.  

In an implanted rat model treated with MR-guided HIFU to achieve hyperthermia, 

tumor concentrations of doxorubicin were compered in animals administered TSL 

containing doxorubicin and gadolinium [170]. The results implied that MR-guided, 
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HIFU-induced hyperthermia was successful in releasing doxorubicin and gadolinium 

from temperature-sensitive liposomes in implanted tumors. 

The general hypothesis guiding this research was HIFU induced hyperthermia in 

combination with TSL loaded chemotherapy agent will increase extravasation of drug 

out of the tumor microvasculature. Figure 8.1 is a schematic presentation of the drug 

release in the heated zone of the tissue by HIFU (the image is not drawn to the correct 

scale).  

 
Figure 8.1. (1) Encapsulated TSL with doxorubicin, (2) Open TSL, (3) Free doxorubicin, (4) 

Doxorubicin uptake by cell nuclei, (5) Cancer cells, (6) Red blood cells, (7) Ultrasound wave 

Yellow zone indicates the heated zone. 
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8.2 Methods and materials   

Study design  

KPC and orthotopic mice were assigned randomly into treatment and control groups, 

with 4 mice in each group. Two different doses of doxorubicin loaded TSL were used.  

Initial studies used a dose of 15 mg/kg to facilitate detection and quantification of 

autofluorescence after treatment.  Subsequent studies used a more clinically relevant, and 

better-tolerated, dose of 5 mg doxorubicin/kg.  Free doxorubicin was injected at both 

dosages in KPC mice but only at the 5 mg/kg dose in orthotopic animals. Moreover a 

PEGylated liposomal form of doxorubicin, Doxil, was injected at only the 5 mg/kg dose. 

Each disease model type of animal in each injection dose group was assigned to MR-

HIFU hyperthermia treatment or no hyperthermia treatment (Table 8.1). 

Dose  KPC Orthotopic 

15 mg/kg   
TSL + MR-HIFU  TSL + MR-HIFU  

TSL  TSL  

15 mg/kg   
Doxorubicin + MR-HIFU   

Doxorubicin   

5 mg/kg   
TSL + MR-HIFU  TSL + MR-HIFU  

TSL  TSL  

5 mg/kg   
Doxorubicin + MR-HIFU  Doxorubicin + MR-HIFU  

Doxorubicin  Doxorubicin  

5 mg/kg   
DOXIL + MR-HIFU DOXIL + MR-HIFU 

DOXIL DOXIL 

Table 8.1. Study design. Each tumor model was assigned randomly to eighteen different 

treatment and control groups. Two different doses of doxorubicin were used for TSL drug.  
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Animal model 

The protocol used for animal experiments was approved by the Institutional Animal 

Care and Use Committee (IACUC) at the University of Washington. Two different 

pancreatic cancer mouse models were used in the study. The first was the KPC transgenic 

mouse mode that spontaneously developed PDA. The second was the orthotopic model. 

This model was used to provide a basis for comparison between previously published 

results using the xenograph model and the result of the present study.  

Both of these models were described thoroughly in Chapter 2.2.    

Chemotherapeutic agents  

A lyso-lecithin containing LTSL formulation (ThermoDox®, Celsion Corp., USA) 

was provided through a collaborative agreement. The concentration as provided was 1.8 

mg doxorubicin/mL. Doxorubicin hydrochloride (Doxorubicin) was served as free drug.  

In a separate study, a TSL drug co-loaded with doxorubicin and gadolinium as an 

MR contrast agent from The Eindhoven University was also examined.   

In vivo setup  

MR-HIFU hyperthermia treatments were performed on a 3T clinical MR-HIFU 

system (Sonalleve® V1, Philips Healthcare, Vantaa, Finland). Anatomical and 

temperature imaging at a spatial and temporal resolution sufficient for mice was 

facilitated by using a dedicated small animal research coil setup. For this study, a special 

mouse support was fabricated, with design considerations focusing on body temperature 
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control, the acoustic pathway to the pancreas, and provisions for adequate animal 

monitoring. Figure 8.2 represents an schematic view of the in vivo setup.  

 
Figure 8.2. in vivo experiment setup. Animal was placed on the positioning tray. 

Acoustic coupling was achieved by using degassed distilled water and degassed ultrasound 

gel. An acoustic absorber was placed on top of the ultrasound gel on the back of the animal 

to control the exit wave and minimize the movement. Respiration was monitored by MR-

compatible small animal monitoring system. 

 

In further detail, the supporting animal bed was made of non-stretching, thin plastic 

sheeting (Saran Wrap, Dow Chemical, Terneuzen, the Netherlands) gripped in a 

rectangular plastic frame (Figure 8.3 A+B). The bed was filled with a mixture of 

degassed water and degassed ultrasound gel (Aquasonic 100, Parker Laboratories, 

Fairfield, USA) in order to achieve good coupling of the ultrasound beam into the animal 

and to minimize water convection caused by local heating (Figure 8.3 C). A water 

circulation system was installed along the sides of the plastic frame to allow maintain the 

water temperature close to mouse body temperature (Figure 8.3 D). The ultrasound gel 

was added to minimize water convection caused by local heating. The mice were 

anesthetized with a 1.5% mixture of isoflurane in oxygen (1 L/min) delivered through a 
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nose cone (Isoflurane Vaporizer Novaplus). The mouse anesthesia inhalation mask was 

positioned and held in place at the top end of the frame (Figure 8.3 E). The mouse was 

positioned in the center of the circulation tubing, with the lower body, including the target 

area, submerged in the gel-water mixture and with its head supported by a thin foam strip 

(Figure 8.3 H). When bowel gas was present in front of the target area, a gel dome (10% 

polyacrylamide) was placed underneath the animal, pushing the gas to the sides. 

Degassed ultrasound gel was put alongside and on top of the animal to minimize any air-

tissue interface. This results in a lower occurrence of artifacts during MR imaging and 

temperature mapping. Additionally, a piece of quality assurance ultrasound gel (Parker 

Laboratories, Inc. NJ. USA) was placed alongside the animal for positioning of a baseline 

drift reference region for correction of the measured temperature changes for main 

magnetic field drift (Figure 8.3 G). An ultrasound absorber was placed on top of the gel 

on the posterior of the animal to control the exit of the ultrasound wave and to keep the 

animal from moving during treatment (Figure 8.3 J). A plastic strip with a small balloon 

sensor (Graseby, Smiths Medical, St Paul, USA) was placed on the mouse head / upper 

back to monitor the animal respiration rate during treatment (Figure 8.3 F).  
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Treatment planning, and application monitoring  

After positioning the mouse in the small animal setup, a quick survey scan was 

acquired followed by a susceptibility sensitive scan (T1W 3D steady-state gradient-echo; 

TR/TE: 15/12 ms; FA: 10°; FOV: 150 x 150 x 40 mm3; voxel size: 1.1 x 1.1 x 2.0 mm3; 

slices: 20; acquisition time: 2 min) to check for the presence of air bubbles in the 

ultrasound beam path. HIFU treatment was planned on a proton density weighted image 

set acquired with a gradient echo sequence (Fast field echo; orientation: coronal; TR/TE: 

1791/13 ms; FA: 20°; FOV: 40 x 48 mm2; voxel size: 0.25 x 0.25 x 1.00 mm3; parallel 

imaging (SENSE) factor: 2 (RL), saturation bands: 3; slices: 20; acquisition time: 5 min).  

An ellipsoidal HIFU treatment volume (known as a ‘cell’) was targeted inside the 

mouse tumor. Depending on tumor size and the proximity of air cavities in the bowel, a 

2 or 4 mm diameter treatment cell was used (cell length ≈ 2.5 times the diameter). Several 

low power test sonications (continuous wave ultrasound, acoustic frequency = 1.2 MHz, 

acoustic power = 10 W; duration = 20 s) were performed prior to therapeutic sonication 

to assess for, and if necessary, to correct for miss-registration between the heated volume 

and planned treatment location.  

The temperature change in the target region was monitored by continuous acquisition 

of one tomographic slice perpendicular to the beam axis and one slice parallel to the 

beam axis, all centered on the target volume (RF-spoiled gradient echo with EPI readout; 

EPI-factor: 7; TR/TE: 62/20 ms; FOV: 100 x 100 mm2; voxel: 0.9 x 0.9 x 4.0 mm3; fat 

suppression: spectral pre-saturation with inversion recovery (SPIR); SENSE-factor: 1.8; 
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SENSE-direction: RL; number of averages: 2; saturation bands: 2; dynamic scan time: 

1.8 s). The temperature maps were calculated online using PRFS thermometry and 

displayed on the therapy control workstation. PRFS thermometry method has been 

described in Chapter 4 Section 4. The temperature images were corrected for baseline 

drift by subtracting the drift calculated from the reference region positioned in ultrasound 

gel from the actual temperature data. Parallel imaging was added to the temperature 

mapping sequence to improve dynamic scan time. This gain in imaging speed was in turn 

traded for the use of saturation bands in case of interference from bowel air or respiratory 

motion.  

Once the treatment was planned and co-registered, animals were injected with TSL 

(5 mg/kg or 15 mg/kg) via a tail vein catheter (model MTV-03, SA instrument Inc., Stony 

Brook, NY). Therapeutic sonication (continuous wave ultrasound, acoustic power = 7 

W) was started within five minutes post injection. For prolonged hyperthermia treatment, 

a binary feedback control algorithm was used that compared the feedback temperature 

with pre-defined threshold temperatures (Tmin = 40 °C, Tmax = 42 °C) and switched the 

transducer power on or off accordingly. After five or ten minutes of mild hyperthermia, 

the sonication was stopped for recalibration of temperature elevation measurement to 

readjust the baseline temperature and also to control the animal’s condition. Sonication 

was continued for five or ten more minutes as needed (total hyperthermia time: 15-30 

min); (Figure 8.4).  
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Figure 8.4. Schematic representation of experimental time line. Following animal preparation 

and anatomical scans after a slow infusion of drug, hyperthermia (5-10 min) was interleaved 

with 2 minutes of cooling period. The cooling time was used to control the animal’s condition 

and readjust the baseline temperature. This was repeated for total of 15-30 min of heating. 

Mice were euthanized after the experiment and tissues were harvested for histological 

analysis and quantitative analysis of drug concentration using HPLC.  

 

Treatment planning and monitoring with Eindhoven drug   

The same animal models and setup described above was also used for this part of the 

study. During MR-HIFU planning and treatment after checking for air bubbles and prior 

to injection and treatment, maps of the longitudinal relaxation rate (R1) where acquired 

of both the HIFU targeted tumor area and the bladder (single slice steady state inversion-

recovery Look-locker sequence with EPI read-out, EPI-factor: 5, TR/TE: 9.0/3.4 ms, 

interval time: 100 ms, flip angle α: 10°, FOV: 50x69 mm2, matrix: 64x65, fat 

suppression: SPIR, slice thickness: 3 or 5 mm (depending on HIFU treatment cell size), 

number of averages: 2, acquisition time: 2:36 min). The bladder was used as an internal 

control for contrast agent release from the liposomes (upon release, Gd-HPDO3A gets 

excreted by the kidneys into the urine, resulting in a local R1 change). 

The Look-Locker scans were triggered using the Physiological Simulator module 

available in the Philips Achieva scanner software (number of R-R intervals: 1, duration: 
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6010 ms, heart phases: 10). Fast gradient echo based images were acquired for more 

detailed anatomical reference to the R1-maps (Fast field echo, orientation: transverse, 

TR/TE: 98/7.2 ms, FA: 20°, FOV: 40x48 mm2, voxel size: 0.5x0.5x1.0 mm3, parallel 

imaging (SENSE) factor: 2 (RL), saturation bands: 3, slices: 3, acquisition time: 29 sec) 

at the same positions as the Look-Locker scans. These images where used to check for 

animal movement between different HIFU heating periods, and as a fast qualitative snap-

shot of the local T1-times.  

In initial experiments, animals were pre-heated to Tave ≈ 41°C for 2 minutes before 

injection of the liposomes. However, this was removed from the protocol as injection of 

the liposomes could not be done during heating (due to interference of the liposomal Gd 

with the temperature mapping), while the expected benefit of increased perfusion is not 

likely to remain after cool down from short-term hyperthermia. Therapeutic sonication 

was performed as described in previous section. After five minutes of mild hyperthermia, 

the sonication was stopped and a fast FFE scan was acquired. Subsequently, sonication 

was continued for five more minutes, followed by two additional ten minute periods 

(total hyperthermia time: 30 min). The heating periods were interleaved by short FFE 

anatomical scans and R1 maps of the target location to check for contrast agent release 

(Figure 8.5). Finally, R1 maps of the bladder were acquired and the animals were taken 

out of the MR-HIFU setup. 

The effective T1-time (T1*) as well as the effective R1 values (R1* = 1/T1*) were 

calculated from the signal recovery on a voxel-by-voxel basis using an in-house created 
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IDL-based software tool (IDL version 6.3, RSI, Colorado, USA). The longitudinal 

relaxation rate R1 was calculated from the effective R1* (R1 = R1* + ln(cos(α))/TR, 

with α = 10° and TR = 100 ms).  

 

Figure 8.5 MR-HIFU treatment schedules. 

 

Post treatment procedures  

Following treatment, the mouse was removed from the coil and sacrificed 

immediately. The chest cavity was then opened and a 10 mL intracardiac injection of 

PBS administered to clear the vasculature of drug/liposomes. Necropsy was performed 

immediately after euthanasia. Skin and organs were examined for damage and metastasis. 

Tumor and tissue samples from spleen, liver and kidney were collected. Samples were 

snap frozen and then stored at -80ºC until histopathology and high-performance liquid 

chromatography (HPLC) analyses. For the experiment with the Eindhoven drug in some 

cases urine was collected to evaluate the presence of gadolinium. 
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Qualification and quantification analysis  

For histological analysis and fluorescent microscopy, tumors were excised, snap-

frozen and cut into 5 µm sections utilizing a cryostat (CM1950, Leica, Bannockburn, IL).  

Hematoxylin and eosin (H&E) staining was completed using standard protocols for gross 

histological assessment of cellular density, necrosis and fibrosis. The sections were 

examined using a Nikon H550L light microscope (Nikon, Melville, NY). Consecutive 

cryosections from the sample were collected for doxorubicin distribution assessment 

using florescent microscopy as well as Masson’s trichrome staining for assessment of 

stroma layer in the tumor. Immunohistochemistry (IHC) was performed to visualize the 

vasculature structure.   

Quantification of doxorubicin was achieved by HPLC. Tissue homogenization and 

sample preparation for HPLC were carried out as reported previously [201]. Briefly, 

samples were homogenized, doxorubicin extracted and quantified with HPLC using an 

internal standard daunorubicin (DNR) [166].  

Following data reduction, tissue drug concentration values are reported as the mean 

drug concentration per weight of tissue ± SD, unless otherwise indicated. Within each 

injection dosage group, doxorubicin concentration effects were compared between 

groups of animals using the Mann-Whitney U test. This determines if the type of drug or 

HIFU treatment would affect the drug concentration. Sample size calculations were 

performed to achieve a power of 0.8 (1-β), significance level of 0.05 (α), with the 

assumption that a 2-fold increase in doxorubicin concentration would be achieved in the 
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ThermoDox® group. This assumptive is conservative estimate based on preliminary 

results and existing literature. 

8.3 Results   

MR-guided hyperthermia 

Hyperthermia therapy in a small animal was successful using a clinically available 

MR-HIFU system; the mild hyperthermia heating algorithm resulted in a tight target 

temperature range (41 ± 0.5 ºC, target = 40 - 41ºC) which was homogeneous (SD = 1.0 

ºC) within the ROI.  Approximately 20 s were required to achieve the target temperature 

(Figure 8.6).   

 

 
Figure 8.6. Image guided hyperthermia. Example of temperature elevation during a sonication. 

Following a short heat-up period, stable mild hyperthermia was achieved in the target region 

through binary feedback control.     
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Histopathology analysis   

H&E staining performed on tissue from transplanted and KPC mice models, 

demonstrated tumor consisting of viable tumor tissue and a well-defined tumor border. 

To better identify stroma tissue in the tumor, Masson’s trichrome staining was used to 

differentiate the stroma tissue and tumor tissue. The fluorescence images of doxorubicin 

illustrated targeted drug distribution. The red spots in the Figure 8.7 indicates the 

doxorubicin uptake by the tumor nuclei, and has higher intensity in the target region of 

the LTSL + MR-HIFU group.  

Doxorubicin appears to accumulate in all parts of the tumour and within the stroma 

matrix, by comparing the Masson’s trichrome staining with the fluorescence images 

(Figure 8.7).  

 
Figure 8.7. Example of enhanced fluorescence resulting from doxorubicin uptake into the 

tumor (left) that corresponds to regions containing dense stromal matrix (right). The right image 

has been stained with a Masson’s trichrome stain which highlights collagen. The green 

annotations highlight structural features that can be used as landmarks.  
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Fluorescence evaluation of the samples revealed increased focal nuclear uptake of 

doxorubicin in tumors treated with MR-HIFU hyperthermia with systemically 

administered doxorubicin loaded TSLs (Figure 8.8). 
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Drug concentration    

Tumor doxorubicin concentrations were measured as µg doxorubicin per gram tissue. 

The data for free doxorubicin, LTSL and LTSL +MR-HIFU is represented in table 8.2.  

Animal model Treatment type  Drug Dose Doxorubicin 

Concentration µg/g 

KPC TSL + MR-HIFU 15 mg/kg 9.21 ± 7.98 

TSL 15 mg/kg 0.41 ± 0.32 

DOX + MR-HIFU 15 mg/kg 5.13 ± 2.60 

DOX 15 mg/kg 1.97 ± 1.32 

TSL + MR-HIFU 5 mg/kg 0.68 ± 0.26 

TSL 5 mg/kg 0.50 ± 0.83 

DOX + MR-HIFU 5 mg/kg 1.23 ± 0.96 

DOX 5 mg/kg 0.18 ± 0.17 

DOXIL + MR-HIFU 5 mg/kg 0.33 ± 0.42 

DOXIL  5 mg/kg 0.08 ± 0.10 

Orthotopic TSL + MR-HIFU  15 mg/kg 0.81 ± 0.24 

TSL  15 mg/kg 0.31 ± 0.53 

TSL + MR-HIFU 5 mg/kg 1.71 ± 1.10 

TSL 5 mg/kg 0.09 ± 0.05 

DOX + MR-HIFU 5 mg/kg 1.08 ± 0.67 

DOX 5 mg/kg 0.87 ± 1.23 

Table 8.2. Doxorubicin detected in pancreatic tumor following different treatment regimens. The 

data are shown as the mean doxorubicin concentration in the tumor with standard error of mean 

(n = 4 in each group) *P<0.05.  

A total of 64 mice were treated successfully with the Philips MR guided ultrasound 

system.  There were some deaths due to a reaction to the ThermoDox (TDOX). From 

these mice, which were injected with a lower TDOX concentration, it was determined 

that the deaths were caused by a hypersensitivity to the TDOX. In response to these 

findings, the protocol was revised to include a corticosteroid to prevent any deaths when 

using higher doses of the injected drug.  
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The concentration of doxorubicin in the tumor of each group of animals is 

summarized graphically in the following figures. Each chart in the figures represent box-

and-whisker plots of drug concentration. The horizontal line through each box represents 

the median value and box represents data from the 25th to the 75th percentile (middle 50% 

of observations). The whiskers represent data from the minimum to the maximum. 

The concentration of doxorubicin in the tumor treated with TDOX and free DOX in 

KPC mice injected with the larger dose (15 µg/g) has been compared to control in Figure 

8.9. The group treated with hyperthermia and TSL shows statistically significant 

difference compared to other groups. This indicates the effect of hyperthermia treatment 

in combination with TSL on increasing the drug concentration in treated tumor. 

Additionally the group treated with heat and free DOX showed an increase in 

doxorubicin concentration compared to the group that didn’t receive hyperthermia 

treatment. This indicates the positive effect of hyperthermia in targeted drug delivery.  

The doxorubicin concentration in the tumor treated with the larger dose (15 µg/g) in KPC 

and orthotopic mice treated with TSL has been compared with control in Figure 8.10. 

Although the orthotopic mice treated with TSL and heat shows a greater drug 

concentration to control but this concentration is lower than KPC mice treated with TSL 

and heat. This can be due to the fact that KPC tumor has higher interstitial fluid pressure 

(IFP); drug released from liposomes flushes out of low pressure tumor with the blood 

flow while trapes in the tumor because of higher pressure and extravasates to the tumor 

cells. Figure 8.11 represents drug concentration in KPC tumor treated with lower dose of 
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drug (5µg/g). Animals treated with TSL or free DOX were compared to control. 

Although the median value of animals treated with heat and drug is higher than when 

there is no hyperthermia treatment but there is no statistically significant difference 

between any of the groups. Figure 8.12 shows drug concentration in orthotopic tumor 

treated with lower dose of drug (5µg/g). Similar to the result in KPC mice treated with 

lower dose the data between TSL and free DOX is not statistically significant. There is a 

statistically significant difference between TSL and heat treatment and control. All of 

these results suggests that hyperthermia has a positive effect on increasing drug 

concentration. The result of KPC mice treated with Doxil and hyperthermia treatment 

has been compared to control group in Figure 8.13. Doxil as a long circulating liposomal 

form of doxorubicin accumulates more in the tumor treated with hyperthermia but the 

short duration of acute studies is not enough for this type of drug to show its effect.  
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Figure 8.9. Doxorubicin concentration in the tumor of KPC mice treated with ThermoDox 

and free DOX compared to control. Higher dose of injection (15µg/g).   

 

 

 
Chart 8.10. Doxorubicin concentration in the tumor of KPC and orthotopic mice treated with 

ThermoDox compared to control. Higher dose of injection (15µg/g).   
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Chart 8.11. Doxorubicin concentration in the tumor of KPC mice treated with ThermoDox 

and free DOX compared to control. Lower dose of injection (5µg/g).   

 

 
Chart 8.12. Doxorubicin concentration in the tumor of orthotopic mice treated with 

ThermoDox and free DOX compared to control. Lower dose of injection (5µg/g).   
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Chart 8.13. Doxorubicin concentration in the tumor treated with Doxil (5µg/g) of KPC 

mouse. 

 

  



82 

 

Drug release monitoring with the Eindhoven liposome     

R1 maps of the tumor were acquired pre-injection of the TSLs as well as at multiple 

time points after injection and subsequent hyperthermia treatment. For some animals, the 

R1 maps of the bladder were also acquired pre- and post-treatment. 

Only one of the animals (Ortho 1199) for which both injection and hyperthermia 

treatment were successful, showed a significant decrease of R1 values in the tumor right 

after the first treatment(p = 0.032, one-tailed T-test). However, the R1 change was not 

localized to the tumor volume, indicating heating outside the tumor area, or an increased 

in overall body temperature.  

Animal Ortho 1203 showed a significant (p = 0.000, one-tailed T-test) R1 drop 30 

minutes after treatment; however as the R1 of the surrounding gel and water also clearly 

decreases, the reliability of this R1 drop is questioned. 

 The other animals showed either no or mildly increasing values of mean R1 over the 

treatment; none of these apparent R1 changes were significant. However, as can be 

observed in Figure 8.14, for all animals that were monitored the R1 of the bladder showed 

quite large increases after the treatment, indicating release of [Gd(HPDO3A)(H2O)]. In 

one of the animals that was used as a control in the subcutaneous tumors group (SubQ 

1089) also showed a R1 increase in the bladder, only starting from 15 minutes after 

injection compared to immediately after treatment as was observed in treated animals. 

This indicated leakage of [Gd(HPDO3A)(H2O)] from the liposomes in vivo. 
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8.4 Discussion    

The objective of this study was to test the hypothesis that hyperthermia induced by 

high intensity focused ultrasound in combination with temperature sensitive liposomes 

will enhance the drug accumulation in the pancreatic cancer tumor. These results 

provided a base for the next aim of this research; to investigate the effectiveness of the 

therapy in a survival study.  

In all results, the combination of heat and drug therapy has a greater effect on 

accumulation of DOX concentration in the tumor. Figure 8.9 indicates the treatment with 

LTSL + MR-HIFU resulted in significantly greater doxorubicin delivery to the target 

compared to free doxorubicin (2-fold) or LTSL alone (8-fold) treatments (P<0.05, Mann-

Whitney). Results of lower dosage of drug injection (5µg/g), plotted in Figure 8.11 and 

Figure 8.12, indicate large variability within each treatment. Nonetheless there is a larger 

concentration of drug in {Drug+HEAT} groups compared to {Drug Only} groups. This 

wide range of drug concentrations suggests that the lower dose of drug injected with 10 

minutes of heating does not cause the maximum effect. Results suggests that the 

extraction factor needs to be investigated. Moreover part of the drug flushes out of the 

tumor after release or releases prior to getting inside the tumor in other organs.This could 

be due a number of reasons. Even though the temperature during the treatment were 

monitored with 2 slices placed at the focus and one slice post focus to avoid excessive 

heating in the post-focal region, it was observed that during the treatment the overall 

temperature of the mouse increased, in some cases to 39 ºC, which is the critical 
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temperature for ThermoDox. These lower elevations in temperature, occurring at the 

periphery of the treatment zone, constitute a relatively large area in the mouse. This 

means that relatively greater amounts of drug would have released before getting into the 

target zone. Some of these issues, such as whole body heating, would not be relevant in 

clinical application, but in order to avoid pre-focal release and extraction of drug from 

the target following approaches might be considered. The first is to use larger area of 

heating if possible, although in the mouse tumor this approach is not feasible. Second is 

using higher intensities of ultrasound to use the additional benefit of radiation force, 

described in chapter 3, section 3.3. However, higher intensities of ultrasound will result 

in much rapid heating and internal organ damage if not controlled and monitored 

correctly. Rapid heat generation can be significantly reduced to sub-cytotoxicity levels 

with pulsed HIFU exposures, where relatively short duty cycles allow non-damaging 

thermal mechanisms to predominate, such as acoustic radiation force. Then same closed 

loop feedback algorithm can be used to achieve hyperthermia treatment. 

The results of studies with orthotopic tumor model plotted in Figure 8.10 follows the 

same pattern. But in comparison with studies of KPC mice at larger (15µg/g), Figure 

8.10, or lower doses (5µg/g), plotted in Figure 8.11, both shows irregularity in the data 

pattern. The greater concentration in orthotopic tumors relative to KPC tumors in the 

case of lower dose injections could be due to differences in the vasculature structure of 

each tumor. Orthotopic tumor models are more perfused, have lower amounts of stroma 
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therefore lower IFP, and in comparison with KPC tumor, are not hypovascular. This can 

cause different reaction to hyperthermia treatment and drug extravasation into the tumor.    

For the acute studies using the Eindhoven drug no significant change in tumor R1 

time could be measured after hyperthermia treatment. However, the nuclear uptake of 

doxorubicin in the tumor on histology and the R1 change in the bladder do suggest Gd-

release from the liposomes upon heating. It is possible that Gd-release does not take place 

inside the targeted tumor area, but in a heated part somewhere else in the body thus 

precluding a measurable effect on the tumor R1. This could easily occur as the 

temperature monitoring is performed in only two 4mm slices, covering the expected 

ultrasound beam pathway. Local heating to hyperthermic temperatures outside this area 

would not have been visible.  

Another plausible explanation for not detecting an effect of release on tumor R1 

would be the shorter half-life of the MR contrast agent in the mouse body. According to 

Tweedle et al., Gd-DTPA half-life is about 5-6 minutes in mice, as opposed to 20 minutes 

in rats. Therefore, the contrast agent could have been cleared from the tumor tissue into 

the bladder during the time required to start the R1 map acquisition (which took about 3-

5 minutes to start due to the Physiological Simulator). Furthermore, a higher spatial 

resolution R1 map could help achieving higher signal from the contrast agent. With the 

current protocol, we used a 3 or 5 mm thick imaging slice in order to gain enough signal 

to noise for accurate R-1 measurement. However, if the area of local release was smaller, 

the effect of the Gd would be averaged out by the non-affected tissue inside the imaging 
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voxel (i.e. partial volume effect). Several attempts were made to check this hypothesis, 

including acquisition of a fast FFE based sequence immediately after the first five 

minutes of heating. Thus with current setup the null hypothesis cannot be rejected. 

Unfortunately, no clear explanation could be found based on current results.  Also, the 

extravasation of Gd-HPDO3A from the tumor vasculature (reflected in the k-trans value) 

might be different in KPC tumors as compared to the tumors treated so far in 

subcutaneous rat models. If the k-trans value is very low, Gd-HPDO3A might not 

extravasate, resulting in faster contrast agent clearance. Doxorubicin, on the other hand, 

has a much higher free volume of distribution, and travels via perfusion. This way, the 

doxorubicin uptake would be much less affected by low k-trans values. More research is 

necessary, including measurement of the tumor perfusion and k-trans signal using, e.g, 

dynamic contrast enhanced (DCE) MRI. 

8.5 Conclusions  

Activation of ThermoDox® using MR-guided HIFU is a promising and appealing 

method for treatment of unresectable pancreatic cancer. This aim evaluated the feasibility 

and efficacy of this approach in a transgenic KPC and an orthotopic mouse model of 

pancreas cancer. The successful execution of this aim provided substantial support for 

viz. Aim 3 to Assess the response to tumors treated with and without HIFU-induced 

hyperthermia in conjunction with systemic administration ThermoDox®, Doxil in a 

survival study.  
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Chapter 9. MR-HIFU induced hyperthermia for enhanced 

drug delivery in pancreatic cancer mouse model survival 

study 

9.1 Introduction  

Although Aim 1 studies produced positive results demonstrating a 2-fold increase in 

the tumor concentration of doxorubicin in KPC mice, activity against the tumor was not 

assessed in these studies. The general hypothesis guiding the experiments described in 

this chapter was that the increase in DOX concentration in the tumor site after treatment 

of TSL+HEAT will result in slower growth tumor rates and greater and more rapid 

decrease in tumor size compared to tumor treated with none temperature sensitive drugs. 

These experiments were designed to evaluate for short-term tumoricidal activity against 

the KPC tumor.  

9.2 Methods and materials  

Study design  

The transgenic KPC mouse pancreatic cancer model, was used in this study. Mice 

were assigned randomly into treatment and control groups after the tumor size reached 

the critical size, 250-500 mm3. ThermoDox as the temperature sensitive liposomal form 

of doxorubicin and Doxil as a PEGylated liposomal form of doxorubicin were tested. 

Each animal in each type of drug group was assigned to MR-HIFU hyperthermia 

treatment or no hyperthermia treatment (Table 9.1). 
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Drugs Treatment Groups 

ThemoDox TSL + MR-HIFU TSL Alone 

Doxil Doxil + MR-HIFU Doxil Alone 

Table 9.1. Study design. Each anima was assigned randomly to four different treatment and 

control groups. Two different types of chemotherapy agent were used.  

Once animals developed tumors that are larger than 250 mm3 and smaller than 500 

mm3 in volume, they were assigned randomly to one of the groups described in table 9.1 

and undergo treatment.  

The system as described in previous chapter was used for this study. Also the same 

treatment protocol and parameters described in Chapter 8.2 was used for the treatment 

groups of “Drug + MR-HIFU”. Briefly, animals which underwent HIFU-induced 

hyperthermia were anesthetized with isoflurane and placed on the specially designed tray 

for small animals that includes a small animal coil for imaging. The tray was advanced 

into the magnet for imaging. As part of treatment planning, MR imaging was performed. 

After acquisition of the MR images the target was evaluated and the ultrasound path was 

adjusted to ensure than an adequate acoustic window exist for HIFU therapy. In addition, 

critical surrounding organs (viz., spine and lungs) were controlled to be out of the pre- 

and post-focal heating zones. The target zone for heating was then placed. ThermoDox 

(at a doxorubicin dose of 5 mg/kg) or Doxil (at a doxorubicin dose of 5 mg/kg) were 

administered intravenously via tail vein injection. The previously assigned target tumor 

was exposed to HIFU to achieve a temperature of 42°C for 10 minutes. During the 

treatment animal respiration and body temperature was monitored using an MR-

compatible small animal monitoring system. After treatment, the mouse was recovered 
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from anesthesia and checked for any skin burn or unwanted damage. The healthy and 

undamaged animals were returned to the vivarium for ongoing monitoring. Animals 

randomized to the non-HIFU experimental arm were sedated and administered the 

appropriate drug via tail vein injection then recovered and returned to the vivarium for 

ongoing monitoring.  

The primary end-point of this study was number of days for the tumor volume to 

double the size, from 250 mm3 to 500 mm3. Tumors were monitored with twice weekly 

ultrasound examinations until the tumor volume doubled or reached the IACUC protocol 

limits. After statistical reduction, the data are presented as median days for the treated 

tumor to double in volume. Comparative statistics used the Mann-Whitney U test to 

determine if the number of days differed between groups. Sample size calculations were 

performed to achieve a power of 0.8 (1-β), significance level of 0.05 (α), with the 

assumption that a 2-fold increase in number of days the ThermoDox® group would  

require over Doxil to reach a volume of 500 mm3. 

9.3 Results  

The mice treated with Doxil and heat survived the longest among other groups (14 

days). Among the mice treated with ThermoDox the group that received heat and drug 

combination survived longer than the ones treated with TSL injection and didn’t receive 

hyperthermia. In one case the mouse in {TSL Only} group survived longer than {TSL + 

Heat} group. This was due to the fact that the tumor in the second group was treated at a 

larger size and the endpoint reached before the tumor size doubles. Figure 9.1 represents 
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the tumor growth rate of these two animals. This figure indicates that the mouse that 

underwent the hyperthermia and TSL treatment had slower tumor growth compared to 

control.  

 
Figure 9.1. Tumor growth rate as measured by ultrasound imaging. KPC mouse treated with 

TSL and heat in blue and TSL alone in red as control.  

9.4 Discussion   

Activation of ThermoDox® using MR-guided HIFU is a promising and appealing 

method for treatment of unresectable pancreatic cancer. Successful execution of this 

project would provide substantial support for an FDA IND/IDE to evaluate 

ThermoDox® and MR-guided HIFU for palliation of unresectable pancreatic cancer in 

humans. Depending on the results MR-guided HIFU induced hyperthermia with Doxil 

may get support for and FDA IND/IDE study.  
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Chapter 10. Conclusions and future studies 

 Conclusions 

The overall aim of the research presented in this dissertation was to investigate the 

effectiveness of MR-guided, HIFU-induced hyperthermia in combination of liposomal 

drug vehicles for drug delivery in a pancreatic cancer tumor. The overarching hypothesis 

was that HIFU-induced hyperthermia in combination with temperature sensitive 

liposome could be used to achieve higher concentration of drug in the targeted tumor and 

thus improve the cancer therapy.  

The specific objectives of this research were to:  

 Evaluate the ability of conventional and multi-parametric MRI to characterize 

pancreas tumors of three different ‘types’,  

 Investigate the effectiveness of MR-HIFU drug delivery,  

 Assess the response to tumors treated with MR-HIFU hyperthermia TSL.    

The study presented in chapter 7 demonstrated the significant by great value of the 

KPC tumor model in comparison to the orthotopic and xenograft subcutaneous mouse 

models. It is anticipated that this findings will aid efficacy testing of new agents in 

oncology drug development. By evaluating a tumor's characteristics it can help evaluate 

different therapies and what type of therapy is most appropriate. In our studies evaluating 

tumor’s characteristics leads us to better targeting the tumor while avoiding liquid cystic 
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areas and necrotic cores of the tumor. Moreover this study guided us to choose KPC mice 

for survival studies over orthotopic model. 

The first drug delivery study (chapter 8) examined the effectiveness of hyperthermia 

induced by MR-HIFU in combination with TSL and free doxorubicin by comparison to 

control treatments of no heat. Histological analysis and quantitative analysis of the drug 

concentration in the targeted tumor generally supported the hyposis that {HIFU 

hyperthermia + TSL} could systemically increase drug concentration in targeted tumor.  

A study assessing the growth response to tumors treated with or without HIFU-

induced hyperthermia in conjunction with systemic administration of ThermoDox® and 

Doxil indicated the effectiveness of the treatment in a pre-clinical setting (Chapter 9).  

Future studies 

Based on the series of studies presented in this dissertation, it appears possible that 

HIFU-induced hyperthermia could be used for enhancement of drug delivery especially 

in combination with the temperature sensitive drug carriers. However, the overall 

outcome of the chemotherapy can be optimized using different HIFU exposure to achieve 

the maxim level of drug concentration into the tumor.  

Development of pulsed HIFU-induced hyperthermia exposures that maintain the 

temperature without damaging the tissue will be needed to study the effectiveness of 

combination of thermal and mechanical bioeffects of HIFU in drug therapy.  
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Additionally, multi-parametric MRI proved to be a valuable method for in vivo 

monitoring of the treatment quantitatively. Therefore development of scans for 

identification of MR-HIFU hyperthermia is highly needed. The outcomes of these studies 

will determine if further development and refinement of drug delivery techniques in 

clinical studies is warranted.  
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