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Abstract 

Use of chemotherapeutics in treatment of solid tumors suffers from insufficient 

and heterogeneous drug delivery, systemic toxicity and lack of knowledge of delivered 

drug concentration.  The overall objectives of this work were: 1) to address these 

shortcomings through development and characterization of a treatment system capable 

of real-time spatiotemporal control of drug distribution and 2) to investigate the role of 

MR-image-able tissue transport parameters in predicting drug distribution following 

hyperthermia-triggered drug release from nanoparticles. Towards these objectives, a 

combination of potentially synergetic technologies was used: 1) image-able low 

temperature-sensitive liposomes (iLTSLs) for drug delivery, 2) quantitative drug 

delivery and transport parameter imaging with magnetic resonance imaging (MRI), and 

3) control over drug release with magnetic resonance-guided high intensity focused 

ultrasound (MR-HIFU). The overall hypothesis of this work is that the drug distribution 

in the targeted zone spatially correlates with the image-able transport-related 

parameters as well as contrast enhancement due to release of contrast agent during 

treatment. 

We began by developing and characterizing iLTSLs, which were designed using 

a lipid formulation similar to one that is in clinical trials in the US (ThermoDox®) and a 
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gadolinium-based MR contrast agent that is in widespread clinical use (Prohance®) and 

least likelihood of toxicity due to nephrogenic systemic fibrosis (NSF). The resulting 

liposome was found to stably encapsulate both an anthracycline chemotherapeutic, 

doxorubicin, and the MR contrast agent. Release rates were similar for these two species 

in physiologic buffer as well as in human plasma. The next step towards control and 

imaging of release with this drug delivery system (DDS) was development of algorithms 

that allowed for large-volume mild hyperthermia with MR-HIFU that would be 

required to move this combination of technologies into the clinic. 

Optimal drug delivery with iLTSL requires a sustained period of heating of the 

entire target to the range of temperatures that are optimal for liposomal release and 

maintenance of perfusion (40 - 45 °C). The MR-HIFU technology was developed and 

used mainly for rapid thermal ablation or mechanical disruption of tissue in small 

ellipsoid volumes. Variability and size of common clinical lesions called for 

modifications that would enable stable conformal heating of large tumor volumes to the 

sub-ablative temperature range of mild hyperthermia (40 - 45 °C). Therefore, we set out 

to develop an algorithm that would allow rapid attainment and maintenance of mild 

hyperthermia in larger volumes of variable shape that were typically encountered in the 

clinic. We approached this goal through a series of successive steps that addressed 
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different aspects of mild hyperthermia treatment: 1) controlled heating to mild 

hyperthermia, 2) conformity of heating and 3) ability to heat large volumes. 

To achieve controlled heating to mild hyperthermia we implemented a simple 

binary mild hyperthermia feedback mechanism that adequately maintained mild 

hyperthermia for extended periods of time in small ellipsoidal volumes. We then 

developed a conformal small-volume mild hyperthermia algorithm that could provide 

spatial control over heating in an environment with spatially heterogeneous perfusion. 

This algorithm used electronic steering of the HIFU focus to heat each MR image voxel 

with different power, depending on temperature measured within that voxel. Finally, to 

heat large volumes conformally, we developed an algorithm that combined mechanical 

displacement of the MR-HIFU transducer (to cover large areas) with electronic 

deflection of the HIFU beam (to heat sub-volumes conformally). This advancement 

allowed us to quickly attain mild hyperthermia (<8.1 min to steady state) in larger 

volumes (cross-sectional area = 8.4 cm, ~12 times larger than previous methods). 

Following their characterization, we examined iLTSL pharmacokinetics and 

combined MR-HIFU large volume mild hyperthermia with iLTSL to deliver doxorubicin 

to large Vx2 carcinomas in the hindlimb muscle of rabbits. To determine MR image-able 

correlates to the intratumoral drug distribution, we assessed the spatial pattern of drug 

distribution with fluorescence microscopy and examined spatial correlations of this 
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pattern to several parameters measured with MRI, including the spatial distributions of 

temperature, contrast enhancement following injection of iLTSL, dynamic contrast-

enhanced MRI (DCE-MRI) parameters, and maps of apparent diffusion coefficient 

(ADC). Dynamic contrast-enhanced MRI parameters have been used extensively in 

literature to approximate a mixture of parameters critical to drug delivery, such as 

perfusion (F), permeability-vascular surface area product (PS) and vascular volume and 

ADC has been previously correlated with cellular density in tumors. Possible utility of 

such spatial correlations was examined for future use in treatment planning, 

intraprocedural feedback control and post-treatment evaluation. 

Highly perfused peripheral regions of Vx2 tumors in rabbit hindlimb displayed 

high Ktrans and ve, indicative of high perfusion. Maps of ADC obtained with low b-values 

also showed high ADC in the periphery of these tumors, indicating high perfusion there. 

ADC maps that were weighted more towards diffusion (using higher b-values) showed 

that diffusion was largest in the tumor core, indicating destruction of the cellular 

membranes and greater mobility of water. Microscopic examination of excised tumors 

was spatially registered to the MRI datasets and showed that most of the tumor core is 

necrotic, though some highly vascularized and viable tissue was present in strands or 

segments that traversed the necrotic regions. Those segments also showed bright 

doxorubicin fluorescence following treatment with MR-HIFU and iLTSL. The two 
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control groups – free drug and iLTSL without mild hyperthermia – showed minimal to 

no doxorubicin fluorescence in the tumor. 

Susceptibility effects due to use of contrast agent caused large errors (up to 15 

°C) in MR thermometry measurements. To address this phenomenon, experiments were 

designed to arrive at steady state heating (target temperature = 41 °C), and employ an 

algorithm to learn the spatiotemporal distribution of power that was needed to maintain 

steady state heating. This heating pattern was then played back several times to verify 

maintenance of steady state, and if satisfactory, image-able liposomes were injected. 

Since temperature feedback was replaced by the learned steady-state heating, injection 

of image-able liposomes likely did not alter the heating performance. Following 

injection, changes in T1 and magnetic susceptibility were most pronounced in regions 

that previously showed greatest enhancement during DCE-MRI and displayed larger 

values of ADC with perfusion-weighted, low b-value scans. Maps of T1 were obtained in 

real time using a variable flip angle sequence during heating, and were corrected for 

inhomogeneity of the B1 field and calibrated against a more accurate, T1 mapping 

technique. 

After treatment with MR-HIFU and iLTSL, the drug was preferentially 

distributed in the viable tissue, in and around the tumor. Doxorubicin fluorescence was 

greatest in zones that were heated, though the drug distribution did not display a clear 
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boundary between heated and unheated tissue. While iLTSL provided intraprocedural 

feedback via enhancement of T1-weighted image intensity, susceptibility-related effects 

of iLTSL on MR thermometry complicate their prospects of clinical use, where precise 

temperature feedback is required for control of therapy and MR thermometry 

techniques that are in widespread use would be affected. Spatial correlations between 

drug delivery with iLTSL and MR-imageable parameters may serve as a predictive tool 

to identify areas that will not receive adequate drug. Such a-priori knowledge of 

correlates to the approximate tumor drug distribution has the potential to inform 

treatment planning by revealing the extent to which drug dose could be painted with a 

combination of LTSL and MR-HIFU. These studies point to an adjustment of course in 

further development of drug dose painting this combination of technologies, towards 

informing treatment planning, and not only painting the dose, but predicting it. These 

results also point to the need to develop rational combinations other treatments, such as 

ablation and radiation, to treat regions that will not receive sufficient drug. 
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1. Introduction    

1.1 Cancer  

1.1.1 Incidence, manifestation and causes 

Cancer is the second leading cause of death in the United States [1], causing one 

in four deaths and affecting approximately 13.7 million people in 2012 and 

approximately 40% of the population in the course of their life [2]. The disease may arise 

in any organ of the body, with a tremendous amount of variability in progression and 

variable histological classification within any one cancer type [3-6]. Prognosis is largely 

dependent on the cancer type and staging, which is determined by histological 

classification of disease, its invasion of neighboring tissue and presence of metastases. If 

the cancer progresses without, or in spite of treatment, its growth eventually results in 

morbidity and mortality by negatively affecting organ function. The causes of cancer 

include lifestyle and exposure to external factors, such as radiation, carcinogenic 

chemicals or viruses, as well as internal factors such as naturally occurring and inherited 

mutations, hormones and various immune conditions. 

Cancers associated with external factors are largely preventable either through 

changes in lifestyle or through avoidance of exposure to carcinogens. In first-world 

countries, lifestyle changes and decline in smoking have led to a recent decrease in many 

cancers where lifestyle plays a role, such as lung and head and neck cancers [7, 8]. The 

recent introduction of the human papilloma virus (HPV) vaccine and increased 
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screening for cervical cancer caused by HPV are have demonstrated effective prevention 

and cost-effectiveness [9]. However, around the world, much progress remains to be 

made: smoking alone causes more than 1 in 10 deaths, in large part due to its 

carcinogenic effects [10]. In addition, the developing world is now adapting some of the 

most harmful and carcinogenic lifestyle practices that have plagued the richer Western 

countries for decades, resulting incidence growth of a wide array of cancers [11]. As for 

avoidance of carcinogenic exposures not associated with lifestyle, recent and projected 

progress in addressing radioactive radon-associated cancer [12] holds promise. 

Generally, however, lack of knowledge about the location and likelihood of such 

exposure, as well as insufficient regulation of waste disposal leaves much to be desired 

in industrialized countries as well as in the developing world [13]. These and other 

external, environmental causes of cancer can act alone or in concert with inherent 

predisposition a person may have to cancer. 

Causes of cancer that are internal to the person are difficult to separate from 

environmental factors. Increasingly, however, better screening techniques and the 

introduction of genetic and family history analysis are having a positive impact through 

earlier identification of disease or by helping to identify individuals most likely to be 

affected and recommending increased surveillance [14]. Because cancer that is detected 

early is far more likely to be treated successfully, increased surveillance and its better 
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quality are of great interest. Indeed, increased colon cancer screenings are largely 

credited with the significant decline in mortality associated with this cancer [14]. 

Despite its many documented benefits, more frequent screening also carries 

risks. Taking into account the dangers of false diagnosis and overtreatment, the U.S. 

Preventive Services Task Force recently recommended that prostate-specific antigen 

(PSA) screening be reduced and used at a later age for men [15]. This is despite a 17% 

decrease over the last two decades in patients who presented with metastatic bone 

disease at the time of diagnosis, largely due to PSA screening that allowed for earlier 

diagnosis [16]. The same task force recently argued for reduced mammogram screening, 

recommending that screening be reduced to prevent over-treatment of falsely identified 

disease [17]. Thus, most of the debate centers on the timing for those types of screening 

that have proven their utility, such as PSA and mammograms. Other types of screening, 

such as skin cancer screening, have not yet been found beneficial [18], despite decades of 

research. 

1.1.2 Biology of cancer 

1.1.2.1 Hallmarks of Cancer 

Decades of research have established a body of work that led to the description 

of the “hallmarks of cancer”. This term, as coined by Hanahan and Weinberg in their 

seminal review in 2000, encompasses six processes and characteristics that set cancer 

apart from normal tissue. These hallmarks of cancer are thought to be shared among 
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most cancer types. They include limitless replicative potential, tissue invasion and 

metastasis, sustained angiogenesis, evasion of apoptosis, self-sufficiency in growth 

signals and insensitivity to anti-growth signals [19]. These characteristics are usually 

acquired in succession in the process of a normal cell being transformed over time into a 

one that is cancerous, as well as subsequent clonal expansion of a population of cancer 

cells. This process, known as oncogenesis, requires as few as two to six genetic 

mutations that are acquired over time [20]. Once transformed, a cancer cell begins to 

undergo clonal division, and as the population of clonal cancer cells increases, they 

continue to accumulate mutations [21]. This accumulation of mutations eventually leads 

to genetically diverse sub-populations of cancer cells within the tumor. Together with 

the host cells in the tumor stroma, the cancer cells both experience and help create 

dissimilar regions of a heterogeneous tumor microenvironment. 

1.1.2.2 The tumor microenvironment 

The phrase ‘tumor microenvironment’ usually refers to all constituents of the 

tumor and its physiologic microenvironment: the tumor cells and their contents, the 

stroma, vasculature and the macrophages and other host cells that are commonly found 

in tumors (Figure 1). As the cancer cell population grows, its microenvironment 

undergoes a constant remodeling process. On the scale of the whole tumor, its 

microenvironment is governed by largely the same machinery that efficiently maintains 
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normal tissue. However, so many processes are deregulated in a tumor that its 

microenvironment is far more chaotic and heterogeneous than normal tissue. 

 

Figure 1: Cell types found within the tumor microenvironment – a schematic and 
immunohistochemical staining. Reproduced with permission from Pietras and Ostman 
[22]. 
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In their original review in year 2000, Hanahan and Weinberg mention that the 

overall tumor microenvironment and the inflammatory response play active roles in 

both local progression and metastasis [19]. The details of interactions of the various 

components of the tumor microenvironment still represent an area of active research. 

However, inquiry into these subjects conducted over the last several decades convinced 

Hanahan and Weinberg to reformulate their definition of the hallmarks of cancer in an 

update to their review [23]. This new understanding includes the tumor 

microenvironment as the setting for the six original hallmarks of cancer - one that is 

integral with each of the hallmarks and necessary for a complete understanding of 

cancer.  

1.1.2.3 Oncogenesis and evolution of the tumor microenvironment 

When the population of cancer cells grows to a point where it begins to outstrip 

local vascular supply of nutrients and oxygen, the tumor microenvironment is primed to 

undergo a dramatic transformation. This early stage of oncogenesis may persist for 

months or years without much further progression or harm [24], apparently controlled 

by a balance of pro-growth and apoptotic signals [25]. 

The order of events that lead to tumor progression out of the “dormant” 

avascular phase is not clear, but further progression involves growth of the cancer cell 

population as well as angiogenesis [26]. At some point during the host’s life, cells in an 

avascular neoplasm (Figure 2a) may acquire additional mutations that enable further 
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cell division by inactivating tumor suppressor genes or activating proto-oncogenes. This 

deregulation of cell division may occur first, inducing an angiogenic response, or 

activation of pathways governing angiogenesis may recruit vascular supply enabling 

tumor growth [21]. The lack of clarity in the order of these events is in itself an 

observation that reveals the importance of both angiogenesis and uncontrolled cell 

division and the now obvious link between them in oncogenesis. A key observation is 

that progression towards a growing, angiogenic lesion appears to require an interaction 

between several populations of cells, from the host and the neoplasm, that together 

create an environment suitable for cancer progression. 

 

Figure 2: Development of a cancerous lesion from the avascular phase (a), through 
vessel dilation (b) and angiogenesis (c) that sustains tumor growth (d), as the lesion 
sheds cancer cells into the vasculature and invades neighboring tissues (e). Reproduced 
with permission from Russo et al. 2012 [27]. 
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Progression continues with further increase in population of cancer cells, which 

expands local demand for nutrients and oxygen. Wherever vascular supply is 

inadequate, various stress responses are activated in the cancer cells as well as in the 

host cells present in the tumor stroma [22]. Among these, the pathways that have been 

most thoroughly studied include the cellular response to hypoxia, angiogenesis and 

metastasis [21]. These processes influence and closely couple with molecular pathways 

that control cellular metabolism, replication and apoptosis, DNA repair and local 

invasion. Through accumulation of further mutations, all of these related processes take 

the cancer from the harmless avascular stage to a growing lesion that depends upon 

angiogenesis for growth, and all the way to its later, most deadly stages of local invasion 

and metastasis (Figure 2). 

The following discussion uses our knowledge of cellular responses to hypoxia to 

demonstrate that the roles of the key processes that govern oncogenesis and shape the 

tumor microenvironment are inextricably linked. This discussion also aims to 

specifically highlight aspects of the tumor microenvironment that govern angiogenesis 

and have been found to greatly affect drug delivery to solid tumors, which is at the 

focus of this thesis. Another parallel to the subject of hypoxia is our use of mild 

hyperthermia (3-8°C above normal body temperature, or 40-45°C) for drug delivery. The 

physiological and biochemical responses to mild hyperthermia also intersect with our 
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understanding of tumor hypoxia and other stress responses that contribute to cancer 

progression and shape its response to therapy. 

Hypoxia within tumors is believed to be one of the driving forces behind tumor 

progression, and it is one of the defining features for advanced neoplastic growths. The 

threshold at which tissue becomes hypoxic has been defined most often as a decrease in 

the partial pressure of oxygen (pO2) below 5 mm Hg. Either directly or indirectly, tumor 

hypoxia affects all of the defining hallmarks of cancer, regulating cell proliferation [28], 

angiogenesis [29, 30], metabolism [31], metastatic potential [32] and immunosuppression 

[33] and other processes [34-36]. In part, hypoxia is a product of cellular division 

outstripping vascular supply, but it is also a product of an aberrant cellular response to 

stress. Processes that maintain oxygen homeostasis in normal tissue have a paradoxical 

role in the tumor microenvironment: their response to cellular stresses, such as lack of 

oxygen, is itself so de-regulated that it often worsens the stress by increasing 

proliferation of cancer cells and by maintaining a haphazard, poorly-regulated vascular 

network. 

The cellular response to hypoxia is largely governed by the hypoxia inducible 

factor (HIF) heterodimeric transcription factor that incorporates HIF1β and either HIF1α 

or HIF2α subunits. The HIF1β subunit is constitutively expressed, while stability of 

HIF1α or HIF2α is regulated by oxygen [37]. In the presence of oxygen, HIF1α and 

HIF2α are hydroxylated by prolyl hydroxylase (PHD) enzymes. This hydroxylation 
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allows the von Hippel-Lindau (VHL) protein to recognize HIF1α and HIF2α, leading to 

their ubiquitination and subsequent proteasomal destruction [38, 39]. At lower oxygen 

concentrations, HIF1α and HIF2α are more likely to avoid hydroxylation and ensuing 

destruction; instead they are stabilized in a complex of proteins with HIF1β that acts as a 

transcription factor by binding to DNA and activating a number of pro-angiogenic, 

glycolysis and stress-related pathways [40, 41]. 

Cellular machinery controlled by VHL, HIF and related factors allows cells to 

maintain oxygen homeostasis in healthy tissue, but if de-regulated, these processes can 

contribute to cancer progression. Normal tissues have a characteristically efficient and 

regularly-spaced vascular network. A consensus is beginning to emerge that this 

vascular network is maintained and regulated with a balance of pro- and anti-

angiogenic factors – a balance that is skewed towards anti-angiogenic factors in healthy 

tissue [42]. In tumors, however, vascular endothelial growth factor (VEGF), platelet-

derived growth factor β (PDGFβ) and other pro-angiogenic and pro-inflammatory 

growth factors under VHL and HIF control are produced in large quantities. In addition, 

production of anti-angiogenic factors is often reduced in the tumor microenvironment. 

This situation results in a generally pro-angiogenic environment in solid tumors [42], 

which in turn leads to unregulated or poorly regulated growth of vasculature that is 

highly irregular both in structure and function. 

10 

 



 

Tumor microvasculature typically differs structurally from vasculature in the 

surrounding normal tissues. In tumors, vasculature may incorporate highly irregular 

pericytes [43] (Figure 3) or may have few of them [44]. Deficiency of smooth muscle cells 

and altered intracellular communication via gap junctions [45] inhibit rational regulation 

of blood flow seen in healthy tissue [46]. Inconsistent basal membrane [47], wider 

interendothelial junctions [48], as well as irregularly organized and highly deformed 

endothelial cells [49] are among the likely causes of the high permeability of tumor 

vasculature [50-52]. These studies estimate that the tumor vasculature has a highly 

variable effective pore cutoff size that can be as large as 2 μm [50]. This effective porosity 

is several orders of magnitude higher than the typical 6-7 nm pore cutoff size found in 

the vasculature of most normal tissues [53]. Structural abnormalities of vascular walls 

even include a sizeable percentage of so-called “mosaic” vessels, whose walls are made 

up of both tumor and endothelial cells [54]. All of these structural defects of the vessel 

wall may be heterogeneously distributed, and may vary in degree within a tumor. 
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Figure 3: The drawing compares the structural appearance of the microvasculature in 
the normal pancreas to the appearance of capillaries in the tumor (characteristic of RIP-
Tag2 tumors, MCa-IV breast carcinomas, and Lewis lung carcinomas). Pericytes (black) 
in tumor tissue markedly differed from those associated with normal pancreatic tissue. 
Reproduced with permission from [43]. 

In addition to the defects in vessel walls, larger-scale architecture of tumor 

vasculature functions much less efficiently and is far more disorganized than 

vasculature in healthy tissue. Tumors of various types typically have many unperfused 

or poorly perfused vessels with variable microvascular pressure that experience 

fluctuations in red blood cell flux [55], reversal of blood flow [56], shunting [57], and 

regions that experience chronic as well as intermittently poor supply of oxygen [58, 59]. 

It is plausible that poor regulation of tumor blood flow is in part a consequence of the 

deficiencies of vascular walls discussed above: defective gap junctions [45] and 

inconsistent pericyte coverage [43, 44] likely inhibit regulation of flow. Indeed these 
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explanations have been offered by interpretations of models vascular network models 

[60]. The poor and inefficient blood supply may also exist in part due to the morphologic 

defects of the tumor vasculature network [61]. Compared to the vascular network in 

normal tissue, tumor vasculature is disorganized, with many tortuous vessels of variable 

thickness, dead-ends and no apparent architectural difference between arterioles, 

capillaries and venules (Figure 4). Like the abnormalities of the vascular wall, the chaotic 

larger-scale architecture of tumor vasculature is associated with (and likely driven by) 

the pro-angiogenic qualities of the tumor microenvironment. 

 

Figure 4: Scanning electron microscopy of polymer casts of normal (a) and tumor (b) 
vasculature shows the contrast in vascular organization. The scale bar represents 50 um. 
Adapted with permission from McDonald and Choyke [61]. 

Another aspect of cancer progression that is shaped by microenvironment of the 

tumor is its metabolism. Throughout 1920s, Otto Warburg and his colleagues examined 

a phenomenon of tumors producing lactic acid and consuming glucose, first in excised 
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pieces of tumor and later in vivo [62]. This effect is now termed the Warburg effect, and 

it refers to the apparent use of glycolysis by tumors even in the presence of oxygen in 

cell culture or normal blood flow in vivo. In the last several decades, the mechanisms 

that govern this effect were found to be closely linked with those that control oxygen 

homeostasis – namely, HIF and its transcriptional/regulatory targets [63, 64]. The by-

product of glycolysis, lactate, is quickly converted to lactic acid which decreases 

extracellular pH. This low pH triggers further up-regulation of stress response and 

metastasis-related signaling pathways [63], some of which are implicated in both 

angiogenesis and lymphogenesis (growth of lymphatic vessels). As discussed later in the 

section 1.1.2.5, the metabolic shift towards glycolysis in tumors and its consequences 

have been exploited for image-guided therapy and are among the factors that shape 

drug delivery in solid tumors. 

1.1.2.4 Role of the host cells in the tumor microenvironment 

The constant tissue remodeling that occurs in the tumor microenvironment is the 

work of host’s cells that have been recruited by the tumor. However, as mentioned 

earlier, construction of the tumor stroma is not the only job of these cells. In addition to 

the pro-growth signals secreted by the tumor cells, extensive studies have implicated 

cancer-associated fibroblasts and pericytes in promotion of tumor progression [22, 65]. 

These host cells have been shown to directly stimulate cellular division [66], evasion of 

apoptosis [67], tissue invasion [68], metastasis [69] and angiogenesis [70, 71] in tumors.    
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Unlike the host cells that are involved in tissue remodeling and wound healing, 

the host’s immune system is thought to play a generally positive role in controlling 

tumor growth and influencing therapy outcomes. For colorectal cancer patients, for 

example, presence of tumor-infiltrating lymphocytes has been linked to increased 

survival [72]. For this patient population, prognosis of the disease has been more 

strongly linked to this indicator than some more traditional histologic and gross 

indicators of disease progression [72]. Evidence is also mounting that 

immunosurveillance is crucially important to prevention of cancer formation throughout 

the entire lifetime [73]. Despite this positive cancer-fighting reputation, however, 

components of the immune system may be co-opted to enhance the metastatic potential 

of a cancerous growth. Recent work demonstrates cancer cell-induced activation of 

macrophages [74] and their progenitors [75], which leads these host immune cells to 

secrete pro-metastatic signals. Therapeutic high intensity focused ultrasound has been 

noted to trigger an immune response in some scenarios [76-78]. These observations 

suggest that there may be an immune therapy component to the combination therapy 

approach at the focus of this thesis. 

Nutrient- and oxygen-deprived regions of tumors pose several unique challenges 

for cancer therapy. Genetic instability, mutations in regulation of cell division and 

selection pressures imposed by the tumor microenvironment ensure that some of the 

neoplastic cells avoid apoptosis, despite their harsh environment. Thus the process is 
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paradoxically self-reinforcing: the deregulated angiogenic response to hypoxia actually 

furthers hypoxia. At the same time, the coctail of growth factors that are made abundant 

by the cellular response to hypoxia stimulates tumor growth where it can occur -  in the 

well-supplied areas. This heterogeneous nature of the tumor microenvironment and 

poor transport within the tumors create a situation that has many implications for tumor 

growth as well as therapy.  

1.1.2.5 Effect of tumor microenvironment on cancer therapy 

In many ways, the tumor microenvironment shapes response to therapies and 

prognosis. One prominent example of this is the observation that hypoxic tumors show 

less susceptibility to radiotherapy than those that are better-supplied with oxygen [79]. 

Likely reasons for this radioresistance include the proposed mechanism of reactions 

with oxygen radicals causing and stabilizing radiation-caused DNA damage [80] as well 

a post-radiation HIF-driven response that promotes tumor growth and angiogenesis 

[81].  

Defects in the tumor vasculature and metastatic potentiation via cellular stress 

responses are factors that likely contribute to the observation that tumors shed millions 

of cells into the vasculature [82]. Such shedding of cells, their association with poor 

prognosis [83], and an understanding that disease progression decreases chances of 

therapeutic success are driving rapid and aggressive intervention to reduce the risk of 

metastatic formation, especially in cases where cure is possible. Related observations 
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that tumors shed cells during surgical manipulation have resulted in modification of 

surgical procedures to decrease surgery-related tumor cell shedding in treatment of 

colorectal cancer [84, 85], its liver metastases [86], lung [87] and other cancers [88]. 

Documented survival of cancer cells in poorly-supplied, hypoxic regions far from 

vasculature complicates delivery of sufficient quantities of drug to them via the vascular 

route. Defects of tumor vascular walls, poor lymphatics, high cellular density and 

mechanical stress result in a high interstitial fluid pressure (IFP) [89], which is thought to 

negatively impact drug delivery with convection-dominated drugs and drug delivery 

systems (discussed in section 1.3.3.4). Anti-angiogenic and other therapeutic approaches 

were developed in part to address this conundrum as well as radioresistance of cells in 

hypoxic regions by attempting to improving vascular function (section 1.2.4). 

Furthermore, use of temperature-sensitive liposomes appears to effectively address this 

problem of drug penetration by intravascular release of drug within the tumor [90], 

though it is not yet clear whether this approach can be further optimized to be 

consistently effective.  In this thesis, we use MR-guided HIFU (MR-HIFU) to trigger and 

monitor in real time the release from such liposomes. The use of MR-HIFU may also 

allow for different treatment approaches to be used on different portions of a lesion, as it 

allows for spatially precise mild hyperthermia, ablation and mechanical disruption of 

tissue. This thesis explores MR image-able factors that could be used to predict the 

pattern of drug delivery and plan, as well as execute the treatment accordingly. The 
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spatial heterogeneity of the tumor microenvironment hints at the possible success of 

such an approach. 

In addition to the physical barriers imposed by the tumor stroma and distance 

from vasculature, the microenvironment of poorly perfused areas of the tumor is 

unfavorable for cellular uptake and for action of various chemotherapeutics. In such 

regions of low perfusion, the stress responses triggered by low pH and low availability 

of oxygen and nutrients increase chemoresistance through upregulation of 

Glycoprotein-P and other cytoplasmic factors implicated in the multiple drug resistance 

(MDR) phenotype [91], as well as via a variety of other possible mechanisms [92]. These 

effects are likely implicated in increased resistance to a wide array of chemotherapeutics 

by tumor cells derived from poorly perfused regions [93]. Together with the physical 

barriers to drug delivery, these impediments imply that delivery of meaningful 

quantities of drugs to these locations may not be possible due to dose-limiting toxicity of 

today’s therapeutics. These cells may require greater doses of drug, more creative 

delivery strategies, or modification of the tumor microenvironment in ways that would 

lower their defenses against therapy. 

Certain properties of the tumor microenvironment, such as its leaky 

microvasculature, could be exploited through design of drug delivery approaches. For 

example, porous tumor vasculature is one of the factors that result in accumulation of 

large molecular drug delivery systems (DDS) within the tumor, as discussed in section 
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1.3. One of the key aspects of this thesis, therapeutic use of mild hyperthermia, has been 

shown to significantly enhance this effect as well as to increase efficacy of radiotherapy. 

The metabolic shift to glycolysis in tumors has been effectively exploited for prognosis, 

treatment planning, and to improve detection of metastatic disease through the use of 

glucose analogues in positron emission tomography (PET) imaging [94-98]. Modification 

of tumor blood flow and exploitation of the host immune system for therapeutic 

purposes also hold promise. With this understanding, future therapies must be designed 

to counteract the processes that serve to protect the cancer and ensure its growth and 

metastasis. 

In summary, the tumor microenvironment poses difficult problems for all 

approaches to cancer treatment. It complicates surgical intervention and creates several 

paradoxes for drug delivery and radiotherapy: the cancer cell populations that are most 

resilient and have the greatest potential for post-treatment survival and metastasis are 

most difficult to reach with sufficient drug or to affect with radiotherapy. In addition, 

the host’s immune and wound healing functions may in many ways fight on the side of 

the tumor against the benefit of its host by reinforcing the stress-response of tumor cells 

and actively promoting formation of aberrant tumor vasculature, as discussed above. 

Despite these sizeable obstacles, increasing knowledge about the tumor 

microenvironment as well as the molecular basis of cancer provides many possible 
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avenues for improvement of diagnosis and therapy, some of which have already 

significantly increased treatment efficacy in the clinic. 

This thesis proposes to use a drug-device combination to address several of the 

problems that currently hinder chemotherapeutic treatments of solid tumors. 

Specifically, this work presents methods to confront the current inability to selectively 

target the tumor with chemotherapy, as well as to predict and assess in real-time the 

heterogeneity of drug delivery within the tumor. Further development of this approach 

may allow different treatment strategies to be used for different parts of a tumor to 

maximum effect. 

 

1.2 Cancer Therapy 

Current approaches to cancer treatment include surgery, radiation, 

chemotherapy, hormone therapy, biological therapy, targeted therapy, embolization and 

transplantation. Among these, surgery, radiation and chemotherapy are by far the most 

widespread and established. Depending on the stage and location of disease, these 

various treatments may be used alone or in combination.  

1.2.1 Combination cancer therapy 

In recent decades, combination therapy has been preferred, and has allowed less 

invasive treatments that are nonetheless efficacious [21]. Early stage disease continues to 

be treated with surgery alone, but treatment of locally advanced disease usually 

20 

 



 

involves surgery in combination with chemo- and radiotherapy, often given in 

combination that is known as chemoradiotherapy [99-101]. Diagnosed as well as 

potential systemic metastatic disease is usually treated with chemotherapy and other 

systemic treatments, which are seldom curative. To improve the quality of life for 

metastatic cancer patients, local palliative treatments such as ablation of bone metastases 

are gaining acceptance [102]. In general, for patients with extensive metastatic disease, 

less invasive methods such as ablation and embolization may be used to prolong 

survival by treating local manifestations of disease while avoiding many of the side 

effects associated with surgery and radiation exposure. A combination therapy approach 

is taken increasingly more often, incorporating treatment of both local and detected or 

possible metastatic disease. This more comprehensive approach to treatment and care 

likely contributed to the gains in treatment outcome seen in some types of cancer. 

1.2.2 Outcomes with current treatment approaches 

Improvements of treatment and screening approaches have resulted in a 

progressive decrease of cancer morbidity and mortality. From 1990 to 2009, cancer death 

rates decreased 20% [103], with substantial decreases in death rates for female breast, 

colorectal and prostate cancer being attributed largely to improved detection and 

treatment of the disease [104-106].  

While progress has been made in treatment of certain types of cancer such as 

melanoma, some cancers remain especially hard to treat. For example, liver cancer 

21 

 



 

patients in the United States currently have a 5-year relative survival rate of only 7% [2], 

which compares poorly to the 68% rate for all cancers. For other types of cancer, such as 

infiltrative retroperitoneal cancers, colangiocarcinoma, periportal tumors and pancreatic 

cancer, treatment is especially challenging in cases with tumor encasement of critical 

structures, such as large arteries and veins [107]. Surgical intervention in such cases 

often results in incomplete treatment of the tumor, and ablative therapies must be used 

conservatively to avoid catastrophic damage. As a result, survival is extremely low 

[108]. 

In addition, some patients face substantial disfigurement or loss of limbs from 

therapy. In pediatric cancer patients, stress and trauma associated with surgical 

procedures has been linked to development of psychological problems that have lasting 

and tragic effects [109].  Patients with hard-to-treat malignancies, as well as those for 

whom current therapies imply amputation or significant loss of function would benefit 

from a treatment modality that could spare the nearby critical structures while 

thoroughly treating cancerous tissue. 

The last decade saw growth of a new understanding of the impact of diet and 

exercise on cancer risk and progression. Interestingly, exercise appears to interact with 

the tumor microenvironment, potentially enhancing established therapies by locally 

increasing perfusion, modulating the immune system, and possibly normalizing tumor 

vasculature [110, 111]. A growing body of evidence strongly points towards a multitude 
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of benefits from healthy diet and exercise during as well as following different types of 

cancer therapy [112, 113]. One particularly pertinent recent study by Jones et al. 

indicated that, in a murine prostate cancer model, endurance exercise stabilizes HIF-1α 

and causes vascular normalization as well as reduced incidence of metastases [111]. 

More research on the topic of exercise in oncology is needed, especially in the form of 

clinical trials. However, these early mechanistic studies suggest that physical exercise 

may play a significant role not only in prevention of cancer and improvement in post-

treatment quality of life, but possibly in the treatment of cancer as well. 

Cancer treatment is increasingly integrating multiple treatment approaches and 

strategies, and the subject of this thesis combines the treatment of local disease with the 

use of chemotherapy – a treatment often used to treat systemic disease. The following 

two sections will describe current approaches to treatment of local (section 1.2.3) and 

systemic metastatic disease (section 1.2.4) to provide context for the discussion of mild 

hyperthermia-triggered liposomal drug delivery and dose painting with MR-HIFU and 

LTSL (sections 1.2.5 and 1.3). 

1.2.3 Conventional treatment of local disease 

Most extensively, surgery and radiotherapy have been used alone and in 

combination to treat local disease at the primary tumor site and within local lymph 

nodes. Surgical approaches have long suffered from an inability to define surgical 

margins that sufficiently encompass all of the neoplastic tissue. Countering this 
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shortcoming, addition of radiotherapy to surgery has decreased incidence of local 

disease progression from incomplete resection [114, 115] or local micrometastases [116]. 

Delivery of radiotherapy has matured from conventional external beam radiation 

towards more focused stereotactic approaches and more refined treatment planning and 

delivery. Today, the use of 3-dimensional conformal radiation therapy has allowed the 

treated region to be defined in three dimensions, possibly allowing vulnerable and 

critical structures in the vicinity of the targeted lesion to be spared. Treatment planning 

using multimodality imaging and simulations are used in conjunction with advanced 

computer-controlled X-ray aiming and focusing apparatuses to provide intensity-

modulated radiation therapy (IMRT) – the most advanced conformal radiation 

treatment to date [117-121]. 

Other than surgery and radiotherapy, local disease may be treated with 

minimally invasive procedures such as embolization and ablation. Embolization, which 

involves targeted occlusion of blood supply to the tumor, is used as palliative and life-

extending, but not a curative treatment [122]. Minimally invasive ablative technologies, 

however, may be used to treat with either curative or palliative intent. 

Many ablative approaches are now being used for local treatment, continuing the 

trend towards progressively less invasive therapy. A wide variety of techniques is 

available: percutaneous chemical ablation (e.g. ethanol or acetic acid injection), 

radiofrequency ablation (RFA) [123-126], microwave ablation (MWA) [127], laser 
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ablation [128, 129] as well as cryoablation [130]. Of the above ablative methods, those 

that use heat are in most widespread use, though cryoablation has a provided a less 

painful alternative to RFA in the treatment of small renal masses [130]. In several cancer 

types, these approaches have demonstrated an ability to spare organ function compared 

to surgery, allowing for treatment of poor surgical candidates [130, 131].  

Ablative hyperthermia involves tissue heating to temperatures greater than 55°C 

for short durations of 20 s to 15 min, resulting in cell death via coagulative necrosis 

[126]. Among the ablative hyperthermic treatments, RFA has the longest track record, 

having been instrumental in prolonging the lives of patients with cancers such as 

hepatocellular carcinoma, for which only ~20% of diagnosed patients are candidates for 

surgery [131]. These techniques have been used extensively in treatment of liver 

metastases from colorectal cancer [106], hepatocellular carcinoma (HCC) [131], as well as 

other malignancies [132]. Because of the long waiting times for liver transplantations 

(LT), these ablative approaches are showing utility as “bridging therapies” that provide 

local control of disease while the patient is on the waiting list [133]. In recent years, these 

techniques have demonstrated improved efficacy, leading some to argue that ablative 

therapy should be considered in place of surgery [134], especially for small lesions [123]. 

Technology development has allowed for increased precision of treatment through the 

use real-time imaging as well as images fused and overlaid from multiple modalities to 

guide therapy [97, 124, 135] as well as to evaluate its effects [136, 137]. In addition, the 
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size of lesion that could be treated with such devices has gradually increased over time 

[125].  

 

Figure 5: High intensity focused ultrasound involves the use of an ultrasound 
transducer with multiple elements that focus ultrasound energy in a focal zone that is 
typically only several millimeters in each dimension. HIFU can be used to heat or 
mechanically disrupt tissue at the focus. 

In recent years, MWA matured both technologically and in terms of clinical 

practice. Heating is achieved via different effects in RFA and MWA: radiofrequency 

antennae heat surrounding tissue through resistive heating, and application of 

microwaves heats tissue by agitating water molecules. These differences allow MWA of 

much larger regions with fewer probe placements due to its wider power density 

distribution around the MW applicators and other factors [127]. Additionally, MW is 

less affected than RF ablation by the heat-sink effect – the observed deflection of the 
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ablated zone away from blood vessels [138]. Both RFA and MWA techniques have been 

used percutaneously, laparoscopically, as well as during open surgery [127]. 

Image-guided high intensity focused ultrasound (HIFU) is another ablative 

technology that, despite its clinical introduction several decades ago, has not been as 

widespread as RFA or even MWA. These devices use a range of applicator types – 

laparoscopic, intracavitary, and externally focusing transducers – to deliver ultrasound 

energy to a small focal zone. Both ultrasound (US) and magnetic resonance (MR) 

imaging have been used to provide image guidance for HIFU therapy. Advances in MR 

imaging have increased interest in MR-guided high intensity focused ultrasound (MR-

HIFU). This technology has demonstrated the greatest conformability and control over 

treatment shape and uses an external, non-invasive transducer to focus ultrasound 

energy inside the patient (Figure 5). MR-HIFU has now been used to ablate symptomatic 

uterine leiomyomata (benign smooth-muscle intrauterine tumors) [139-142], brain 

tumors [143, 144], benign breast fibroadenoma [145], malignant breast carcinoma [146, 

147], prostate cancer [148, 149], and for palliative treatment of painful osseous 

metastases [102, 150, 151]. One of the hypotheses of this thesis explores the utility of MR-

image-able transport parameters in predicting the spatial pattern of drug delivery 

triggered from temperature-sensitive liposomes by MR-HIFU. Such an approach may be 

used to outline regions of the tumor that may be insufficiently treated during MR-HIFU-
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mediated liposomal drug delivery. Using this information, poorly-treated regions could, 

in principle, be ablated during the same treatment session or at a later time. 

Despite major improvements in the treatment of local disease, both in terms of 

overall survival and progression-free survival, metastatic disease continues to be an 

imposing obstacle to curative therapy. It causes the majority of cancer patient deaths, 

though it is detected in a much smaller percentage of patients at the time of diagnosis 

[21]. Inability to detect and effectively treat such often microscopic disease with local 

therapies requires a systemic therapeutic approach. 

1.2.4 Conventional treatment of metastatic disease 

Chemotherapy has become the approach of choice for treatment of disseminated 

disease. It is used as a first line therapy in some diseases, such as lung cancer [152], or 

when an inoperable tumor requires downsizing prior to resection [153], or in cases 

where metastases are present upon initial diagnosis [154-156]. However, where local 

treatment of the solid tumor is possible, chemotherapy is usually used as an adjuvant to 

local therapy, such as surgery and radiation. Its intended target is microscopic disease - 

both systemic and local residual disease remaining after local treatment. Aside from 

chemotherapy, other potential options for treatment of microscopic metastatic disease 

do exist: a phenomenon of hyper-radiosensitivity has been observed, whereby cells 

irradiated with a very low dose are extremely sensitive to that dose and yet they are 

more resistant to radiation at higher doses, above a threshold. This phenomenon has 
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been correlated with the metastatic potential, implying that a very low whole-body dose 

of radiation may significantly reduce the incidence of metastases, as the most metastatic 

cells exhibit the greatest degree of hyper-radiosensitivity [157]. However, while this 

phenomenon is only now being investigated, chemotherapy has matured greatly since it 

came into existence less than a century ago. 

Chemotherapeutics that are widely used today include several types of drugs 

that target different processes associated with cancer progression. These include folate 

antagonists (e.g. methotrexate), pyrimidine and purine antimetabolites (e.g. 5-

fluorouracil, gemcitabine), alkylating and platinum-based therapeutics (e.g. ifosfamide, 

cisplatin), drugs that target DNA topoisomerases (including epipodophyllotoxins, DNA 

intercalators, and camptothecins) and those that target microtubules (including vinka 

alkaloids and taxanes) [21]. Chemotherapy itself has matured into a combination 

treatment, with novel as well as established chemotherapeutics being combined into 

drug regimens. 

The rationale behind using chemotherapeutics in combination rests upon the 

need to address heterogeneity in drug resistance among tumor cells as well as to target 

multiple cellular processes, thereby increasing effect on drug resistant as well as non-

resistant cell populations. Several decades ago, the value of combinations of 

chemotherapeutics was established when they were used successfully to cure pediatric 

solid tumors, as well as certain germ cell tumors and hematologic cancers [158].  Since 
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then, chemotherapeutics have been combined to produce curative outcomes for a variety 

of tumors, with the most successful regimens requiring at least two, and as many as 8 

chemotherapeutic agents [21]. Such complex drug cocktails require careful treatment 

design that is based possible interactions between the drugs as well as the delivery 

method, action, and pharmacodynamics of each chemotherapeutic component of the 

regimen.  

Most of the traditional chemotherapy drugs in use are not targeted to the cancer 

cells. They are injected or infused systemically, and they preferentially affect cells that 

are dividing, which includes not only cancer cells, but also healthy hematopoietic and 

germ cells. This lack of targeting leads to dose-limiting toxicity, motivating development 

of a number of more targeted approaches. 

Development of immunotherapeutic and other targeting approaches and the 

growing knowledge about the tumor microenvironment allowed for targeting of specific 

processes that drive oncogenesis. The use of monoclonal antibodies and low-molecular-

weight molecule inhibitors of tyrosine kinase receptors allowed for tumor specificity and 

reduced systemic toxicity. These approaches yielded a number of anti-angiogenic 

therapeutics, such as anti-VEGF antibodies and small molecule inhibitors of VEGF, 

many of which were found to be beneficial, especially in combination with other 

chemotherapy [159]. Antibody and small molecule inhibitors of epidermal growth factor 

receptor (EGFR) tyrosine kinase family have also been developed [160] to target 
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apparent upregulation and overexpression of this family of markers in lung, head and 

neck, pancreas and colon cancer. Multi-functional inhibitors of many oncogenic 

processes include targeted agents against mTOR [161], as well as antibodies and small 

molecule inhibitors of HIF-1 [162-164]. In addition, hypoxia-activated pro-drugs [165] 

and gene therapy [166] approaches to target hypoxia are in development.  

While targeted approaches provide a way to specifically hone in on the cancer 

and its microenvironment, they suffer from a number of limitations. For example, the 

targeted approaches may be too specific for targeting tumors in which only some cells 

express the targeted protein  or acquire other mutations that lead to reduced efficacy 

and drug resistance as only the targeted sub-population of cells is selected against [167-

169]. The initial promise of anti-angiogenic approaches must be reconciled with the 

latest results of clinical trials that demonstrate their possible negative effects on delivery 

of other drugs due to difficulties in dosing and vascular destruction, rather than its 

intended normalization [170]. As with all traditional chemotherapeutics, another factor 

that affects efficacy of these new targeted approaches is drug delivery.  

1.2.5 Mild hyperthermia as an adjuvant treatment 

Mild hyperthermia is a therapeutic technique in which cancerous tissue is heated 

above the body temperature to induce a physiologic or biologic effect. Unlike ablative 

heating, mild hyperthermia does not directly produce substantial cell death [171]. The 

goal is to obtain temperatures of 40 to 45°C for time periods up to an hour or longer 
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[172, 173]. Mild hyperthermia treatments may result in both physiological (e.g. 

perfusion) and cellular (e.g. gene expression) changes. These changes improve the 

therapeutic effectiveness when used in conjunction with chemotherapy or radiation 

therapy, improving treatment response and survival [172-175]. 

Most extensively, mild hyperthermia has been used as an adjuvant to 

radiotherapy due to its documented role as a radiosensitizer [80]. This is attributed to a 

number of processes including hyperthermia-induced cell killing, inhibition of DNA 

repair by protein denaturation, increased oxygenation due to hyperthermia-driven 

improvement of perfusion [176] and decrease in oxygen consumption [177]. Mild 

hyperthermia also induces a cellular response that results in a phenomenon called 

thermotolerance [178]. This effect is manifested by an increased resistance to radiation 

with repeated mild hyperthermic heating, or after a period of time with a single heating. 

These effects are largely a consequence of heat-triggered action by a family of proteins 

called heat shock proteins (HSP). They act as molecular chaperones in DNA repair [178] 

and activate or influence many stress response signaling cascades, including tumor 

suppressor gene p53 [179] and HIF [177]. 

As an adjuvant to conventional chemotherapy, local mild hyperthermia 

demonstrated synergistic effects with nitrosoureas, platinum compounds, and alkylating 

chemotherapeutics [180, 181]. On the cellular level, mechanisms of thermosensitization 

of chemotherapy rely on protein denaturation and aggregation that affect cell 
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cytoskeleton [182], DNA repair [183, 184] and synthesis machinery [185, 186], as well as 

proteins involved in cell cycle regulation [181].  Recently, it was shown that mild 

hyperthermia enhances cellular uptake of cisplatin by modulating the action of Ctr1 – a 

copper transporter involved in cisplatin uptake [187]. However, cellular uptake is not 

modulated by mild hyperthermia for other small-molecule chemotherapeutics [188].  

 

Figure 6:  A summary of the tumor microenvironment at body temperature 
(normothermia) as well as the effects of mild and ablative hyperthermia. The lines 
delineating different degrees of heating and its effects are blurry to indicate that the 
temperatures of onset of various heat effects differ across species, as well as across 
organs and tissue types within each species, as two recent reviews recently summarized 
[189, 190]. 

In addition to combination with traditional systemic chemotherapy and external 

beam radiotherapy, more recently mild hyperthermia has been combined with 
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temperature-responsive and non-responsive drug delivery systems (DDS) in an effort to 

reduce systemic toxicity and improve overall efficacy. 

Heat-triggered release of drug inside the tumor is at the focus of this thesis is an 

attractive and potentially clinically feasible strategy for augmenting delivery of drugs to 

solid tumors. However, this strategy requires hyperthermia applicators that provide 

accurate and homogenous heating in a target region, often deep inside the body. 

Furthermore, the optimum temperature for most mild hyperthermia applications is in 

the 40 – 45°C range (T < 40°C causes limited effect, T > 45°C may shut down tissue 

perfusion [191, 192]), and durations of 30 min – 1 hr may be required [191], placing strict 

and challenging technical requirements on a hyperthermia applicator. 

Means for inducing hyperthermia include radiofrequency applicators [193-196], 

microwave applicators [197, 198], hot water baths [199], lasers [128, 129], and magnetic 

fluids [200, 201]. Despite some promising results, these devices and methods have 

drawbacks including invasive applicators, lack of spatial precision and temperature 

accuracy, inability to achieve mild hyperthermia temperatures (40 – 45°C), and/or ability 

to only heat superficial tumors. These shortfalls of current applicators are particularly 

pertinent to this thesis, which demonstrates how a clinical MR-HIFU system could be 

used to provide large volume, conformal mild hyperthermia, uses it to trigger drug 

release, and relates the pattern of release to the spatial distribution of MR-imageable 

transport parameters. 
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1.3 Drug delivery 

Despite their widespread use, the limited specificity of conventional 

chemotherapeutics for tumor tissue often results in dose-limiting toxicity, leading to 

reduced therapeutic efficacy. In the context of cancer therapy, the objective of drug delivery 

is to maximize bioavailable drug concentration at the site of disease while minimizing it 

in healthy tissue to spare the patient from effects of systemic toxicity.  

1.3.1 Drug delivery systems  

Towards this goal, numerous DDS have been developed. These include 

polymeric micelles [202], liposomes [203], polymer-drug conjugates [204], dendrimers 

[205], affinity targeting approaches [206], magnetic nanoparticles [207], polymersomes 

[208] and antibody-targeted therapies [209] (some shown in Figure 7). 

As their names suggest, some of the DDS are actively targeted, while others 

accumulate passively through the enhanced permeability and retention (EPR) effect that 

has been demonstrated in tumors [210, 211]. Some DDS exhibit triggered drug release 

due to stimuli such as pH [212, 213], light [214, 215], enzymatic reactions [216, 217] or 

temperature (demonstrated in DDS such as polymers (polyNIPAAM) [218], biopolymers 

[219, 220], micelles [221] and liposomes [222]).  
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Figure 7: Examples of drug delivery systems, including micelles (A), liposomes (B), 
polymers (C), dendrimers and a radioactive antibody. Reproduced with permission 
from [223]. 

Despite this diversity of DSS types, the majority of DSS that have gained clinical 

acceptance and advanced the farthest in clinical trials are liposomal, and among the 

triggered DDS, temperature sensitive liposomes (TSLs) have advanced the farthest in 

clinical trials [203, 224]. To focus the discussion more specifically on the DDS 

investigated in this thesis, we will introduce the concept of liposomal drug delivery with 

TSLs and then discuss the barriers that the drug (doxorubicin in our case) encounters on 

its way from the lumen of the liposome to its cellular target within the tumor.  

1.3.2 Liposomal drug delivery and temperature-sensitive liposomes 

Liposomally encapsulated drugs have been a subject of considerable attention in 

experimental and clinical oncology for more than 30 years [224].  Several methods have 

been investigated for enhancing release of drugs from liposomes, including 

development of pH [225], lipase [216] and thermally sensitive formulations [222, 226, 

227].  The work described herein addresses liposomes that incorporate lysolipid to 
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facilitate rapid content release upon reaching mild hyperthermia (40-45 °C).  This Low 

Temperature-Sensitive Liposome (LTSL) formulation offers great promise and is 

currently in clinical trials [228, 229].  

After introduction of thermally sensitive liposomes by Yatvin et al. in 1978 [222], 

significant improvements in thermally sensitive formulation development came with the 

use of lysolecithin by Needham et al. [230] and with Lindner et al., who recently 

reported on a different formulation that behaves in a similar manner [227, 231].  With 

inclusion of 10 mol% of lysolecithin, a single-chain phospholipid that facilitates the 

opening of pores in the lipid bilayer, rapid drug release occurs as the bilayer solid-to-

liquid phase transition is approached around 41 °C [230].  This lower transition 

temperature led to the acronym LTSL, for ‘Low Temperature Sensitive Liposome.’  

Rapid release of contents from LTSL is triggered at temperatures between 40 and 41.5 

°C, with most of the drug being released in < 20 seconds upon reaching the transition 

temperature [232].  This rapid release quality, which can achieve drug release in the 

blood stream [90], provides a stark contrast to the non-thermally-sensitive Doxil® 

formulation, which exhibits peak tumor drug concentrations up to 48 hours after 

treatment and is slowly released from liposomes over days to weeks [233]. 
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Figure 8: Three types of liposomes and their proposed release mechanisms. A low 
temperature sensitive liposome (LTSL) likely releases its cargo via lysolipid-stabilized 
pores near the transition temperature of the lipid bilayer. A traditional temperature 
sensitive liposome (TTSL) displays slower release due to higher permeability of its 
membrane at higher temperatures than LTSL. A non-temperature sensitive formulation 
has a membrane stabilized with cholesterol and stably encapsulates its contents in the 
range of mild hyperthermia. Mild hyperthermia can be used to enhance delivery of all 
three types of liposomes, as discussed in section 1.3.2. Adapted with permission from 
Al-Jamal et al. [234]. 
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For non-responsive drug delivery systems such as antibodies [235, 236] and non-

temperature sensitive liposomes (Doxil®, Cialyx®, Lipoplatin®) [237-239], mild 

hyperthermia can improve the extravasation of nanoparticles by increases in endothelial 

gap sizes [238], and thus enhancing the EPR effect. When mild hyperthermia is 

combined with temperature-responsive drug delivery systems, heat may also be used as 

a trigger to initiate drug release [228]. Thus, mild hyperthermia can enhance the activity 

of three fundamentally different types of liposomes that have been used for drug 

delivery to tumor tissue: non-thermally sensitive liposome (NTSL), traditional thermally 

sensitive liposome (TTSL), and most recently, LTSL (Figure 8).  Whereas use of mild 

hyperthermia with non-thermally sensitive formulations yielded some enhancement in 

anti-tumor effect [239], it has been hypothesized that further enhancement in anti-tumor 

effect could be achieved if HT could be used to trigger local drug release from 

liposomes. 

The LTSL formulation loaded with doxorubicin has been used previously in the 

FaDu tumor line [230] and in canine soft tissue sarcomas in a phase I trial [240]. It is also 

currently being tested in a phase I trial in patients with chest wall recurrences of breast 

cancer [241]. Two phase I trials have been conducted using LTSL-DOX in humans for 

liver tumors in conjunction with RFA [229, 242, 243].  Recently, a Phase III trial [244] 

ended in failure for this patient population, however, showing that addition of LTSL to 

RFA provided no statistically significant benefit.  
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In mouse studies, rapid release of doxorubicin from LTSL, when administered 

during HT, provides tumor drug levels five times higher than NTSL and 30 fold greater 

concentrations than free drug [230]. Such fast, intravascular drug release may be 

responsible for the destruction of microvasculature after HT-LTSL-DOX treatment of 

FaDu human squamous cell carcinoma xenografts [245] and 4T07 murine mammary 

carcinoma [246]. The combination of LTSL and mild hyperthermia also produced the 

greatest growth delay, when compared with NTSL and TTSL formulations [230]. This 

earlier work was then extended across five tumor types (SKOV3, PC3, HCT116, 4T07) in 

a study that focused on only the LTSL formulation [247]. These lines varied in their in 

vivo response to LTSL-DOX with HT in standard growth delay studies, although all 

showed enhanced effectiveness when compared with LTSL without HT. To identify 

reasons for this difference in therapeutic efficacy, several factors were compared across 

the five tumor lines, including in vivo tumor doxorubicin concentration, in vitro cellular 

doubling time, in vitro drug sensitivity of the tumor lines and tumor pH. Interestingly, 

the two tumor lines that showed the smallest effect of LTSL+HT on tumor growth time 

(4T07 and HCT116) received vastly different amounts of drug as a result of the treatment 

[247].  Among all examined parameters, in vitro doubling time was the only parameter 

that correlated with the length of growth delay following treatment, with the slowest 

growing cell lines exhibiting the largest increases in median tumor growth time 

following treatment (Figure 9). The implication of this finding is that for the LTSL + mild 
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hyperthermia combination, assessment of the rate of tumor growth or proliferation may 

be valuable in influencing design of clinical treatment regimens. 

 

Figure 9: Median tumor growth time increased with in vitro doubling time for all five 
tumor types (Untreated control , mild hyperthermia , LTSL alone , and mild 
hyperthermia + LTSL  groups are shown). Adapted with permission from [247]. 

Several other recent studies shine light on the possible mechanisms behind the 

efficacy of the LTSL+mild HT combination. Al-Jamal et al. reported a comparison of 

drug delivery and biodistribution with LTSL, TTSL and NTSL in combination with HT 

in a mouse melanoma model  [234].  This study showed several fold greater tumor drug 

concentrations with TTSL than with LTSL 24 hours after injection + 1-hour mild HT, 

despite LTSL showing greater tumor drug concentration immediately after the injection 

and 1-hour mild HT. This higher concentration attained with TTSL 24 hours after 

treatment contrasts with the difference in efficacy between TTSL and LTSL formulations: 

greatest efficacy was obtained with LTSL [230]. Manzoor et al. recently used confocal 

microscopy to demonstrate that the rapid intravascular release significantly improved 

drug penetration away from microvasculature [90]. While Manzoor et al. did not 

compare the drug penetration with LTSL to that achieved with other formulations, 
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earlier work by Kong et al showed that, if liposomes are accumulated via EPR rather 

than releasing their cargo in the vessel, then drug penetration is very poor compared to 

results attained with intravascular release. 

Another argument in favor of rapid intravascular release comes from comparing 

accumulated knowledge about the mechanism of doxorubicin action to the 

abovementioned studies on LTSL+mild HT. The mechanism of action is not entirely 

known for doxorubicin, but a recent review on the subject by Gewirtz et al. suggests that 

the dominant mechanism is concentration-dependent [248]. Gewirtz summarizes 

decades of seemingly divergent pre-clinical as well as clinical research by stating that at 

submicromolar concentrations, doxorubicin interferes with DNA unwinding and 

separation as well as induction of cell differentiation. At peak plasma concentrations 

encountered in the clinic, doxorubicin interferes with the action of topoisomerase II, 

while at concentrations above 2-4 μM, doxorubicin damages cells by causing DNA 

cross-linking and generation of free radicals. If this holds true, then the 216 μM 

clinically-attainable plasma concentration of encapsulated doxorubicin discussed by 

Ponce et al. [223] falls several orders of magnitude above this 2-4 μM limit attainable in 

the clinic cited by Gerwitz et al. These observations are of potential importance to our 

understanding of LTSL efficacy, especially when combined with drug penetration 

measured with fluorescence microscopy following LTSL+mild HT treatment [90, 249]. 

Though in vivo fluorescence intensity was not related to actual doxorubicin 
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concentration in those studies, they strongly suggest that doxorubicin concentrations 

that are above maximum clinically-attainable plasma levels likely extend tens of microns 

away from the tumor vasculature following LTSL + mild HT treatment.  

To summarize, the gain in efficacy with LTSL-DOX over the other doxorubicin-

containing formulations is due to a complex interplay of drug release kinetics, its 

penetration and bioavailability within the tumor over time, as well as a multitude of 

possible factors that affect drug sensitivity and cellular uptake in tumors. A key 

observation that pervades this entire chapter is that the extent and magnitude of 

heterogeneity of the tumor microenvironment represent an obstacle to both diagnosis 

and treatment of cancer. The following section will describe how drug delivery has been 

modeled for the combination of LTSL and mild HT with an emphasis on the barriers 

that the drug must overcome to reach its target within the tumor. 

1.3.3 Transport barriers in solid tumors and the temperature-sensitive 
liposome 

1.3.3.1 Transport barriers 

To achieve efficacy, the drug must reach its target, which, for most cancer 

therapeutics is on the surface or inside the cancer cells. For vascular drug delivery to 

solid tumors, this task involves passage through a series of barriers between the vessel 

lumen and the drug target (Figure 10). These transport barriers in tumors differ in a 

number of ways from the barriers a drug would encounter in normal tissue, as was 

discussed in section 1.1.2.5. The following discussion will use recently developed 
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mathematical models to explore the transport of drug from LTSL to its target, 

incorporating some pharmacokinetic and content release parameters.  

Drug delivery with the combination of LTSL and heating was recently modeled 

by Gasselhuber et al. first for the combination of RFA and LTSL [250] and later for 

HIFU-mediated mild hyperthermia [251, 252]. Their approach was to use a multi-

physics model that combines a model of tissue heating with MR-HIFU with a model of 

LTSL drug delivery. Modeling of tissue heating was based on Pennes’ Bioheat equation. 

Drug delivery was modeled using a multi-compartment approach (Figure 11), and is 

discussed below. 

 

Figure 10: Barriers to vascular drug delivery. The irregularly perfused and spatially 
inhomogeneously distributed tumor vasculature would bring a drug molecule or a 
carrier into the tumor tissue, where it has a chance to reach tumor cells. The drug or the 
carrier then exits the vasculature through the next barrier, the blood vessel wall, and 
traverses the barrier posed by the extravascular extracellular space to reach a cell 
membrane – yet another barrier. Unless the drug’s target is on the cell membrane, it 
must proceed to the cytoplasm and, drugs with nuclear targets must proceed to the 
nucleus. 
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1.3.3.2 LTSL pharmacokinetics, stability and multi-compartment modeling 

Once injected intravenously, the liposome distributes through the vasculature 

into a volume of distribution that is available to it. Due to its ~100nm size, the LTSL 

remains confined to the vasculature by the pore cutoff size of 6-7 nm in most tissues [53], 

and therefore its initial volume of distribution is roughly equal to the plasma volume. As 

with other PEGylated liposomes, the concentration of LTSL in the bloodstream declines 

due to clearance via the reticuloendothelial system (RES) [253-255], with some likely 

contribution to such clearance by the interaction with plasma proteins [256] and loss of 

lysolipid to other plasma components [257]. In addition, at normal body temperature, 

the permeability of the LTSL membrane allows for significant leakage of drug (~50% in 1 

hour) [257]. This clearance of LTSL-encapsulated drug was modeled using a simple 

exponential relationship by Gasselhuber et al. whose equivalent is: 

𝒄𝒄𝒑𝒑 = 𝑪𝑪𝒎𝒎𝒎𝒎𝒎𝒎𝒆𝒆−𝒌𝒌𝒆𝒆𝒕𝒕    Equation 1 

In this equation cp is the plasma concentration of LTSL-encapsulated 

doxorubicin, Cmax is the concentration of LTSL-encapsulated doxorubicin in plasma upon 

injection and ke is the transfer constant for LTSL clearance. More complex 

pharmacokinetic models have been used to analyze liposomal clearance [258], but this 

one-compartment model with first-order elimination (Equation 1) provided a good fit to 

experimental data [259].  
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As a result of the various factors affecting stability and clearance, the LTSL 

formulations considered here have a relatively short (1.5-hour) plasma lifetime, meaning 

that their extravasation, which requires many hours, contributes minimally to their drug 

delivery at the tumor [230]. Therefore their extravasation will not be considered in the 

following discussion. We will instead focus on intravascular release of the LTSL contents 

and the subsequent boundaries the drug encounters. 

Given that heat-triggered LTSL release occurs mostly inside the vasculature 

[260], the first barrier that the drug must overcome on its way to its cellular target is the 

lipid bilayer membrane of the liposome. In the case of the LTSL, the tumor would be 

heated to a target temperature around the optimum liposome release temperature. A 

liposome would take anywhere from a few to 30 seconds to pass through the heated 

tumor [261-263] – a quantity termed the tumor transit time. Depending on the 

temperature increase of the blood that contains and carries the liposome in question, it 

will release a certain percentage or most of its drug. In constructing a model of LTSL 

release, Gasselhuber et al. found it useful to define a residence time (tres) for a liposome 

that is inversely proportional to the rate of vascular perfusion (FTpv), defined per volume 

of plasma [250]. Thus, this modeling approach included an assessment of how long and 

at what rate the liposomes would release their content as they travel through the tumor.  
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Figure 11: A multi-compartment model of drug delivery with mild hyperthermia and 
LTSL, as implemented by Gasselhuber et al. in multi-physics models of LTSL drug 
delivery with RFA and HIFU mild hyperthermia [250-252]. Figure adapted with 
permission from [250]. 

1.3.3.3 First barrier: the liposome 

As the liposome enters the heated tumor, temperature of the plasma that carries 

the liposome increases towards the range of mild hyperthermia. As a result, the LTSL 

membrane permeability increases first gradually and then dramatically at around 

41.3°C, after which it declines (Figure 12). Studies of various lipid bilayer membranes 

have shown similar behavior, though not as dramatic without the lysolipid [264, 265]. 

These studies suggested that the membrane is in a gel phase below this transition 

temperature, in a mixed liquid-gel phase around this temperature and in a liquid state 

47 

 



 

above it. In larger lipid vesicles, these studies demonstrated the existence of grain 

boundaries that could represent regions of higher permeability [266]. For lysolipid-

containing liposomes, the mechanism of this increase in permeability has not been 

completely elucidated, but compelling possibilities involve formation of transmembrane 

pores sterically stabilized due to the conical shape of the lysolipid, similar to grain 

boundary structures observed on lysolipid-containing large vesicles [266]. 

 

Figure 12: Comparison of drug release as a function of temperature for non-
temperature-sensitive liposomes (Doxil®) and temperature-sensitive liposomes 
containing lysolipid. The figure is reproduced with permission from Needham and 
Ponce [223]. 
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Given the lack of clarity in the exact mechanism of LTSL release, Gasselhuber et 

al. approximated it with a bi-exponential curve at each temperature where release rate 

was quantified experimentally [250]. This practical approach allowed the rate of release 

to be interpolated across the entire range of mild hyperthermia, allowing calculation of a 

release fraction as a function of temperature (rf(T)). Together with the residence time (tres 

above), which represents the inverse of vascular perfusion, the approach allows for 

release rate (RR) to be defined as a function of both temperature (T) and vascular 

perfusion (𝑭𝑭𝒑𝒑𝒑𝒑𝑻𝑻 ): 

𝑹𝑹𝑹𝑹(𝑻𝑻,𝑭𝑭𝒑𝒑𝒑𝒑𝑻𝑻 ) = 𝒓𝒓𝒓𝒓(𝑻𝑻)
𝒕𝒕𝒓𝒓𝒆𝒆𝒓𝒓

= 𝒓𝒓𝒓𝒓(𝑻𝑻) ∙ 𝑭𝑭𝒑𝒑𝒑𝒑𝑻𝑻     Equation 2 

1.3.3.4 Second barrier: the vessel wall 

Following release from the liposome, the drug encounters the second barrier – 

the vessel wall. Transport through the vessel wall occurs via a combination of 

convection and diffusion, as described by the Patlak equation [267]: 

𝑱𝑱𝒓𝒓 = 𝑱𝑱𝒑𝒑(𝟏𝟏 − 𝝈𝝈𝒓𝒓) 𝑪𝑪𝒊𝒊−𝑪𝑪𝑳𝑳𝐞𝐞𝐞𝐞𝐞𝐞 (𝑷𝑷𝒆𝒆)
𝟏𝟏−𝐞𝐞𝐞𝐞𝐞𝐞 (𝑷𝑷𝒆𝒆)

     Equation 3 

In the above equation, Js is the rate of solute transport, Jv is the rate of fluid flow 

across the vessel wall, σf is the filtration reflection coefficient, CL is the concentration of 

solute in the vessel, Ci is its concentration in the extravascular extracellular space (EES) 

and Pe is the Peclet number, which represents the ratio of convective to diffusive 

transport. Several conditions within the tumor microenvironment combine to allow the 

original Patlak equation to be simplified. These can be most easily described by 
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examining a modified form of Starling’s law [268], which is used to define Jv as a 

function of the hydrostatic (∆p) and osmotic (∆π) pressure differences across the vessel 

wall that drive fluid flow in opposite directions.  

      Equation 4 

In this equation, Lp is the hydraulic conductivity of the vessel wall, S is its surface 

area. In normal tissues, this equation provides a description of the fluid flow from the 

lumen of the blood vessel into the EES at steady state [269]. In normal tissues, the 

hydrostatic pressure difference is approximately -21 to -23 mmHg whereas the osmotic 

pressure difference is ~-10 mmHg, resulting in a net -1 to -3 mmHg filtration pressure 

that drives fluid out of the vessel [89]. A number of mechanisms contribute to the 

regulation of this normal condition [89, 270]. This efficient fluid filtration through the 

vessel wall in normal tissue implies that transport of small molecules is effectively 

dominated by convection and Pe is large in Equation 3. 

The tumor microenvironment presents a number of differences from normal 

tissue, some of which influence transvascular transport (discussed in sections 1.1.2.3 and 

1.1.2.5). In tumors, unregulated microvascular pressure and high IFP (see section 1.1.2.5 

for causes of high IFP) result in a decreased gradient of hydrostatic pressure across 

capillary walls compared to normal tissues [89]. Higher vascular permeability allows 

large molecules (mainly albumin) to move into the interstitium, elevating interstitial 

oncotic (colloid osmotic) pressure in tumors to approximately equal that of plasma [271, 
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272]. This equalization of oncotic pressure across the tumor vessel wall opposes the 

effect of the decreased hydrostatic pressure. Poor lymphatic drainage exacerbates both 

of these opposing forces [273]. Altogether, high tumor IFP is a net negative force on 

convection out of the vessel, but it only decreases net convective transport if the balance 

between the opposing forces of hydrostatic and oncotic pressure gradients tips in its 

favor. Because the factors that govern these pressures are heterogeneously distributed 

[274], it is likely that the balance between hydrostatic and oncotic pressures and 

therefore convective transport varies spatially within the tumor. 

Given this complexity and the spatial heterogeneity of contribution of convective 

transport across the vascular wall, it was left out of mathematical models of liposomal 

delivery by both Gasselhuber et al. and by El-Kareh et al. [258]. Instead, they opted to 

reduce Equation 3 to one that describes only diffusive transport as a function of 

apparent vascular permeability (P), vascular surface area (S) and the difference between 

unbound doxorubicin concentrations in the plasma (cpT) and in the EES (ceT): 

𝑱𝑱𝒓𝒓 =  𝑷𝑷𝑷𝑷(𝒄𝒄𝒑𝒑𝑻𝑻 – 𝒄𝒄𝒆𝒆𝑻𝑻)       Equation 5 

This simplification implies that any contribution of convective transport is 

effectively incorporated into the apparent vascular permeability coefficient. 

1.3.3.5 Third barrier: the interstitial space 

After passing through the vascular wall, the drug travels through the tumor 

interstitium via a combination of diffusion and convection: 
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𝒅𝒅𝒄𝒄𝒆𝒆𝑻𝑻

𝒅𝒅𝒕𝒕
= 𝛁𝛁�𝑫𝑫 ∙ 𝛁𝛁𝒄𝒄𝒆𝒆𝑻𝑻� +  𝒑𝒑𝒊𝒊 ∙ 𝛁𝛁𝒄𝒄𝒆𝒆𝑻𝑻     Equation 6 

In the above equation, the first part represents diffusive transport, with D being 

the interstitial diffusion coefficient. The second part represents convective transport, 

with interstitial fluid velocity, vi, being equal to the product of hydraulic conductivity 

(Ki) and the hydrostatic pressure gradient (∇ p): 𝑣𝑣𝑖𝑖 = −𝐾𝐾𝑖𝑖∇𝑝𝑝. In these equations, D and Ki 

are dictated by various properties of the extracellular extravascular space (ESS), such as 

organization and concentration of the extracellular matrix and cellular density, as well 

as properties of the drug. Similarly to the simplification that resulted in equation 5, the 

interstitial transport equation (Equation 6) can also be simplified by incorporating any 

contribution from convective transport into Deff – the effective diffusion coefficient, as 

Gasselhuber et al. implemented in their modeling approach: 

𝒅𝒅𝒄𝒄𝒆𝒆𝑻𝑻

𝒅𝒅𝒕𝒕
= 𝛁𝛁�𝑫𝑫𝒆𝒆𝒓𝒓𝒓𝒓 ∙ 𝛁𝛁𝒄𝒄𝒆𝒆𝑻𝑻� +  𝒑𝒑𝒊𝒊 ∙ 𝛁𝛁𝒄𝒄𝒆𝒆𝑻𝑻    Equation 7 

1.3.3.6 Final barriers: the cellular membrane and intracellular transport 

The targets of most chemotherapeutics are thought to be inside cells, and despite 

some controversy, this also appears to hold true for doxorubicin [248]. It should be 

noted that for LTSL drug delivery, one of the main target cell populations may well be 

the endothelium itself, as this method of doxorubicin delivery results in vascular 

destruction and shutdown [245, 246], possibly via intravascular release of extremely 

high doxorubicin concentrations (effects of such high doses discussed in section 1.3.2). 

Unless there is enough oxygen and the concentration of doxorubicin is great enough to 
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cause destruction of the cellular membrane (section 1.3.2), doxorubicin must pass 

through the cellular membrane to cause cellular toxicity. This can be accomplished 

through either passive or active transport, or a combination of both, which is the 

approach taken by Gasselhuber et al., who fitted their model to human lung cancer cell 

doxorubicin uptake data [252]. Once in the cytoplasm, doxorubicin appears to cause 

lipid peroxidation by interacting with the mitochondrial membrane [248]. Its size allows 

doxorubicin to easily traverse the ~10-nm nuclear membrane pores [275] to associate 

with DNA or affect topoisomerase II activity [248]. 

As the next section shows, modeling of drug delivery has the potential to 

provide clinical benefits with LTSL treatments by recommending improvements in 

formulation and heating approaches. 

1.3.4 Clinical use of LTSL 

The complexity of drug delivery with LTSL-DOX can be boiled down to several 

key ingredients that, if optimized, would ease clinical implementation and provide 

optimal efficacy. These include optimization of particle stability in circulation, as well as 

use of technology that allows for controlled, feedback-driven application of heat.  

Improvement of liposome encapsulation stability and plasma lifetime at 

physiological temperature has the potential to further increase LTSL efficacy. 

Mathematical modeling clearly shows that lack of stability of LTSL limits overall drug 

delivery [251]. Indeed, Li et al. recently made a more stable liposome that nonetheless 
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provided rapid release, similar drug penetration to that demonstrated for ThermoDox® 

[90] and greater efficacy than the commercialized LTSL formulation [249, 276]. However, 

these liposomes had a slower release rate than ThermoDox® (75% vs 99% release in 1 

min at 42°C), suggesting that further optimization could help balance the rate of release 

versus encapsulation stability and circulation lifetime. 

The recent failure of ThermoDox® in a Phase III clinical trial with RFA also 

points to the need to optimize heating technology for optimal drug delivery and efficacy 

with LTSL. Mathematical modeling work by Gasselhuber et al. may provide an 

explanation for this failure, suggesting that ablation causes very limited drug delivery 

compared to mild hyperthermia [250, 252]. Combined with the increasing effectiveness 

of RF ablation discussed in section 1.2.3, it does appear logical that release of a very 

small amount of drug with LTSL provided few if any benefits. The latest modeling 

results clearly show that optimal drug delivery could instead be achieved with extended 

mild hyperthermia treatment, perhaps followed by a short ablation in order to shut 

down vascular perfusion and thus stop washout of the drug [252].  

Further clinical integration requires that LTSL should be delivered in a verifiable, 

controlled fashion. Spatial heterogeneity of perfusion, cellular density and other factors 

within the tumor (discussed above and in section 1.1.2.5) are known to contribute to 

heterogeneous drug delivery. In the clinic, local drug delivery with LTSL may be most 

useful in locations where methods with a proven track record such as radiation, ablative 
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technologies, and surgery cannot be used. These hard-to-reach sites are likely in 

proximity of critically important structures, such as nerve fibers and large blood vessels. 

In order to treat such areas with LTSL, a clear need exists for an approach that could 

achieve controlled, conformal mild hyperthermia over large volumes over extended 

periods, preferably with a means to not only trigger, but to predict and monitor the 

pattern of drug delivery. The following section will describe advances towards such 

methods. They include various approaches to image-guided drug delivery with MR 

image-able LTSL formulations and combinations of MR-HIFU mild hyperthermia with 

image-able as well as non-image-able LTSL. 

1.3.5 Development of drug dose painting 

MR imaging provides a possible way to assess drug distribution on the scale of 

the entire tumor noninvasively. Liposomes with MR contrast agents and many different 

lipid formulations have been developed for over two decades (Table 1). However, the 

idea of using such liposomes to report on drug delivery was not pursued past initial 

development of each formulation until Viglianti et al. loaded manganese into LTSL and 

used it to demonstrate the concept of chemodosimetry, or drug dose painting [277, 278]. 

Similarly to the more established dose painting concept in radiation oncology [279], 

Viglianti et al. showed that the dose of drug delivered with a combination of LTSL and 

HT could be approximated after treatment [277, 278]. This was achieved via a correlation 

between manganese concentration quantified with MRI and tissue doxorubicin 
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concentration measured with high performance liquid chromatography (HPLC). Ponce 

et al. further developed this idea and showed that the pattern of MR-detected release of 

manganese logically correlated with the timing of injection relative to the beginning of 

heating [280]. This showed that the drug dose painting concept had even more in 

common with its radiotherapy analog in that it could potentially predict actual drug 

dose. Furthermore, the resulting tumor growth delay depended on the timing and the 

spatial pattern of drug delivery in a rat fibrosarcoma. 

Viglianti et al. and Ponce et al. used a pre-clinical circulating water heating 

device that required placement of a catheter through the tumor to trigger release of 

liposomal contents. Still, the drug dose painting concept required that mild 

hyperthermia could be applied with spatial accuracy in a controlled manner. 

Development of clinical MR-HIFU instrumentation (see section 1.2.3) has allowed 

precise spatiotemporal control over heating noninvasively via real-time MR 

thermometry-driven feedback. Another crucial piece of information (as suggested in 

section 1.1.2.5) that could benefit clinical implementation of the concept was knowledge 

of the spatial distribution of factors that would affect drug delivery with LTSL. It also 

incorporated the ability of MRI to provide anatomic parametric imaging, spurring 

several recent publications that combine MR-HIFU and MR image-able as well as non-

image-able LTSL formulations. 
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Table 1: Summary of publications that reported MR image-able liposomes. 

1st Author Formulation Contrast agent Drug 
Tilcock  Chol, DPPC, GdCl3, Egg-PC Gd-DTPA None 

Tilcock 
Egg-PC, PE, Gd-DO3A, Gd-DTPA-SE, Gd-
DTPA-SA 

Gd-DO3A or Gd-
DTPA None 

Torchilin various various None 
Torchilin All kinds, surface modifications for imaging Gd-DTPA and Mn2+ Various 

Fossheim 
HPC:HPS and DPPC:DPPG (95:5 wt/wt) for 
both formulations GdHPDO3A None 

Fosshem HPC, HPS, DPPC, DPPG, Gd-HPDO3AA Gd-HPDO3A None 
Fossheim DPPC:DPPG (5:1 vol/vol) Gd-DTPA None 

Abraham 
DMPC:Chol (55:45 mol%) and DSPC:Chol 
(55:45 mol%)  Mn2+ Dox 

Glogard 
DMPC, DPPC, DSPC, cholesterol. 
DMPC/DMPG (ratio unclear) 

Gd-HDD-DO3A, 
Gd-HHD-DO3A None 

Glogard DPPC:DPPG:DPPE PDP (95:5:5 mol ratio) Gd-HASH-DO3A None 

Francois 
Gd-chelating cationic liposome (DTPA, MCO-
I68) Gd-DTPA None 

Viglianti 
DSPC:Chol (55:45), DPPC:DSPE-PEG2000 
(95:5). DPPC:MSPC:DSPE-PEG2000 (90:10:4) Mn2+ Dox 

Lokling 
Gd-DTPA-BMA, DSPG, DPPE, PE-PEG2000, 
Chol, PA Gd-DTPA None 

Lokling 
DPPE, DPSG, {E-PEG, Gd-DTPA-BMA, 
gadofosveset Gd-DTPA None 

Lindner 

HPC/HPS, DPPC/DPPG, 
DPPC/DSPC/DPPGOG, DSPC/DSPG, 
DPPC/MSPC/DSPE-PEG2000 

Gd-HP_DO3A, Gd-
DTPA-BMA, MnSO4 None 

Aime DPPC:DSPE-PEG2000 (95:5) Gd-HPDO3A None 
Pirollo DOTAP: DOPE, transferrin Gd-DTPA None 
Oliver Gd.DOTA.chol Gd-DOTA None 
Ponce DPPC:MSPC:DSPE-PEG2000 (90:10:4) Mn2+ Dox 

Shan DOPE, DOTAP,NBD-DOPE, transferrin (Tf) Gd-DTPA None 
Karathana
sis 

DPPC:cholesterol:DSPE-PEG2000 
(55:40:5 mol ratio) Gadodiamide None 

Peller DPPC, DSPC, Gd-DTPA, DPPGOG Gd-DTPA None 

Sjoerd 
DSPC, PEG2000DSPE, 
Chol, Gd DTPA-BSA, Gd-DTPA, DSPE Gd-DTPA None 

Ghaghada 
DPPC, Chol, PEG2000-DSPE, Gd BOPTA, Gd-
DTPA, Gd-DTPA-BSA Gd-DTPA None 

Minowa Egg-PC, Chol, PEG2000-DSPE, , Gd-DTPA Gd-DTPA None 

Le 
PC,HPC, DSPC, 
Cholesterol, Gd-DTPA, poly-l-lysine Gd-DTPA None 

 

Spatial precision of MR-HIFU heating allowed for triggered drug delivery with 

LTSL deep in rabbit muscle, bone and intramuscular rabbit tumors. Furthermore, 
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several algorithms were developed to achieve mild hyperthermia with these devices 

[281-283]. Ranjan et al. demonstrated drug delivery and biodistribution with the 

commercial LTSL, ThermoDox®, in a rabbit thigh Vx2 carcinoma tumor model, showing 

~3.4-fold increase in drug concentration in the heated vs. unheated tumors [259]. Staruch 

et al. demonstrated delivery using the same formulation to a range of tissues – muscle, 

bone, as well as Vx2 tumors in rabbits [283-285]. In one of the latter studies, Staruch et al. 

achieved much greater amounts (~17-fold enhancement compared to unheated Vx2) of 

drug delivery in the tumor than Ranjan et al., likely by heating a much greater portion of 

the tumor. This thesis demonstrates development of a mild hyperthermia algorithm that 

is capable of maintaining much larger volumes at mild hyperthermia with a clinical MR-

HIFU system.  

Another development in the evolution of the dose painting concept came with 

encapsulation of an MR contrast agent that, unlike manganese, is not toxic and has been 

widely used in the clinic. Using an MR image-able LTSL formulation loaded with 

Prohance®, de Smet et al. explored in vivo drug release [286] and later the intratumoral 

distribution of drug delivery following MR-HIFU-mediated heating in a rat tumor 

model [287]. These studies, as well as a study by our group [288], showed that release of 

a clinically approved contrast agent (Prohance®) could be imaged with MRI, and that 

change in tissue T1 that results from such release could be used to suggest the spatial 

distribution of delivered drug, similar to the work by Viglianti et al. and Ponce et al. 
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For the context of this thesis, it is of note that the drug and MR contrast agent 

loaded into image-able LTSL likely distribute differently in tissue. Both are 

approximately the same size, but Dox binds to protein in plasma [289] as well as 

negatively-charged lipid membranes such as those on vascular walls [290] and it is taken 

up by cells [291], whereas Prohance® remains extracellular and does not readily bind to 

plasma or ECM components [292]. This is in contrast to the earlier liposomes loaded 

with manganese, which is also known to be taken up by cells and bind to phospholipids 

in tissue similarly to cationic histological dyes [293, 294]. This affinity imbues free 

manganese with significant neuronal, hepatic, and cardiac toxicity [295], and therefore 

clinical translation of the image-able liposome concept would be facilitated by inclusion 

of a contrast agent that is in widespread clinical use. Additionally, Prohance® and other 

gadolinium-based small-molecule MR contrast agents clear slowly from tumor tissue 

[296]. This suggests that, even if they cannot provide a quantitative correlation with 

drug delivery similar to manganese, they may at least provide a qualitative assessment 

of areas where release occurred, in real-time [288] as well as in post-treatment 

assessment [286]. 

Whether future development of dose painting involves image-able liposomes or 

non-image-able formulations, the overall approach to dose painting requires a 

functional combination of a heating technology with a drug delivery system. In addition 

to its real-time control capabilities, MR-HIFU allows for detailed treatment planning that 
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may be able to predict drug delivery before treatment. This thesis strives to further 

develop the drug dose painting paradigm by improving control over such therapy via 

MR-HIFU conformal large-volume mild hyperthermia on a clinical system, and by using 

this approach to trigger drug and contrast agent release from an MR-image-able LTSL 

loaded with an MR contrast agent approved for clinical use [288]. To further explore the 

clinical applicability of drug dose painting, this work focuses on the correlation of MR 

image-able transport parameters commonly used in the clinic with the distribution of 

delivered drug. 

 

1.4 Overview 

1.4.1 Objectives 

Use of chemotherapeutics in treatment of solid tumors suffers from insufficient 

and heterogeneous drug delivery, systemic toxicity and lack of knowledge of delivered 

drug concentration.  The overall objectives of this work were: 1) to address these 

shortcomings through development and characterization of a treatment system capable 

of real-time spatiotemporal control of drug distribution and 2) to investigate the role of 

MR-image-able tissue transport parameters in predicting drug distribution following 

hyperthermia-triggered drug release from nanoparticles. Towards these objectives, a 

combination of potentially synergetic technologies was developed and/or used: 1) 

image-able low temperature-sensitive liposomes (iLTSLs) for drug delivery, 2) 
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quantitative drug delivery and transport parameter imaging with magnetic resonance 

imaging (MRI), and 3) an algorithm capable of large volume heating and control over 

drug release with magnetic resonance-guided high intensity focused ultrasound (MR-

HIFU). 

1.4.2 Central Hypothesis 

The central hypothesis of this work is that the drug distribution in the targeted 

zone following MR-HIFU-mediated HT and iLTSL correlates with spatial distributions 

of MR image-able parameters that describe tissue characteristics related to molecular 

transport. This central hypothesis was evaluated in a piece-wise manner, by testing the 

following hypotheses, using correlation and trend analysis of the measured parameters: 

1. MRI variables related to vascular perfusion and the amount of vasculature are 

significantly correlated with histologic quantification of vasculature. 

2. MRI and histology variables related to vascular perfusion and the amount of 

vasculature correlate with the pattern of drug delivery, as determined by Dox 

fluorescence. 

3. MRI measurements of iLTSL (Dose painting variables in Table 12) correlate with 

the pattern of drug delivery, as determined by Dox fluorescence. 
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1.4.3 Significance and Innovation 

The central theme of this project is improvement of our understanding of tissue 

transport that dictates drug delivery. In addition to evaluating the above hypothesis, this 

work investigates the other aspects of drug dose painting using the combination of MR-

HIFU and iLTSL, and discusses the impact of its practical limitations. A better 

understanding of tissue transport, and especially its image-able parameters, is a step 

towards planning treatments around the limitations of drug delivery as well as 

manipulation of tissue transport to improve treatment of solid tumors. 

In the clinical setting, the combination of technologies we developed can be used 

to deliver a mixture of hyperthermia, drug and ablative treatments. Use of iLTSL 

together with histological and HPLC quantification of drug allowed for imaging 

correlates of drug delivery to be established. The value of this correlation is two-fold: it 

allows pre-treatment measurements to predict drug distribution without the use of 

iLTSL and it may identify areas of the tumor that should be ablated due to insufficient 

drug delivery. Use of iLTSL may serve as a simple substitute for the more time-intensive 

methods of obtaining tissue transport parameters. If this technology is introduced into 

the clinic, such a correlation could become a valuable tool, reducing procedural time and 

patient suffering. 

Taken together, improvements that could result from this project can 

substantially enhance the efficacy of treatments for a variety of cancers, but especially 
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those that are currently considered unfit for surgical resection or ablation because of 

their encasement of structures of vital importance. In addition, the noninvasive nature of 

such treatments may aid in the fight against pediatric malignancies, sparing limbs or 

otherwise alleviating surgery-associated trauma that has long-lasting and tragic 

consequences [297]. Further development of a computational framework based on the 

information gleaned from this research may allow for real-time adjustment of treatment 

based on detailed knowledge of transport parameters, all of which can be acquired in 

the clinical setting prior to treatment. Clinical translation of this research is eased by 

current clinical trials of both MR-HIFU devices and liposomes very similar to iLTSL [7, 

229, 241, 242, 244]. 
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2. Development of MR-HIFU-based approach for large 
volume mild hyperthermia 

2.1 Introduction 

2.1.1 Background 

Mild hyperthermia (40-45 °C) has demonstrated an ability to improve the 

effectiveness of anticancer therapies such as chemotherapy and radiation therapy in pre-

clinical and clinical studies [173, 174, 298]. Thermal ablation, with temperatures typically 

> 50 °C for seconds to minutes, is an effective stand-alone treatment for many solid 

tumors; however, thermal ablation is not always technically feasible, safe, anatomically 

feasible, or clinically warranted. In such cases, a lack of effective local or regional 

therapies provides an opportunity for mild hyperthermia [299].  A mild hyperthermia 

treatment requires thermal exposures below a threshold temperature that may reduce or 

stop tissue perfusion, inhibiting chemotherapy and/or radiation therapy [191]. 

Parameters that are critical to achieving adequate mild hyperthermia treatments include 

temperature accuracy, homogeneity, and stability, as well as spatial accuracy and 

duration of therapy. 

A number of technologies have been used for mild hyperthermia of deep-tissue 

and superficial tumors, including contact heating [199], microwave [197, 198], 

radiofrequency [194-196, 300], and ultrasound [301-306]. A multitude of clinical trials 

have explored the use of hyperthermia in combination cancer therapy: local 
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hyperthermia demonstrated improvement in treatment response over radiotherapy 

alone in melanoma and breast and increased survival for patients with head and neck 

tumors [307-310]. In combination with radiotherapy and chemotherapy, endocavitary 

applicators of mild hyperthermia improved treatment response for glioblastoma, rectal 

and esophageal cancer patients [311-313]. Perfusion hyperthermia has increased survival 

relative to surgery alone for stomach cancer and melanoma [314, 315]. Finally, deep 

regional hyperthermia combined with chemo- and radiotherapy is continuing to show 

benefit in a variety of pelvic cancers as well as adult and pediatric soft tissue sarcoma 

[173, 181]. These results suggest that even greater potential benefits of mild 

hyperthermia may be realized if further technological development allows for better 

therapy control in current applications as well as those not accessible with current 

methods.  

Despite considerable progress, local and regional mild hyperthermia treatments 

face formidable obstacles in the area of therapy control and precision of heating. 

Applicators currently available for local and deep regional mild hyperthermia have 

resulted in reduced efficacy as well as clinical side effects due to lack of spatial control of 

heating. Some examples of these problems include insufficient treatment of larger 

superficial (>3cm) tumors of various types [316] and aseptic necrosis of the femoral head 

in pelvic treatments [317], likely due to excessive heating. Local and regional 

hyperthermia applicators suffer from drawbacks such as invasive probes, spatial 
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imprecision, inaccurate and unstable temperature, inability to achieve target 

temperature, spatially inhomogeneous heating, and/or inability to heat deep tumors. 

Availability of adequate control over therapy has thus limited adoption of mild 

hyperthermia in oncology.  

2.1.2 Mild hyperthermia with MR-HIFU 

The target temperature range of mild hyperthermia is 40-45 °C, requiring tight 

control of temperature throughout a tumor. Such control may be realized with a 

combination of an efficient mild hyperthermia delivery system and robust temperature 

feedback algorithms. Magnetic resonance-guided high-intensity focused ultrasound 

(MR-HIFU) has the ability to deliver thermal treatment based upon high contrast 

anatomical and/or functional imaging, non-invasive deep tissue heating, as well as 

temperature feedback control and treatment monitoring using MR thermometry 

techniques such as proton resonance frequency shift (PRFS) [318]. 
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Figure 13: Options for steering the HIFU focus to heat volumes larger than one focal 
spot: electronic vs. mechanical steering. Heating of a volume can be performed by 
displacing the focus via electronic steering (phase adjustment of transducer elements) or 
by mechanically moving the transducer. Electronic steering beyond ~8 mm deflection 
from the natural focus results in loss of spatial precision of heating, thus limiting the 
volume that can be heated efficiently and conformally with electronic steering alone. 
Mechanical displacement of the transducer is limited by its slow movement and its 
effects on PRFS-based MR thermometry. 

MR-HIFU systems with phased-array ultrasound transducers can heat tissue 

with either electronic or mechanical steering of the HIFU beam (Figure 13) [283, 319, 

320]. Electronic steering involves deflection of the focal point by adjusting the relative 

phases and amplitudes of signals used to drive each of the transducer elements, while 

mechanical steering is achieved through transducer translation and/or rotation. Each 

method of steering has its own limitations: electronic steering is limited to small 

deflections (~8 mm in imaging plane, ~20 mm in beam path direction) and may suffer 

from off-target heating [305, 321, 322], whilst mechanical steering is considerably slower 
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and may interfere with MR thermometry [283]. Perhaps because of these characteristics, 

only small volumes (1-2 cc) have been heated by independent use of either electronic or 

mechanical steering alone [283, 286, 288]. 

 

Figure 14: Delivery of doxorubicin using a combination of low temperature sensitive 
liposomes (LTSLs) and MR-HIFU mild hyperthermia. Doxorubicin concentration was 
much higher in 2 pieces of a tumor than in the rest of the tumor following 30 min of MR-
HIFU mild hyperthermia of a 4-mm diameter focal spot (A) in separate sessions 
(protocol described by Ranjan et al. [259]). The measured temperature map during 
treatment (B) and the bar graph appear to suggest that substantial drug delivery 
occurred only in the vicinity of the heated zone (a spatial correlation was not 
performed). Adapted with permission from Partanen et al. [281]. 

In order to ablate larger volumes of tissue, current MR-HIFU applicators 

sequentially combine piecewise sub-volumes to achieve complete ablation of a 

contiguous volume [323, 324]. However, this sequential heating approach is not 

appropriate for large volume mild hyperthermia, due to the necessity of maintaining the 
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entire target volume within the mild hyperthermia temperature range for a prolonged 

period of time (30-60 min) for maximal effect. This need to heat larger volumes is acutely 

illustrated by the spatially limited distribution of doxorubicin within a rabbit thigh 

tumor after mild hyperthermia was applied to a focal spot only 4 mm in diameter 

(Figure 14). 

 

Figure 15: Effect of heterogeneity in vascularity and perfusion on heating and drug 
delivery. While perfusion is necessary for drug delivery, large vessels can act as a heat 
sink, lowering temperature in their vicinity. This may result in sub-optimal heating in 
highly perfused areas, hampering effect of ablative heating or drug delivery with low 
temperature sensitive liposomes. This effect suggests a need for a heating mechanism 
that is able to adjust to heterogeneity of tissue perfusion, such as one presented in this 
chapter. Large vascular structures may also be critical to patient wellbeing, and in such 
cases where vasculature must be spared, tumors that encase large vessels may be treated 
with non-ablative methods or care must be taken to treat the disease in a conformal 
manner, sparing critical structures. 
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Most current MR-HIFU heating algorithms require a predefined target shape 

(e.g. circle, ellipse, cylinder) and thus are not conformal to a tumor [283, 319, 320]. This 

physical limitation on target volume shape is ill-suited for the clinic, where it is desirable 

to both conform to the tumor and to avoid heating normal tissue, including critical or 

vulnerable structures such as nerves, bowel, or vessels. Furthermore, tissue is 

heterogeneous (in terms of perfusion as well as ultrasound attenuation). Thus, the 

energy required to heat different regions is dependent upon local tissue properties. For 

example, if a large vessel, acting as a heat sink, is present near the tumor, then a heating 

algorithm that does not take into account this underlying heterogeneity (e.g. one that 

heats only based on average temperature across the entire target region) would not heat 

the area close to the large vessel sufficiently to cause liposomal release (Figure 15). 

Basing treatment feedback on average temperature in the target may also result in 

overheating of a poorly-perfused region, as average measured temperature in the target 

would be depressed by the heat sink effect of the large vessel in a different portion of the 

target tissue. This heterogeneous nature of tissue necessitates an adaptive voxel and/or 

region-based feedback algorithm. 

If an MR-HIFU system is capable of both electronic and mechanical steering, the 

above discussion suggests that a combination of these two steering methods may best 

address both the issue of underlying tissue heterogeneity and the need for conformal 

heating. We therefore designed an approach that sub-divided large target volumes, if 
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needed, into sub-volumes that would be heated using electronic steering (Figure 16). 

Mechanical steering of the transducer was used to move between sub-volumes, thus 

allowing for mild hyperthermia over much larger regions than previously documented. 

 

Figure 16: Combining electronic and mechanical focal point steering to heat large 
volumes with MR-HIFU. If a small target volume is selected, electronic steering alone 
can be selected to heat it, generating power and sonication duration using a 
proportional-integral-derivative (PID), proportional (P), binary or another feedback 
controller. If a target is larger than a volume over which the focus could be steered 
electronically, the transducer can be moved mechanically, as needed, to position it in 
such a way that different sub-volumes could be reached from a set of transducer 
locations. 
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2.1.3 Objectives 

Objectives of the work presented in this chapter were: 1) to develop an algorithm 

that uses mechanical and electronic steering of MR-HIFU focus to rapidly attain mild 

hyperthermia (within 10% of the typical 60 min treatment duration) and stably maintain 

it in large, conformal tissue volumes of clinically relevant size (target temperature = 40 – 

45 °C, volumes > 2cc), and 2) to characterize performance of this conformal 

hyperthermia algorithm both in vitro and in vivo.  

2.2 Materials and Methods 

This section describes design, development and characterization of an MR-HIFU 

large volume heating algorithm. To provide a structural backbone for this description, 

the following sub-sections begin with an overview of the MR-HIFU system as well as in 

vitro and in vivo studies. After painting this general picture of the setup, the section 

provides detailed descriptions of the large volume mild hyperthermia algorithm 

implementation, addressing MR imaging and various corrections necessary for accurate 

MR thermometry and precise heating with HIFU. The final sub-section describes the 

data analysis methods used. 

2.2.1 MR-HIFU system 

All experiments were performed using a clinical MR-HIFU treatment system 

(Sonalleve V1, Philips Medical Systems, Vantaa, Finland)  integrated into a clinical 1.5 T 

MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands) as described 
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previously [281]. The RealTI toolkit (kind gift from the laboratory of Dr. Chrit Moonen, 

Image Sciences Institute, University Medical Center Utrecht, The Netherlands) provided 

real-time control over HIFU and access to MR images. A custom, conformal, large 

volume hyperthermia software module was added to Real-TI, allowing full range of 

mechanical movement of the transducer and treatment planning in a single plane 

perpendicular to the HIFU tabletop. 

A custom temperature-controlled animal treatment stage was constructed to 

incorporate a water bath, a heat exchanger (coiled tubing with circulating temperature-

controlled water), and a 100-μm thick Mylar membrane (Figure 17). This stage was filled 

with degassed, deionized water and coupled to the HIFU table top via a Mylar 

membrane. A standard two-element RF receive coil (SENSE-Flex-M, Philips Healthcare, 

Best, The Netherlands) was incorporated into the top portion of this device [325], and a 

custom-made filter was used to remove possible noise due to sonication and motor 

movement during imaging. A separate platform was placed over the animal treatment 

stage and coupled to its silicone-covered surface with ultrasound gel to prevent water 

leakage inside the MRI bore. 
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Figure 17: Animal treatment stage/water bath designed for rabbit MR-HIFU studies. 
The stage (top of the image) was placed over the transducer during treatment. Water 
temperature was controlled via a heating/cooling apparatus that was circulated through 
the heat exchanger tubing coiled inside the water bath. Ultrasound imaging gel was 
applied to the top surface of the water, which, together with silicone coating, aided in 
providing a removable, water-tight seal to the table that was placed over this device. The 
water bath was sealed below with a thin Mylar membrane (semi-transparent circular 
component at the bottom right) that was tensioned as a drum by a set of inset screws 
over an O-ring using a thin circular clamp (bottom-most component on the left). 
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2.2.2 In vitro characterization of conformal large volume MR-HIFU mild 
hyperthermia 

In vitro validation of the hyperthermia algorithm was performed using a tissue 

mimicking phantom (Philips Medical Systems, Vantaa, Finland). The phantom was 

placed on the membrane of the animal treatment stage.  Six volumes that differed in 

their shape (2D aspect ratio = 1–4) and size (2–9 sub-volumes, 1.9–8.8 cm2 cross-sectional 

area) were sonicated for 10 minutes. To approximate the effect of heating from a typical 

core body temperature of 37 °C to the mild hyperthermia temperature of 41 °C, the 

target temperature increase was set at 4°C. After each sonication, the phantom was 

allowed to cool for 25 minutes to ensure a stable baseline temperature prior to each 

sonication. 

2.2.3 In vivo testing of conformal large volume MR-HIFU mild 
hyperthermia 

MR-HIFU mild hyperthermia was tested in thigh muscle and intramuscular Vx2 

tumors on New Zealand White Rabbits (n=8, ~4 kg weight) under an approved IACUC 

protocol, according to National Institutes of Health (NIH) guidelines. The Vx2 tumors 

were grown from ultrasound-guided injection of single cell suspensions obtained from 

donor rabbits, as described in detail by Ranjan et al. [259]. Tumor growth was monitored 

with ultrasound imaging for 2.5 - 4 weeks and experiments were performed when the 

tumor was greater than 2.5 cm in any dimension.  
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In preparation for the MR-HIFU procedure, the animal was sedated with an 

intramuscular injection of a mixture of ketamine HCl (28.6 mg kg-1, Bioniche Teoranta, 

Inverin, Co. Galway, Ireland) and Xylazine (4.8mg kg-1, Lloyd laboratory, Shenandoah, 

Iowa, USA)). Following catheterization of the marginal ear vein (24g catheter), the 

hindlimb was shaved and treated with Nair™ to remove residual hair (Church & 

Dwight Co., NJ, USA). Ultrasound gel was applied to the skin to keep it moist and thus 

prevent formation of air bubbles once the leg is submerged in the treatment water bath. 

The animal was then transferred onto the MR-HIFU tabletop and placed under on 

general anesthesia with isoflurane (1 – 3 %) for the remainder of the experiment. 

Optical temperature probes (diameter = 0.56 mm, Luxtron 3100, LumaSense 

Technologies, Santa Clara, CA, USA) were secured in thigh muscle to measure baseline 

temperature prior to sonications (reference temperature). A rectal optical probe (Reflex, 

Neoptix, Québec City, Québec, Canada) was used to monitor body temperature. Heart 

and ventilation rates during sonications were monitored using Model 1025 T Small 

Animal Monitoring & Gating System (SA Instruments, Inc., Stony Brook, NY, USA). 
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Figure 18: Position of the animal on the treatment stage, above the transducer. Optical 
temperature probes were used to measure the animal’s core body temperature, the 
temperature at the target, as well as in the water bath. 

To ensure reproducible distance to the MR imaging coil and HIFU transducer, a 

3-cm thick gel pad (Aquaflex®, Parker Laboratories, Inc., Fairfield, NJ, USA) was placed 

on the animal treatment stage membrane (Figure 17). A 1:5 dilution of (ultrasound 

imaging gel):(degassed, deionized water) was added to decrease the likelihood of water 

streaming artifacts in MR thermometry due to sonications. The limb used for sonications 

was then placed directly above the HIFU transducer, resting on the gel pad (Figure 18).  

Several sonications were performed in different locations within the muscle and 

intramuscular Vx2 tumors in the hindlimb (2 – 12 sub-volumes, 2D aspect ratio = 1.1 – 

2.7). Each sonication consisted of acquisition of baseline temperature maps (5 min), 
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sonication for at least 10 min with a target temperature increase of 4°C, and a cool down 

period (10-30 min) during which temperature imaging was continued. In addition to the 

low power and low duration test sonications that were used for focal spot corrections, 

up to 6 mild hyperthermia sonications (target T = 4 °C relative to baseline) were 

performed in each animal. One ablative sonication (target T = 20 °C relative to baseline) 

was performed immediately prior to euthanasia in one of the animals. The animal was 

euthanized immediately after the last sonication was completed (or within 8 hours 

following induction of anesthesia) by intravenous injection of Beuthanasia III (dose = 0.2 

mL kg-1, Pentobarbital Sodium 390 mg mL-1 and Phenytoin Sodium 50 mg mL-1, Med-

Pharmax Inc., Pomona, CA, USA).  

2.2.4 Conformal large volume mild hyperthermia with MR-HIFU 

This section begins with an overview of the entire treatment procedure and then 

addresses its various components in greater detail, in separate sub-sections. 

2.2.4.1 Overview of the treatment procedure 

 The conformal large volume hyperthermia algorithm required several 

treatment-planning steps, as displayed in (Figure 19) and addressed below. All 

treatment planning operations were performed using the RealTI toolkit with a custom 

treatment planning modules that allowed for control over heating and choreographed 

mechanical displacement of the transducer. 
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Figure 19: Conformal large volume hyperthermia flowchart. During treatment 
planning, a treatment volume was selected and automatically partitioned into sub-
volumes with a treatment volume partitioning algorithm. At each of the transducer 
locations provided by this algorithm, MR phase images were collected and subsequently 
substituted into the temperature map calculation (multi-baseline temperature imaging). 
Heterogeneity of tissue geometry and composition shifts the location of the HIFU focus 
away from its geometrically predicted location. This was corrected via registration to 
test sonications at each transducer location (transducer spatial offset correction). Multi-
baseline collection was then repeated with a compensation for spatial offsets at each 
location. During treatment, both multi-baseline correction and transducer spatial offset 
correction were used. With each dynamic MR image (1.6 s), a decision tree algorithm 
was used to determine whether to heat the current sub-volume (using proportional 
feedback and electronic focal point steering) or whether to move and where. This 
feedback loop was repeated until the user-defined sonication time had elapsed. 

Treatment volume selection and partitioning. A treatment volume was manually 

selected using the dynamic multi-slice 2D MR imaging sequence. This volume was 

automatically partitioned into sub-volumes (see “Treatment volume partitioning 

algorithm”, section 2.2.4.2). 

Spatial offset correction. Ultrasound waves propagating from each of the 

transducer elements pass through spatially heterogeneous tissue as well as through 
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interfaces between tissue types. This affects location and shape of the focus. This 

displacement of the HIFU focus was corrected using a custom automatic algorithm for 

each transducer location (see “Spatial offset correction”, section 2.2.4.3). 

Multi-baseline imaging. Transducer position impacts the local magnetic field and 

thus affects phase images that are used to calculate temperature. Therefore, baseline 

images were collected at every transducer location, using an automatic algorithm. Once 

collected, these baseline images were later substituted into the temperature calculation 

in real-time [326] (see “Multi-baseline imaging”, section 2.2.4.4).  

Integration of mechanical and electronic steering: the decision tree. An automatic 

algorithm with a ‘decision tree’ architecture was implemented to determine in real time 

whether the current sub-volume has been sufficiently heated, and if so, where the 

transducer should move (see section 2.2.4.5 on “Integration of mechanical and electronic 

steering”). 

Temperature feedback control: prescription of power at the target. Following 

acquisition of each temperature image, power was calculated for each voxel in the 

current sub-volume as described in “Temperature feedback control system” (see section 

2.2.4.6 on “Temperature feedback control”). 

2.2.4.2 Treatment volume partitioning algorithm 

During treatment volume selection and partitioning, a user-defined, hand-drawn 

target volume was automatically divided into sub-volumes by a custom algorithm 
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(pseudo code in Table 2) loosely based on earlier work by Wu and Bourland [327, 328]. 

This algorithm 1) partitioned a treatment volume into sub-volumes and 2) calculated 

locations (called transducer locations herein) of a non-deflected HIFU focus (i.e., natural 

focus) from which all voxels within a given sub-volume could be heated using electronic 

steering.  

Table 2: Treatment volume partitioning algorithm in pseudo code. 

 Calculate Euclidean distance transform (DT) from treatment volume centroid 

 Perform skeletonization of treatment volume. 

 Select voxel with highest DT value within treatment volume (the starting voxel). 

 Extend skeleton linearly to starting voxel. 

 
Place center of electronic steering volume at starting voxel and calculate overlap with 

treatment volume (consider only voxels not assigned to sub-volumes).  

 
Repeat previous calculation by placing center of electronic steering volume at every voxel 

along extended skeleton, which is at a distance to the starting voxel ≤ radius of electronic deflection. 

 

Determine voxel at which treatment volume and electronic steering volume have greatest 

overlap. If multiple voxels are selected, choose voxel furthest from the boundary of the treatment 

volume.  

 Add selected voxel to set of transducer locations.  

 

Label all voxels that can be reached with electronic steering from transducer location under 

consideration. If voxels which have been labeled already are required to be labeled again in this step, 

choose label of transducer location that is nearest to these voxels. Voxels outside treatment volume 

remain unlabeled. 

 Repeat steps 2-9 until all voxels in the treatment volume have been labeled.  

This algorithm uses a medial axis transformation (skeletonization) to find and 

minimize the number of transducer locations, while maximizing their associated sub-

volume size. Size of each sub-volume was limited to the volume that could be 
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adequately heated with electronic steering alone (diameter ≤ 16 mm perpendicular to the 

HIFU beam axis). The pseudo code for the treatment volume partitioning algorithm can 

be found in Table 2. The algorithm was implemented in 2D and used on a coronal slice 

perpendicular to the HIFU beam, but it can be readily extended to 3D if needed. 

2.2.4.3 Spatial offset correction  

Ultrasound waves propagating from each of the transducer elements pass 

through spatially heterogeneous tissue as well as through interfaces between tissue 

types. This affects location and shape of the focus. This displacement of the HIFU focus 

was corrected using a custom automatic algorithm for each transducer location (Figure 

20).  A test sonication was performed at each initial transducer location and the focus 

was detected at the location of the greatest temperature elevation (over several dynamic 

images). A 3D correction factor was calculated for every transducer location, equal to the 

difference between the natural HIFU focus location and the detected location of the test 

sonication focus (P<30 WAC, sonication duration =1-4 s, temperature elevations <4 ˚C 

above baseline). This procedure was completed in <2 min for all volume sizes and was 

manually verified through test sonications at each corrected position in <15 min. 
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Figure 20: Illustration of measurement and application of spatial offset correction at 
each transducer location. Spatially-variable tissue characteristics displace the HIFU 
focus from its predicted location. Because at each transducer location, the ultrasound 
beam passes through different tissue, a transducer location-specific correction must be 
applied. This is accomplished by collecting MR thermometry data while performing test 
sonications in one plane. For each transducer location, a correction factor was calculated 
as the difference between the geometrically predicted and detected image location of 
highest temperature increase. These corrections were then applied to the commands 
issued to drive the transducer for baseline collection and in real time, during heating. 

2.2.4.4 Multi-baseline imaging 

Transducer position impacts the local magnetic field and thus affects phase 

images that are used to calculate temperature. Therefore, baseline images were collected 

at every transducer location, using an automatic algorithm. Once collected, these 

baseline images were later substituted into the temperature calculation in real-time 

[326], thus excluding transducer position-related effects on PRFS from analysis (Figure 

21). 
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Figure 21: Multi-baseline imaging to account for PRFS artifacts due to transducer 
motion and position. Transducer position must be accounted for in MR thermometry 
with PRFS since baseline phase images are different for each transducer location. These 
baseline images were collected prior to sonication and substituted into the PRFS 
calculation of temperature in real time. The graphs shows an example free from 
transducer movement and position-related artifacts, with temperature linearly 
interpolated during transducer movement.  

Transducer motion can also affect PRFS thermometry. Changes in phase images 

that result from such motion were excluded from both analysis of data and from real-

time feedback control by ignoring images collected during movement. In graphs, 

temperature images were linearly interpolated, resulting in smooth curves, as the graph 

in Figure 21 demonstrates. 

2.2.4.5 Integration of mechanical and electronic steering: the decision tree 

An automatic algorithm with a ‘decision tree’ architecture was implemented to 

determine in real time whether the current sub-volume has been sufficiently heated, and 

if so, where the transducer should move (Figure 22). 
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Figure 22: Decision tree algorithm that combines use of electronic and mechanical 
focal point steering during sonication. This algorithm results in heating of the current 
sub-volume if its mean temperature (Tmean) is below the target temperature (Ttarget) minus 
uncertainty of temperature measurements (εT) and if the current sub-volume has the 
lowest Tmean. In other cases, this algorithm directs the transducer to move to the sub-
volume with the lowest Tmean. The practical result is that the coolest sub-volume is 
heated when needed. 

 This algorithm triggered heating of the current sub-volume if: 1) overshoot 

(maximum sub-volume temperature) greater than the error in temperature (εT) had not 

occurred (εT was measured and set at 0.7 °C in vitro and 1.2 °C in vivo) and 2) mean 

temperature (Tmean) of the sub-volume was lower than target temperature. If both of 

these conditions were not satisfied, the decision tree directed the transducer to move to 

the sub-volume with lowest Tmean. If the sub-volume with lowest Tmean was the current 

sub-volume, a decision was made to stay for one feedback cycle duration without 

heating. If the decision was made to heat a different sub-volume, the HIFU transducer 
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was moved to the associated transducer location. No calculations were performed on 

images acquired during transducer movement. This process was repeated for a user-

defined sonication duration of 10-60 min (Figure 23). 

 

Figure 23: Timeline of movement and sonication. The schematic represents an example 
of the timeline of movement and sonication, showing (a) the time points at which 
decisions to heat or move were made, (b) imaging time, (c) delay between commands 
issued by the algorithm, (d) heating using electronic HIFU steering, (e) mechanical 
movement of the transducer and (f) time. 

2.2.4.6 Temperature feedback control: prescription of power at the target 

Each feedback cycle that involved HIFU heating consisted of a series of steps, all 

confined to one MR dynamic time (initiation of image acquisition is step 1 in Figure 24). 

Steps 2 and 3 in Figure 24 were performed in order to issue an appropriate sonication at 

the end of step 4. The sonication (step 5 in Figure 24) was performed by the HIFU 

controller, allowing computing resources to be efficiently used to save data (step 6 in 

Figure 24). 
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Figure 24: Sonication of individual voxels and system delays within one feedback 
cycle: sequence of steps. During one feedback cycle (1.6 s in this chapter), as the next 
image is being acquired (1), temperature maps are calculated based on the most recent 
images (2). Based on calculated temperature, a decision is made to heat, to wait, or to 
move to a different location (3). Once a decision to heat is made, power is calculated, 
voxels are selected according to need, and a sonication command is issued (4). The 
command to the HIFU hardware that includes the deflections, power, and duration of 
each point to be heated. System delays were inserted at the end of sonication to ensure 
that operation could be synchronized to the imaging, despite variable delays needed for 
image reconstruction, decision tree algorithm, power calculation/selection of voxels to be 
heated and network communication (5). The delays used in phantom and muscle 
heating are different from those used in tumor heating (longer delays improved stability 
of the system for long sonications). Voxels are targeted using electronic steering, with 
power and number of sonications per voxel being calculated according methods 
described in section 2.2.4.6. After the sonication command is issued, all real-time 
parameters, including images were saved (6). 

Proportional temperature feedback control was implemented using the 

simplified bioheat equation [329], neglecting diffusion and micro-perfusion: 

( , ) ( , )x t x taP
t

∂
Θ =

∂
 

       Equation 8 
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Above, Θ represents measured temperature minus baseline temperature, α, the 

apparent ultrasound attenuation coefficient (includes effects of absorption and scatter) 

and P, applied acoustic power. Power was prescribed independently for each voxel 

within the target region by setting the time derivative of Θ equal to the desired increase 

in temperature over time (difference between target temperature Ttarget of 41 °C and 

current temperature in a voxel, Tcurrent). The ultrasound attenuation factor was fixed at 

0.04 °C/J both in phantoms and in vivo [330]. Total sonication time within each feedback 

cycle was limited to a value less than the dynamic scanning time (1.6 s in this study), 

referred to as a “feedback cycle duration” for simplicity.  

Within each feedback cycle, voxels to be heated in the current sub-volume were 

sorted in descending order of power. Voxels that were assigned power < 5 WAC were 

excluded. If more voxels required heating than feedback cycle duration allowed, a 

subset of voxels that were assigned highest power was heated. The number of times this 

“filtered” set of voxels could be sonicated in the current feedback cycle was calculated as 

follows: 

𝑵𝑵𝒉𝒉 = (𝒓𝒓𝒆𝒆𝒆𝒆𝒅𝒅𝒇𝒇𝒎𝒎𝒄𝒄𝒌𝒌 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒆𝒆 𝒅𝒅𝒅𝒅𝒓𝒓𝒎𝒎𝒕𝒕𝒊𝒊𝒅𝒅𝒅𝒅)−(𝒓𝒓𝒄𝒄𝒓𝒓𝒕𝒕𝒆𝒆𝒎𝒎 𝒅𝒅𝒆𝒆𝒄𝒄𝒎𝒎𝒄𝒄)
(𝒅𝒅𝒅𝒅𝒎𝒎𝒇𝒇𝒆𝒆𝒓𝒓 𝒅𝒅𝒓𝒓 𝒑𝒑𝒅𝒅𝒎𝒎𝒆𝒆𝒄𝒄𝒓𝒓) ∙ (𝒑𝒑𝒅𝒅𝒎𝒎𝒆𝒆𝒄𝒄 𝒓𝒓𝒅𝒅𝒅𝒅𝒊𝒊𝒄𝒄𝒎𝒎𝒕𝒕𝒊𝒊𝒅𝒅𝒅𝒅 𝒅𝒅𝒅𝒅𝒓𝒓𝒎𝒎𝒕𝒕𝒊𝒊𝒅𝒅𝒅𝒅)

   Equation 9 

Voxel sonication duration was set at 60 ms and system delay was 100 ms for 

phantom and muscle heating. A more conservative system delay of 500 ms was 

necessary to increase reliability of the communication loop over longer durations (longer 

than 10 min), and this longer system delay was used for tumor heating. If voxels were 
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sonicated more than once within a feedback cycle (Nh > 1), acoustic power (PAC) was 

divided by Nh. 

Maximum PAC was limited to 30 WAC in phantoms and muscle, as no tissue 

damage or evidence of acoustic cavitation was observed with such acoustic power in 

other studies with this MR-HIFU system [259, 281]. Adequate heating of larger, deeper, 

and/or more perfused tumor volumes with the conservative 500 ms system delay 

required greater acoustic power (up to 55 WAC). Power calculation was based on the 

latest MR thermometry image acquired after completion of transducer movement to 

eliminate movement-associated error from multi-baseline PRFS thermometry. 

Electronic deflection perpendicular to the beam axis resulted in a loss of intensity 

at the focus and shifted the location of maximal heating towards the transducer (into 

near-field). These effects increase with the magnitude of electronic deflection [321].  
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Figure 25: Correction of HIFU focus location and to compensation for loss of intensity 
at the focus with increasing electronic deflection. As the focus is steered electronically 
by varying phases of transducer elements, the spatial distribution of energy deposition 
depends on the extent of deflection from the natural focus position. These changes are 
more noticeable for greater deflection from the natural focus of the transducer, and they 
include two effects, primarily: 1) greater near-field heating and 2) loss of intensity at the 
deflected focus, relative to the intensity without electronic deflection. Second order 
polynomial fits to values based upon Philips documentation (originally obtained with 
an acoustic hydrophone) were used to provide correction factors as smooth functions of 
deflection in the plane perpendicular to the HIFU beam. These correction factors (shown 
on the y-axes in the above graphs) were applied to the position and power of sonicated 
points. 

To ensure optimal focusing and adequate definition of the heated region border, 

electronic steering was limited to a deflection of 8 mm (16 mm diameter). In order to 

compensate for loss of intensity at the focus due to deflection, PAC was multiplied by a 

factor determined using a second order polynomial fit of intensity at the focus vs. 

electronic focus deflection based on simulations and acoustic hydrophone 

measurements (data for the fit supplied by Philips Healthcare). Increased heating 
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towards the near-field with increasing electronic focus deflection perpendicular to the 

beam path was similarly corrected by electronically steering the focus into the far-field 

(Figure 25). These corrections were performed during step 4 in Figure 24, prior to 

issuing a sonication command to the HIFU controller. 

2.2.5 MR imaging 

An initial planning scan was used to determine the treatment plane parallel to 

the HIFU table top (3D turbo spin echo (TSE) sequence, repetition time (TR)=1600 ms, 

echo time (TE)=30 ms, matrix of 640 × 640, field of view (FOV) of 200 × 200 mm², slice 

thickness of 2 mm, 80 slices, TSE factor=70, SENSE factor=2, bandwidth=585 Hz, coronal 

plane, scan time=5 min 47 s). Subsequent imaging involved real-time transfer of MR 

images from the scanner console to a therapy control workstation, which was used for 

treatment planning, guidance, and temperature monitoring. These real-time tasks were 

performed using a 2D echo planar fast field echo (FFE-EPI) pulse sequence in vitro and 

for muscle heating (coronal stack, TR=33 ms, TE=18 ms, FA=19°, EPI factor=13, slice 

number=3, slice thickness=7 mm, slice gap=0.7 mm, in-plane resolution=1.6x1.6 mm2, 

matrix size=80x80, FOV=12.8 cm2, NEX=2, dynamic scan time = 1.6 s) [331]. For tumor 

heating, the sequence was modified to improve system stability while keeping the same 

temporal resolution and similar SNR (TR=36 ms, TE=20 ms, FA=20°, EPI factor = 11, 

FOV=10.4 cm2, in-plane resolution=1.63x1.63 mm2, matrix size = 64x64). 
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2.2.6 Magnetic drift correction 

2.2.6.1 Overview of magnetic drift correction 

Magnetic field drift was corrected in real time by subtracting the average phase 

drift from a hand-drawn region outside the heated region (<1˚C change during heating 

according to test sonications). These regions needed to have verifiably stable 

temperature during treatment and they were chosen as far as possible from the target 

area to minimize impact of HIFU-induced water streaming on PRFS thermometry (2-4 

image voxels (~3-6mm) away from the leg and the walls of the water bath). Streaming 

refers to the motion of water due to force exerted by propagating US waves. Such rapid 

motion of water results in image artifacts in PRFS since MRI with long echo times (used 

in PRFS) are especially sensitive to motion of the sampled protons. 

2.2.6.2 Limiting possible effects of motion within regions used for drift correction 

Several measures were undertaken to ensure that effects of HIFU-induced water 

streaming on magnetic drift correction are limited. In phantom experiments, no water 

streaming was caused by HIFU since the phantom material rested on the membrane of 

the water bath and thus the HIFU beam passed almost exclusively through phantom 

without mechanically agitating the surrounding water. Muscle and tumor heating 

experiments involved several other techniques that limited effects of streaming: the leg 

was allowed to rest directly on ultrasound-transparent gel pads, pre-diluted ultrasound 
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imaging gel (1:5 by volume gel:deionized water) was added to the water bath, and 

sonications were performed at least 10 mm deep in tissue. 

2.2.6.3 Ensuring stability of temperature in the drift correction region 

Stability of temperature in the magnetic drift correction region was ensured by 

examining a series of test treatments. Such tests revealed that optimal placement of drift 

correction regions was different for phantom, muscle and tumor experiments. 

Heating the phantom (small, no perfusion) resulted in a steady increase in 

temperature in all parts of the phantom within the FOV, throughout the sonication. The 

other piece of information that was considered in placement of drift correction regions 

involved the position and size of the target. Large target sizes and/or lack of cooling via 

perfusion during phantom heating required that the drift correction region be placed in 

the temperature-controlled water bath. 

During test sonications in muscle, temperature measured in distant muscle 

remained within 1 ˚C of baseline according to optical probe measurements over the first 

ten minutes of heating. In muscle heating experiments, position of the rabbit’s leg was 

chosen to maximize muscle volume accessible to the HIFU beam, meaning that the leg 

was submerged to the point that little of the water in the water bath appeared in the 

field of view. This positioning preference and the abovementioned relative stability of 

temperature measurements in remote muscle allowed placement of the magnetic drift 
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correction reference region in remote, unheated thigh muscle only when the heating 

target was muscle. 

In tumor sonications, the heating of much larger target volumes increased the 

animal’s core body temperature as well as the temperature of all tissues in the FOV. 

Thus, tumor heating required that this region be placed in the temperature-controlled 

water bath. 

To summarize, differences in stability of possible reference regions suggested 

that such regions should be placed in the temperature-controlled water bath for 

phantom and tumor heating and in remote muscle in muscle heating experiments. 

 

2.2.7 Data and statistical analysis 

Data analysis was performed using IDL 7.1.2 (Exelis Visual Information 

Solutions, Boulder, Colorado, CA, USA), MatLab 7.14 (The MathWorks Inc., Natick, 

Massachusetts, USA) and GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA). 

Correlation analyses were performed using the Pearson correlation statistic with two-

tailed p-values. Target aspect ratio was calculated in 2D within the imaging plane as the 

ratio of long to short dimensions of a rectangle that fits around the target at any angle. 

Heat-up was defined as the time at which Tmean in the whole target volume first reached 

the target 4 °C above baseline. At this point, most of the target volume was more than 3 

°C above baseline, corresponding to the 40 °C lower limit of mild hyperthermia 
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temperature range [298]. Temperature maps were analyzed for temperature accuracy 

(mean) and spatial homogeneity of heating (standard deviation [SD]), 10th percentile 

(T10) and 90th percentile (T90) of the temperature distribution in the treatment volume, as 

well as for maximum and minimum temperature following heat-up. Overall maximum 

overshoot was defined as the highest temperature reached by any voxel in the treatment 

region during heating and overall mean overshoot was defined as the average of 

overshoot values following heat-up. All these properties were calculated from the end of 

heat-up until end of sonication. All comparisons were performed over a ten-minute 

sonication duration, which provided sufficient data for analysis of both heat-up and 

steady-state heating. 

Energy requirements of the system were estimated by calculating acoustic 

energy (EAC) in each voxel within the target, separately for each feedback cycle where 

heating was performed, using quantities defined above (see discussion of equation 9 in 

section 2.2.4.6): 

𝐸𝐸𝐴𝐴𝐴𝐴 = 𝑃𝑃𝐴𝐴𝐴𝐴 ∙  𝑁𝑁ℎ ∙ (𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠)   Equation 10 

Cumulative EAC was calculated as the area under the EAC-time curve separately 

for the heat-up (Etot_HT↑) and maintenance (Etot_ss) sonication portions. Efficiency was also 

calculated separately for these periods (EFFHT↑ and EFFss) as the ratio of target volume 

(in 1 imaging plane) to EAC: 

EFF =  𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/𝐸𝐸𝐴𝐴𝐴𝐴       Equation 11 
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Thermal dose (Tdose, measured in cumulative equivalent minutes at 43 °C 

[CEM43]) was calculated as previously described [332]. Because heat-up and 

maintenance lengths were variable, some quantities, such as steady-state values of 

parameters that depend on time, needed to be standardized to allow for comparison: 

Tdose and EAC, and EFF were thus reported for a 60-min equivalent heating (subscript "60 

min"). 

Spatial accuracy and conformability were characterized in the neighborhood of 

the target volume immediately upon reaching target temperature by average spatial 

offset (OFFAVG) and by percent target area mismatch (%TA). These measures of accuracy 

and conformability were calculated for the area within 5 voxels (~1 cm) of the target 

with SNR≥ 0.25*SNRTarget volume. Providing a distance by which the target area was missed, 

OFFAVG refers to the average distance from the periphery of voxels that differ from the 

prescribed treatment temperature: those that have TAVG > 40 °C outside the target and 

those that have TAVG < 40 °C inside the target: 

𝑂𝑂𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴𝐴𝐴 =  𝑠𝑠𝑣𝑣𝑎𝑎�
𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠�𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑎𝑎𝑣𝑣𝑠𝑠� ∙ �~𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑎𝑎𝑣𝑣𝑠𝑠� ∙ [𝑇𝑇𝐴𝐴𝑉𝑉𝐴𝐴 > 40℃]

∪
 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠�~𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑎𝑎𝑣𝑣𝑠𝑠� ∙ �𝐴𝐴𝑠𝑠𝑠𝑠𝑑𝑑𝑎𝑎𝑣𝑣𝑠𝑠� ∙ [𝑇𝑇𝐴𝐴𝑉𝑉𝐴𝐴 < 40℃]

�        Equation 12 

 Since OFFAVG does not provide information on the relative size of the 

mismatch between prescribed and measured temperature distributions, %TA provides a 

way to relate the spatial accuracy of treatment to the target area: 

%TA = 100 ∙
(𝑀𝑀𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑣𝑣) + (𝑀𝑀𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑣𝑣)

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
= 
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= 100 ∙ �𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡∩[𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴<40℃]�+�~𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡∩[𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴>40℃]�
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

        Equation 13 

Above, avg() represents averaging across all elements, dist() represents a 

Euclidean distance transform, and Atarget refers to target cross-sectional area, in the plane 

of the imaging slices. All temperature analyses were based only on images that were 

acquired when the transducer was stationary, except for calculation of thermal dose, 

where temperature maps were linearly interpolated during movement to improve 

accuracy of the integration procedure involved in calculating thermal dose. SD was used 

as a measure of uncertainty/distribution when average values were presented. 

2.3 Results 

2.3.1 Treatment volume partitioning algorithm 

In order to conformally heat large volumes with electronic and mechanical 

steering, a treatment volume was partitioned into sub-volumes, and transducer locations 

corresponding to each sub-volume were calculated. The algorithm successfully 

partitioned all planned treatment volumes into sub-volumes (Figure 26), independent of 

treatment volume geometry. Every sub-volume was associated with one transducer 

location (indicated by a single point inside each sub-volume in Figure 26). The 

partitioning algorithm completed its task in <0.1 s on a standard PC workstation for any 

realistic user-selected planned treatment volume (≤32 sub-volumes). 
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Figure 26: Evolution of temperature during large volume mild hyperthermia in vitro. 
A) Mean temperature in each sub-volume are shown next to color-coded temperature 
maps and partitioned target volumes overlaid on a magnitude MR image (time point 
shown: when Tmean first reached 41 °C). Sub-volumes and transducer locations from 
which electronic steering was used to heat each sub-volume are represented by green 
dots in the overlays. B) Temperature statistics over the entire target volume are shown 
for the three largest target volumes (shown on the right in A). The graphs show T90, T10, 
mean, minimum, and maximum temperature for a variety of volumes in a phantom 
during conformal, large volume mild hyperthermia with MR-HIFU. The grey dashed 
lines on the time and temperature axes show the beginning of sonication (1 min) and the 
target temperature (41 °C). 
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2.3.2 Temperature accuracy 

The algorithm precisely controlled thermal dose, keeping it below a maximum of 

0.4 CEM43 during heat-up and resulting in an average thermal dose of just 0.58±0.06 

CEM43 for the steady-state heating portion of the temperature-time curve, for all 

treatments (in vitro and in vivo). A thermal dose of 2.6 CEM43 was the maximum 

achieved in any one voxel during the 10 minute heating, and the thermal dose that 

would be achieved if steady-state maintenance of mild hyperthermia was continued for 

60 minutes was 6±2 CEM43 (Table 3, Tdose_60min). This 60-min equivalent thermal dose is 

similar to a thermal dose of 3.75 CEM43 calculated using previously published methods 

[332] for completely homogeneous 60-min heating at 41 °C and is well below thermal 

doses that result in permanent thermal damage to tissues [189, 190].  

 

Table 3: Energy requirements, performance and spatial precision of large volume 
heating with MR-HIFU. Total amount of energy, over the entire target volume, is 
shown for the heat-up period (Etot_HT↑). Average energy efficiency (EFFavg60min) and 
thermal dose (Tdose_60min) were standardized to a 60 min interval for consistency. Spatial 
heating performance is shown in terms of the portion of target area heated above 40°C 
(denoted “%HT”), as well as measurements of the margin, which include the average 
distance to target area from heated voxels (≥40°C) outside the target area (OFFavg, 
average over 30s following heat-up) and the margin area expressed as a percentage of 
the target area (%TA). Percentage of time spent on transducer movement (tmov%) during 
heat-up and maintenance is shown in the last column.  

99 

 



 

 

In vitro, six volumes of different shapes and sizes (2 – 9 sub-volumes, AR2D=1.9 – 

8.8 cm2) were heated (Figure 26). All sub-volumes reached the target temperature within 

minutes (Figure 26, Table 4), and heat-up time was positively correlated with target 

volume size (Pearson r=0.7896, p=0.0347; Figure 27).  During the heat-up period, mean 

temperature in the sub-volumes fluctuated as the decision tree algorithm (Figure 22) 

directed transducer movement between sub-volumes. The system achieved adequate 

control over temperature (Table 4: overall Tmax = 1.1 °C above Ttarget), with similarly tight 

temperature control in all treatment volumes (Figure 26, Table 4). Homogeneity of the 

temperature distribution (Figure 26B) was characterized by T10-T90 range = 1.1 – 1.2 °C 

and SD ranging 0.4 - 0.5 (Table 4). Accuracy of feedback control of temperature was 
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quantified as the absolute value of (Tmean –Ttarget), which fell within 0.3 °C of the target 

temperature for all time points. 

 

Figure 27: Correlation of heat-up time vs. cross-sectional area. Significant correlation 
between target cross-sectional area and heat-up time was noted for all sonications 
(Pearson r=0.6144, p=0.0039) and for those in muscle (Pearson r=0.7896, p=0.0347) but not 
for those in tumor (Pearson r=0.2903, p=0.5276). The linear fit to all data is shown to 
demonstrate that generally, targets with larger cross-sectional areas required more time 
to reach target temperature. 

In vivo, sonications were performed in 14 subjects. Three procedures performed 

in muscle had the same size and shape. The remainder were variable. (2 – 12 sub-

volumes, AR2D=1.1–2.7, cross-sectional area = 0.9 – 8.4 cm2). Seven sonications were 

performed in muscle (Examples in Figure 28) and seven were performed in Vx2 tumors 

(Examples in Figures 29, 32, 33). 
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Figure 28: Mild hyperthermia with large volume heating algorithm: performance in 
rabbit thigh muscle. Four different treatment volumes were selected (Sonications # 8, 
10, 11 and 12) inside the thigh muscle of a live rabbit. A) Target volume (green) and 
temperature (color bar) overlaid on the magnitude image (time point shown: when Tmean 
first reached 40 °C) and evolution of temperature in the target volume during the 10-min 
heating. B) Thermal dose in the target and surrounding tissue. 

Muscle was heated using the same acoustic power of 30 WAC that was used in 

vitro, and showed the same correlation of larger target regions requiring longer heat-up 
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times (Pearson r=0.7896, p=0.0347; Figure 27, Table 4). Tumor heat-up times did not 

correlate with target volume size. It appears that both in muscle and in tumor, some 

volumes required longer heat-up times than a linear correlation between target area and 

heat-up time would allow. This could be due to a variety of factors, such as insufficient 

offset correction that can result in inaccurate targeting of some of the sub-volumes (not 

necessarily detectable with OFFAVG and %TA metrics if this occurs well inside the target 

region) as well as variability of perfusion. 

 
Figure 29: Characterization of long duration, large volume heating of a large Vx2 
tumor. A) Temperature distribution following heat-up, thermal dose and energy during 
heat-up and maintenance of steady-state heating for a large volume (8.4 cm2 cross-
sectional area, first 10 min analyzed as Heating #20 in Table 3 and Table 4) heated for 60 
min to mild hyperthermia. Note the peripheral distribution of deposited cumulative 
energy relative to the target boundary. B) Evolution of temperature within the target 
volume during the long heating. 

In muscle as well as in tumor, mean target region temperature from heat-up to 

the end of sonication was within 0.2 °C of the target temperature, with homogeneity of 
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heating in the target region characterized in terms of the range of T10-T90 = 1.5  –  2.2 °C, 

and SD of the temperature distribution, which ranged 0.4 – 0.9 °C (Table 4). All in vivo 

treatments demonstrated a maximum detected temperature 1.9 °C above target and a 

mean overshoot of 1.4 to 1.7 °C during steady state heating following heat-up (Table 4, 

Tmax/Tmin and overall Tmax columns). 

2.3.3 Spatial accuracy and conformability 

For all sonications, the system maintained a minimum of 84% and an average of 

94±4% of the target above 40°C. In vitro, 96–99% of the area was above 40 °C following 

heat-up (Table 3, %HT). Temperature maps immediately following heat-up (Figure 4) 

and the extent of the margin (Table 3, Margin) demonstrate that the heated area was 

mostly confined to the target and thus spatially accurate in vitro. 

In vivo, spatial precision was on the whole lower. In two muscle sonications, 10-

27% of the target was heated ≥40 °C outside the target volume. In these cases, the margin 

extended an average of 2.2 - 3.7 mm outside of the target (Table 3, Sonications 11 and 13, 

Margin column). In these cases, the targets were close to bone, which likely absorbed 

some of the HIFU energy in the far field, after the HIFU beam passed through the target. 

This off-target heating at the bone surface, combined with the greater absorbance of 

ultrasound by bone likely caused this effect. All other heated volumes displayed much 

better spatial conformity of heating, resulting in average margin area only 3±6% of target 

area across all sonications (OFFavg = 1.9±1.5 mm from the target). No significant 
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correlation was found between measurements of spatial accuracy and target size 

(Pearson, p>0.6). 

Analysis of the entire temperature history of sonication shows that in vivo, once 

a relatively homogeneous temperature distribution is established, the spatiotemporal 

distribution of temperatures within and outside target remains nearly constant 

throughout the treatment (Figure 32). The same analysis also shows that the heating 

remains mostly confined to the target area, with voxels that are greater than 2 mm from 

target remaining below mild hyperthermia (<40 °C) for the entire duration of a typical 

mild hyperthermia treatment (Figure 32B). The example shown in Figure 32 represents 

the largest volume maintained at mild hyperthermia among those presented. It is also an 

example that demonstrates the possibility of extending treatment duration to the range 

typically used for mild hyperthermia treatments. Despite its size, it was adequately 

maintained at mild hyperthermia for the entire duration of treatment. The histogram in 

Figure 32B shows, however, that for such large targets, a significant proportion of 

targeted voxels (35%) are found at the edge of the target and are therefore exposed to 

slightly lower temperature (within 1 °C of Ttarget in this case). 
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Table 4: Characterization of large volume heating in vitro and in vivo. Target size is 
shown as a number of sub-volumes as well as its area in the imaging plane at the HIFU 
focus, perpendicular to the HIFU beam. In the same imaging plane, the target aspect 
ratio represents the ratio of long:short sides of a rectangle that optimally conforms to the 
target. Heat-up time was defined as a period from beginning of heating to a time of 
steady state heating onset (when Tavg ≥ 41 °C). Other metrics that describe heating 
accuracy and homogeneity include: time-averaged 10th and 90th percentiles of the 
temperature distribution (T10 and T90), the difference between them, as well as overall 
and time-averaged maximum and minimum temperatures (Tmax and Tmin) within the 
target. All of these parameters were calculated for the entire treatment volume for the 
time period from heat-up to the end of the treatment. The centers of the sonicated 
volumes were 1-2cm from the skin in vivo, though leg and tumor curvature resulted in 
spatially variable sonication depth overall. 
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2.3.4 Energy demands and algorithm performance 

2.3.4.1 Energy and Efficiency 

Over the entire target area, energy required for heat-up (Table 3, Etot_HT↑ column) 

increased with larger target sizes in vitro (Pearson r=0.9927, p<0.0001) as well as in vivo 

(Pearson r=0.7390, p<0.0025). However, per unit target volume, energy requirements 

decrease for steady-state heating, resulting in greater heating efficiency for larger targets 

(Figure 31, Table 3: EFFavg_60min). Average energy used to maintain the target at steady-

state mild hyperthermia (not shown) decreased with increasing target size, resulting in a 

weak but significant correlation between EFFtot_60min and target volume across all 

sonications (Spearman r=0.4595, p=0.0415). 

 

Figure 30: Energy use throughout the sonication for heating #14. Instantaneous energy 
(green) represents average acoustic energy delivered by the system to the target when 
instructed by the algorithm. It is calculated for one feedback cycle and averaged across 
all voxels in the target area. Cumulative energy represents a cumulative sum across all 
feedback cycles. Cumulative energy is shown along with its standard deviation. 
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During heat-up, greater amount of energy was applied and thus cumulative 

energy increased at the greatest rate. During maintenance of steady state, instantaneous 

energy use decreased, resulting in a slower, nearly linear rise in cumulative energy 

(Figure 30) with a slope equal to the average, over target volume voxels, of PAC used. 

The standard deviation of EFF ranged from 0.7 to 10.7 times its average value, 

while total steady-state EFF (EFFtot_60_min) closely tracked the average value (<6% 

difference across all sonications), implying that a small percentage of the target drew a 

disproportionately large amount of energy. 

 

Figure 31: Heating efficiency is positively correlated with target cross-sectional area. 
This correlation holds for all treatments, in vivo and in vitro (Pearson r=0.9187, 
p<0.0001), as well as for phantom (Pearson r=0.9754, p<0.0009), muscle (Pearson 
r=0.8810, p<0.0088), and tumor treatments individually (Pearson r=0.7870, p<0.0357). The 
linear fit to all treatments shows the trend of these correlations (slope = 23±2, y-intercept 
= 21±11, R2=0.8441). 

Examination of energy spatial distributions with relation to the target boundary 

clearly shows that most of the energy is deposited along the periphery of the target 
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volume (Figure 32A). Despite this spatial bias, the heating appeared homogeneous 

within the target, with slightly lower temperatures at the periphery (Figure 32B). 

Outside the target, temperature remained <40 °C over the course of the 60-min long 

treatment (Figure 32B), showing that maintenance of clinically-relevant duration of mild 

hyperthermia is possible in a conformal fashion with this system. 

 
Figure 32: Spatiotemporal analysis of energy and temperature. The two maps represent 
the evolution of cumulative energy, per voxel (A) and temperature (B) throughout a 60-
min sonication, relative to distance to the periphery of the target volume. As the 
overlays of target area and arrows in (A) indicate, the upper portions of the maps 
(distance decreasing away from the center line at target edge) show that more energy is 
needed near and at the periphery than well inside this large heated volume. The 
temperature distribution within the target appears homogeneous following heat-up (B) 
and heating is limited outside the target (8.4cm2 cross-sectional area, Heating #20 in 
Table 3 and Table 4). A histogram overlay in B shows the relative proportion of voxels in 
the target relative to the distance from the target periphery, indicating that more than 
75% of the target cross-sectional area is found within 5 mm of the target periphery. 
Voxels within 2 mm of the periphery (~30% of cross-sectional area) receive the bulk of 
HIFU energy during sonication according to (A).  
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2.3.4.2 Effect of mechanical constraints on performance 

Percentage of total treatment time spent on transducer movement was 48-60%, 

for all treatment volumes (Table 3). The amount of time spent on movement was greater 

for the maintenance portion of the treatment than during heat-up (Table 3). The slow 

rate of mechanical displacement of the transducer allowed for cooling of sub-volumes 

during heat-up, an effect that is especially noticeable for larger volumes (Figure 26A). 

Additionally, system communication delays limited the number of locations that could 

be heated in one dynamic sonication to less than 20 in order to allow for greater 

algorithm stability (used for tumor heating). This limitation likely contributed to the 

need for greater acoustic power in tumor heating, though some of the tumor targets 

were considerably larger than any of the volumes heated in muscle, requiring greater 

overall energy deposition (Table 3). 

To enable long treatments involving transducer movement, future iterations of 

this treatment platform could benefit from addition of cooling to the compartment that 

houses the ultrasonic motors responsible for transducer movement. Large volume 

treatments longer than 10 minutes were found to overheat the motors due to nearly 

continuous movement of the transducer. Therefore, during experiments that require 

long sonications, room temperature air was blown across the motors via a hose that was 

snaked into the MR-HIFU tabletop.  
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2.3.4.3 Performance of the drift correction approach 

Short sonications of relatively small volumes in muscle (Table 4 and Table 3, 

sonications 7 – 13, Figure 28) did not substantially raise the animal’s body temperature 

(<0.7 °C change), suggesting that magnetic field drift correction using a region of interest 

in unheated muscle was reasonably accurate and could be adjusted in real time if 

reference tissue temperature changes. However, larger volume sonications in tumors, as 

well as a 60-min sonication (Figures 29&32; first 10 min of heating analyzed in sonication 

#20 in Table 4 and Table 3) resulted in a 2 °C rise in body temperature and a ~3 °C 

change in unheated muscle, according to optical temperature probes. 

 

Figure 33: Reproducibility of heating of a Vx2 thigh tumor. The algorithm performs 
reproducibly, with three consecutive heating sessions of one target area (A) producing 
nearly identical temperature profiles throughout the sonication and cool-down (B). The 
areas heated remained perfused following application of acoustic power up to 55WAC. 

Possibility of such changes impacting drift correction was mitigated by placing 

the reference region in a temperature-controlled water bath (≤0.1 °C temperature change 

observed with the 60-min sonication in water bath), as was done for all tumor 
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treatments reported herein. As a result of this correction, the temperature returned to 

baseline in a repeatable manner following heating (Figure 33). 

 

2.3.5 System characteristics in the context of clinical requirements for 
conformal large volume mild hyperthermia 

Design of the conformal large volume hyperthermia algorithm was guided by a 

set of properties and limitations imposed by the MR-HIFU system ( 

Table 5). The first of these limitations is that HIFU transducer position affects MR 

phase images, interfering with MR thermometry [333]. Effects of motion on imaging 

have been addressed by multiple groups with multi-baseline [333], referenceless [334], 

and hybrid [335] thermometry techniques.  Typically, these techniques are applied due 

to patient/target region motion, but in our case, the influence of transducer motion 

needed to be corrected. A library of MR phase images was acquired at each transducer 

position (associated with each sub-volume). During treatment, phase images acquired at 

the current location were used as a baseline images in MR thermometry. For simplicity, 

images acquired during transducer movement were not included in the feedback 

algorithm’s calculation due to the lack of an appropriate baseline image.  

A second major system limitation was the speed of mechanical steering. 

Transducer movement speed on our system was estimated at 3 mm/s on average (exact 

value depends on distance, command processing delays, etc.), implying that more than 
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one feedback cycle may be required to move across a large treatment volume (feedback 

cycle=1.6 s, movement across 2 cm=6.2 feedback cycles).  

Table 5: Treatment system characteristics and design features necessary for large 
volume heating. Treatment system characteristics and limitations (left) were addressed 
though a number of modifications to the algorithm (right). 

Characteristics/limitatio
ns 

Algorithm design features necessary for large volume heating 

Interference of transducer 
movement with MR thermometry 

• Baseline images acquired at each transducer location during treatment 
planning and their subsequent real-time substitution during treatment. 

• Feedback control based only on images acquired when transducer was 
stationary. 

Slow rate of mechanical steering • Initiation of transducer movement only when necessary. 
Maximization of heating rate • Use of proportional feedback in combination with a ‘decision tree’ algorithm 

architecture. 
Choice of heating/moving • Use of ‘decision tree’ algorithm architecture. 

Phantom and animal positioning • Use of a dedicated water bath designed for small animal studies. 
• Treatment volume positioned deep in the phantom or tissue. 
• Treatment volume positioned as far away from bone as possible in in vivo 

experiment. 
Loss of power at the focus and 
off-target heating due to 
electronic deflection of the HIFU 
beam 

• In-plane deflection from natural focus position limited to 8 mm. 
• Adjustment for both deflection and power per voxel by using a second-order 

polynomial multiplier depending on the electronic deflection from the 
natural focus. 

Heterogeneity of tissue • Using different transducer spatial offsets for every transducer location, power 
assigned per voxel. 

One-way communication between 
HIFU control electronics and 
treatment planning console 

• Use of extra delay time (100 ms) between movement and sonication. 

 

The optimum implementation would include fast transducer movement, short 

dynamic imaging times, and two-way communication between the therapy control 

workstation and HIFU controller electronics. In the current implementation, larger 

target volumes required that a greater fraction of overall treatment time be spent on 

transducer movement (from 48% of the total treatment time for smaller volumes to 60% 

for larger volumes in vivo) and communication was only one-way (therapy control 
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workstation to HIFU controller). Real-time information about transducer movement 

status was not available for automatic control. This lack of information about transducer 

movement status necessitated an extra delay between movement and sonication to 

ensure that each movement is completed before further commands are issued.  

Clinical application of mild hyperthermia would optimally require fast heat-up 

(<10% of a typical 60 min mild hyperthermia treatment) in order to minimize treatment 

duration and thus increase patient comfort. In this context, large volume heating 

requires fast but safe heating of any one sub-volume. The ‘decision tree’ algorithm 

architecture reduced the risk of overheating by triggering movement or disabling 

heating when appropriate. This added layer of control over heating (e.g. reliance on 

‘decisions’) made the choice between various feedback controllers less critical with fast 

feedback (temporal resolution = 1.6 s in our case). Binary, proportional, as well as 

variations of proportional-integral-derivative (PID) [330] feedback controllers have been 

implemented, but proportional feedback was chosen due to its relative simplicity 

(compared to binary and PID) and because it consistently provided maximum heating 

rate and limited temperature fluctuations without the need for user involvement during 

treatment, except for monitoring. The system achieved mild hyperthermia in all target 

volumes in under 4 min, which is short compared to typical durations of mild 

hyperthermia treatments (30-60 min) and similar to heat-up time achieved with multi-

element microwave applicators used to heat similarly large volumes [336]. 

114 

 



 

Previous studies used pre-defined sonication trajectories, which produced 

homogeneous temperature distributions (SD ~1°C) in volumes up to 16 mm in diameter. 

Larger target diameters required more heating of the inner sub-trajectories, and 

simulations suggest that perfusion and diffusion also require that sonication energy be 

directed throughout the volume for targets larger than 12 mm in diameter [281]. 

However, the volumes previously maintained at mild hyperthermia are roughly equal 

to or smaller than one sub-volume within the volumes targeted and maintained at mild 

hyperthermia in this chapter (up to 12 sub-volumes). Despite this difference in target 

size, the spatial and temperature accuracy of heating are similar with our algorithm to 

an earlier implementation of a mild hyperthermia algorithm [281]. Furthermore, use of 

pre-defined circular sub-trajectories in the algorithms discussed above could be 

adversely affected by a spatial distribution of perfusion that intensely cools one side of 

the target. In this case, feedback control algorithms that aim to maintain average sub-

trajectory temperature could cause overheating on the side of the target that is not 

subjected to the same cooling by perfusion. 

Compared to recent reports where pre-defined trajectories were used for 

feedback [281, 337, 338], voxel-based feedback has several likely advantages. Reliance on 

voxel-based MR-thermometry feedback and heating allows the large volume mild 

hyperthermia algorithm to adjust for heterogeneity of tissue and especially tumor 

perfusion, provided that the algorithm is permitted to use sufficient maximum PAC to 
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heat well-perfused regions. The range of T10-T90 and maximum and minimum 

temperatures in the target region demonstrate homogeneous heating within the target 

temperature range for mild hyperthermia. Taken together, the algorithm’s 

characteristics should produce desired therapeutic benefits while limiting the possibility 

of vascular shutdown and unwanted tissue damage due to overheating that could 

adversely impact efficacy of adjuvant drug delivery and radiotherapy. 

 

Figure 34: Examples of large volume heating applications. A) Temperature during 
simultaneous mild hyperthermic heating of two large volumes. B) Temperature 
distribution in a conformal heating of an irregularly-shaped large volume. C) Use of the 
large volume heating algorithm to ablate a portion of the tumor (Tdose > 240 CEM43, 
indicated by white, was consistently found to be lethal in all examined tissues [189, 190]. 

 

The conformal heating and the approach presented here more generally have a 

host of other uses with potential clinical utility. For example, it is a common occurrence 

in clinical oncology that several metastases are detected in proximity, or heating must be 

performed to avoid damage to vulnerable structures such as nerves and blood vessels. 

Such difficult cases could require simultaneous heating of more than one lesion, large 
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volume heating of a highly irregular shape, or ablation of a part of the target volume. 

Figure 34 demonstrates feasibility of these various treatment scenarios with our 

algorithm. 

Several other considerations dealt with conformability of heating and 

heterogeneity of tissue. The use of electronic steering to conformally heat each sub-

volume in combination with voxel-based feedback control allowed for a heating 

approach that accounted for tissue heterogeneity. A limit on electronic deflection was 

used to improve conformal heating, resulting in area mismatches ≤12.2% in phantom 

and ≤14.6% in vivo. Additionally, spatial heterogeneity and geometry of tissue resulted 

in deflections of the focus that varied among sub-volumes (in vivo range = 1-10 mm) and 

were found before treatment by referencing the locations of test sonications. This 

method adequately corrected for tissue geometry and heterogeneity, achieved target 

heating and limited off-target or excessive heating.  

2.4 Future directions 

The current algorithm allowed for conformal heating of large volumes, but its 

performance could be further improved and several of its aspects should be studied in 

greater depth.  

2.4.1 Improvements of spatial control of heating 

Due to the complexity of target geometry in clinical scenarios, the algorithm will 

need to be translated into 3D to enable more detailed treatment planning and spatial 
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control. In the current implementation, the treatment was planned in a single plane 

perpendicular to the HIFU beam. However, the volume partitioning algorithm is readily 

translatable to 3D with both isotropic and anisotropic voxels [339]. The partitioning 

algorithm is fast enough for pre-treatment as well as real-time volume partitioning (<0.1 

s for ≤32 sub-volumes), allowing for adaptable sub-volume shapes and sizes. 

Real-time adaptability of sub-volume shapes and sizes may increase heating 

precision and efficiency. This could involve algorithms that better shape the heated 

volume by adjusting the target shape or sonication power using measurements of off-

target heating, in addition to the currently implemented measurements inside the target. 

Furthermore, such an improvement could be used to minimize mechanical steering of 

the transducer by continuously recalculating optimal transducer positions to target the 

volume (and using spatial interpolation to correct multi-baseline thermometry and 

HIFU focus offsets), as discussed in the next section. With sufficiently high SNR, 3D MRI 

sequences could be used, alleviating the artifacts that arise from inadequate slice 

selection profiles observed with 2D sequences [340] and allowing for more spatially 

precise imaging in the slice direction. 

2.4.2 Improved handling of transducer movement 

While all of the target volumes tested herein were heated sufficiently, larger or 

more perfused target volumes may require faster transducer movement or use of 

heating during movement. Cumulative energy deposited is consistently greater in the 
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periphery of the target volume (Figures 29 & 32), likely due to heat loss to surrounding 

tissue. This geometrical preference could be exploited by adjusting the sub-volume 

number and shape in real time. In addition to the benefits discussed in section 2.4.1, such 

real-time “repartitioning” may decrease the amount of transducer movement required, 

potentially allowing larger volumes to be heated, reducing wear and tear and/or 

improving temperature stability. 

Whereas the current approach moved the transducer to the coolest sub-volume, a 

smarter algorithm, such as a learning feed forward algorithm, could balance the 

measured or predicted rate of cooling against rate and distance of movement. 

Implementation of two-way communication between the treatment console and the 

HIFU controller electronics could optimize efficiency and timing of sonication and 

movement. Ability to heat during transducer movement may also enhance the 

performance of the system, enabling faster heat-up and the heating of even larger 

volumes. 

2.4.3 Accounting for target or intervening tissue motion 

This algorithm does not address any of the challenges posed by patient or organ 

motion. Some motion may be present at many of the potential clinical applications for 

this technology, such as liver, pancreas and kidney. Therefore, this algorithm should in 

the future be tested in combination with techniques that are able to account for such 

motion [326]. Also with long mild hyperthermia treatment times (compared to ablation), 

119 

 



 

the probability of patient movement during the treatment increases, necessitating 

instantaneous correction for such motion during treatment. Such instantaneous 

correction may be possible with a variation on the hybrid referenceless/multi-baseline 

MR thermometry technique [335], or perhaps with an absolute MR thermometry method 

[341], if further development sufficiently increases the speed of such methods. 

2.4.4 Determination of a safe HIFU focal intensity/acoustic power for 
mild hyperthermia 

The effectiveness of mild hyperthermia as an adjuvant for chemotherapy and 

radiotherapy may be negatively affected by vascular shutdown. This could be caused by 

overheating as well as by HIFU mechanical bioeffects, such as radiation force, streaming 

and cavitation [342]. Vascular shutdown due to overheating could be avoided by 

heating below a temperature threshold where it occurs (<43 ˚C in several tissues/species 

[191]). Recent work demonstrates that multi-foci heating may be useful to avoid 

unwanted mechanical bioeffects by reducing intensity at the focus while still providing 

sufficient heating [282]. The algorithm presented here limited temperature overshoot 

(Table 4), and at the depth of 2 cm in tissue, use of acoustic power of 55 WAC did not 

appear to alter perfusion (Figure 33) whereas 30WAC was not sufficient to adequately 

heat the largest and better-perfused volumes, especially given the longer delays used 

during sonication of tumors in this chapter. Identifying thresholds for HIFU intensity at 
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the focus could improve overall mild hyperthermia treatment safety, efficacy and 

performance.  

 

Figure 35: Adapting the large volume MR-HIFU heating algorithm for ablation. 
Temperature profiles of 8 sub-volumes of a target area within a VX2 tumor during an 
ablation.  

2.4.5 Adaptation of similar algorithms for ablation 

Currently, ablation of large volumes with MR suffers from excessively long 

treatment times. In large part, this issue arises from the need to allow for cooling 

between sequential ablations of very small volumes [323]. The cooling periods limit off-

target (especially near-field) heating. However, waiting for a return to baseline may 

unnecessarily prolong the treatment, and perhaps an ablation volume could be covered 

more quickly if the system could move rapidly between volumes. This approach was 

used to rapidly ablate a target with a cross-sectional area of 4.6 cm2 in less than 5.3 min 
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(Figure 35), resulting in complete coverage of the target with lethal thermal dose (Figure 

34C). Addition of near- and far-field MR thermometry could provide greater control 

over the safety of such rapid ablation, allowing the physician to take advantage of heat 

accumulation within the target to achieve coagulation faster while minimizing the risks 

from off-target heating. 

2.4.6 Clinical implementation: use in combination therapy 

The algorithm and techniques presented herein are currently being used in a 

drug delivery application based on previous work [228, 259, 283, 288]. Effects of mild 

hyperthermia that are beneficial to radiation therapy last for many hours after heating 

[343], and therefore the current algorithm could be readily applied in radiation 

sensitization with hyperthermia. Whether with drug delivery or with radiation, the MR-

HIFU system and the large volume heating approach provide spatially precise treatment 

planning that can be based on the anatomical and functional information available with 

MRI. 

2.5 Conclusion 

The motivation for the work in this chapter arose from a clinical need for mild 

hyperthermia that provides 1) safe, non-invasive, accurate, and precise heating, 2) large 

volume coverage, as well as 3) conformal coverage of the tumor region. MR-HIFU 

technology offers substantial potential to meet these criteria due to its ability to 

accurately measure temperature and non-invasively heat tissue. However, commercially 
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available MR-HIFU systems have thus far not been able to stably and conformally 

maintain mild hyperthermia in clinically relevant tumor volumes (>2 cc). To address this 

clinical requisite, an algorithm was developed that integrated electronic and mechanical 

steering of the HIFU focus to overcome limitations of either steering approach alone. 

This algorithm was deployed on a clinical MR-HIFU system.  

Both in vitro and in vivo, use of a clinical MR-HIFU system equipped with this 

algorithm allowed for fast heat-up (< 4 min) to target temperature (41 °C), acceptable 

overshoots over target temperature, and conformal heating. The system allows for 

application of conformal mild hyperthermia to volumes of clinically relevant size, 

several times larger than those previously treated with MR-HIFU mild hyperthermia. 

These developments bring MR-HIFU one step closer to clinical use for delivery of 

hyperthermia to non-superficial tissue, suggesting that this tool holds promise for a 

broad variety of oncology applications. 

In the next chapter, we will examine in detail an image-able low temperature-

sensitive liposome (iLTSL) – the other main component of the combination of 

technologies we propose to use for dose painting. In Chapter 4, we will examine the 

utility of iLTSL and MR-HIFU mild hyperthermia, tying together the technological 

developments presented in Chapters 2 and 3. 
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3. Development of image-able low temperature sensitive 
liposomes 

3.1 Introduction 

3.1.1 Background 

Intra- and inter-patient spatial variability in tumor microenvironment, such as 

vascularity and perfusion, may impact both the heating pattern and delivery of drugs 

[134, 344]. This was discussed in greater detail in section 2.1.2, and Figure 15 

demonstrates some of the complexity that arises from a heterogeneous environment 

within the tumor and in its vicinity. The optimal delivery of HIFU energy to deploy 

drugs may theoretically be adjusted for each individual to accommodate for this spatial 

variability. However, absent of a direct measurement of drug, such optimization of 

treatment requires assessment of target tissue in terms of factors that have a clear 

relationship to drug delivery and/or efficacy. Macroscopic as well as microscopic 

heterogeneity of parameters that describe drug transport in tumors, such as perfusion, 

vascular permeability and surface area, complicate prediction of the pattern of drug 

delivery.  

For drug delivery with LTSL and MR-HIFU mild hyperthermia, the task of 

predicting or calculating drug distribution is further complicated by the temperature 

dependence of drug release kinetics and other factors. Direct imaging of drug delivery 

(or an appropriate surrogate, such as release of an MR contrast agent from LTSL) may 
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bypass these layers of complexity and improve real-time control of drug delivery or help 

guide and localize future interventions (such as local thermal ablation, radiation or 

surgery). This idea is at the heart of the dose painting concept with a combination of 

LTSL and MR-HIFU, which was introduced in section 1.3.5. 

For optically detectable drugs (e.g. doxorubicin), spatial distribution of drug may 

be imaged with fluorescent microscopy for small lesions. This has been demonstrated 

for Dox-loaded LTSL in combination with mild hyperthermia in a variety of small 

lesions grown in optically-accessible dorsal window chambers in mice [90, 249, 345, 346]. 

However, such studies are intended to explore drug delivery on the microscopic scale, 

while application of dose painting to large solid tumors commonly seen in the clinic 

would require a non-invasive imaging approach that is able to sample much greater 

volumes coupled with a heating apparatus capable of precise and accurate control over 

heating.  

3.1.2 Dose painting with MR-HIFU and image-able LTSL 

Ability to image and control content release from liposomes with MR-HIFU may 

allow for drug dose painting [278, 280].  To focus the discussion in section 1.3.5, the drug 

dose painting approach would rely upon the physician to prescribe a desired dose and 

spatial distribution of drug to be delivered. An image-guided hyperthermia applicator 

would then manipulate delivery of heat to achieve the desired drug dose, following its 

administration.  Our dose painting approach employs MR-HIFU to induce drug and 
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contrast agent release from image-able LTSLs, using both imaging of temperature 

changes and contrast agent release in real-time to control the HIFU transducer in order 

to achieve the desired drug distribution in the target volume (Figure 36). 

 

Figure 36: Drug dose painting. Using high resolution imaging, a physician would 
outline a volume to be treated (potentially including the lesion and a margin). The 
treatment would then be performed by a system that integrates MR-HIFU to deliver 
mild hyperthermia, semi-autonomous software controller that ensures adequate 
treatment and an image-able LTSL that delivers the drug and reports on its delivery. In 
this idealized situation, as a result of the treatment, the prescribed dose of drug would 
be delivered to the planned location and the patient would be spared from the effects of 
systemic toxicity. 

If enough information is available about tissue transport, it is conceivable that 

drug dose painting may be accomplished without the use of image-able liposomes. The 

idea of using such knowledge to inform treatment will be explored in the next chapter, 
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but here we concentrate on characterization of an MR image-able LTSL formulation that, 

in principle, could provide a direct and real-time assessment of drug delivery. 

3.1.3 MR image-able low temperature sensitive liposomes 

Co-loading of drug and MR contrast agent into LTSL may provide an 

appropriate surrogate for drug delivery measurements.  The first liposomes loaded with 

MRI contrast agents appeared in the literature in the 1980s [347].  These encapsulated 

high concentrations (670 mM) of hydrophilic contrast agents such as Gd-DTPA.  Since 

then, similar Gd-based contrast agents have been incorporated into the liposome interior 

compartment [348] as well as conjugated to their membrane [349, 350] or both [351].  

Most liposomes with Gd-based contrast agents in their interior compartment have a 

relaxivity lower than that of free contrast agent (>6-fold lower for some liposomes at 

1.5T [347]), because their liposomal membrane shields contrast agent in the interior 

compartment from bulk water outside the liposome [352].  Liposomes with contrast 

agents attached to their surface offer exceptionally high relaxivity (>3-fold higher than 

free contrast agent at 1.5T [350]), likely due to high rotational correlation times of 

surface-bound contrast agents [349].  However, such liposomes with contrast agents 

only on the surface are not designed to report on drug release and incorporation of 

surface ligands may alter other properties of the liposome. A brief summary of 

publications that have explored the use of MR image-able liposomes is presented in 

section 1.3.5. 
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LTSLs that release contrast agent from their interior have been used to image 

release in vivo.  Such liposomes have demonstrated promising correlations of MR 

imaging with ablation margins [353], drug delivery [278] and therapeutic efficacy [280].  

While manganese has been used to report on drug delivery with liposomes [278, 280], 

gadolinium-based contrast agents are more practically attractive due to their likely 

greater safety profiles and thus greater acceptance in the clinic. Therefore much of the 

recent work on MR image-able liposomes involves gadolinium-based contrast agents 

[354].  

3.1.4 Objectives 

As an initial step in this image-guided dose painting concept, the objectives of 

this study were: 1) Develop iLTSL - an LTSL co-loaded with doxorubicin (Dox) and an 

FDA-approved MRI contrast agent (ProHance® [Gd-HP-DO3A]) that demonstrated the 

least likelihood of toxicity due to nephrogenic systemic fibrosis (NSF) [355, 356], 2) 

Characterize release of drug and Gd-HP-DO3A from iLTSL and 3) Investigate the ability 

of MR-HIFU to induce and monitor iLTSL content release in phantoms and in vivo. 

 

3.2 Materials and Methods 

3.2.1 Chemicals 

ProHance (Gd-HP-DO3A = 500mM) (Bracco Diagnostics [Princeton, NJ, USA]) 

was used as the MR contrast agent.  Monostearoyl-2-hydroxy-sn-glycero-3-
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phosphocholine (MSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (Polyethylene Glycol)2000] 

(DSPE-PEG2000) were obtained from Genzyme Corporation (Cambridge, MA, USA).  Dox 

was obtained from Bedford laboratory (Bedford, OH, USA).  High and low melting 

point agarose was purchased from Invitrogen (Carlsbad, CA, USA) and ISC BioExpress 

(Kaysville, UT, USA), respectively. All of the other chemicals were bought from Sigma-

Aldrich (St. Louis, MO, USA). 

3.2.2 Preparation and characterizations of iLTSL liposomes  

Liposomes were prepared by hydration of lipid film, followed by extrusion as 

previously reported [357].  Briefly, lipid components (DPPC, MSPC and DSPE-PEG2000) 

were dissolved in chloroform at a molar ratio of 85.3:9.7:5.0.  The solvent was 

evaporated using a Rotavap system and left overnight in a vacuum desiccator.  The 

resulting lipid film was hydrated by a buffer consisting of 300 mM Gd-HP-DO3A and 

100 mM Citrate (520 ± 12mOsm [501-533 mOsm], pH 4.0) at 60 °C for 15 min to yield a 

final lipid concentration of 50 mg/mL.  Liposomes were obtained by extruding the 

mixture 5 times with a LIPEXTM Extruder from Northern Lipids Inc. (Burnaby, BC, 

Canada) at 55 °C through two stacked Nuclepore polycarbonate membrane filters 

(Whatman PLC, Kent , United Kingdom) with a pore size of 100 nm. 

Encapsulation of Dox into the extruded liposomes was carried out using a pH-

gradient loading protocol as described by Mayer et al. [358] with a slight modification: 
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exterior pH of the extruded liposomes was adjusted to 7.4 with sodium carbonate 

solution (500 mM) creating a pH gradient (acidic inside LTSL).  The liposomes were 

incubated with Dox (Dox:lipid weight ratio of 5:100) at 37 °C for 1h.  Unencapsulated 

Gd-HP-DO3A and Dox were removed by passing the liposome through Sephadex-G50 

(fine) spin column and the resulting liposomes were stored at 4 °C until further use. 

Particle size of liposomes was determined by dynamic light scattering (Zetasizer 

Nano-ZS, Malvern Instruments, Westborough, MA, USA) and reported as the mean Z-

averaged diameter, and polydispersity index from a cumulants analysis of 3 

measurements.  The concentration of liposome-entrapped Dox was determined using a 

UV-Vis spectrophotometer (PerkinElmer, Waltham, MA, USA) as previously reported 

[359]. 

3.2.3 Effect of surfactant on Dox fluorescence and R1 

In all liposomal release assays, a measurement of complete release was made by 

adding a surfactant, Triton® X-100, to the solution containing liposomes. Using a series 

of dilutions that covered the entire range of concentrations of Triton® X-100 used to 

induce complete release, the effect of its addition was determined on both doxorubicin 

fluorescence and longitudinal relaxation rate (R1). The effect of Triton® X-100 on Dox 

fluorescence in HEPES was determined as the difference between fluorescence of iLTSL 

heated to 41°C for 10 min and fluorescence of the same solution following addition of 

Triton® X-100. 
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The effect of Triton® X-100 on Dox fluorescence in human plasma was evaluated 

using two methods. The first of these involved the calculation of a difference between 

fluorescence of Dox with and without addition of Triton® X-100, using the same 

concentrations of both as in release assays. The second method allowed this effect to be 

studied in greater depth across a range of both Dox and Triton concentrations. Briefly, 

dilutions of 25 vol% Triton® X-100 and Dox were prepared and combined in different 

proportions on 96-well plates. The experiments covered Dox concentrations that would 

be equivalent to 0-5% by volume iLTSL (5 vol% iLTSL in solution is typical for 2mg 

Dox/mL stock). The tested range of Triton® X-100 concentrations also covered the range 

of 25 vol% Triton® X-100 that would be used to cause complete release from the 

liposomes ([vol% liposomes] * 2.3 = vol% Triton® X-100, as determined in separate 

experiments, data not shown). Once the plate containing the solutions equilibrated at 

room temperature, Dox fluorescence was measured using a Victor II plate reader (ex/em 

= 490/572 nm, Perkin Elmer, Waltham, MA, USA). 

3.2.4 Dox release 

Release of encapsulated Dox from iLTSL as a function of time (up to 15 min) and 

temperature (25, and 37-41.3 °C) was assessed by measuring de-quenching of Dox 

fluorescence as Dox was released from a liposome.  Two instruments were used to 

measure Dox fluorescence in release assays, as necessitated by experimental design.  In 

experiments with high temporal resolution (ThermoScan and Dox release kinetics 

131 

 



 

measurements), fluorescence was measured with Cary Eclipse spectrofluorimeter 

equipped with Eclipse multicell Peltier temperature controller, and Eclipse Kinetic and 

ThermoScan Software (Varian Inc., Palo Alto, CA, USA) at an excitation and emission 

wavelengths of 498 and 593 nm, respectively.  In experiments where Dox and Gd-HP-

DO3A release were both quantified, a Victor II plate reader was used (ex/em = 490/572 

nm, Perkin Elmer, Waltham, MA, USA).   

Dox release was quantified in 3 different release assays: 

1) ThermoScan release assay: In these experiments, Dox release was assessed as a 

function of both temperature and time.  iLTSL stock solution was added to 2 mL of 

either 10 mM HEPES (pH 7.4, 10 mM HEPES, 140 mM NaCl, 280 mOsm) or human 

plasma (collected with apheresis, whole blood treated with 1:12 ACD (anticoagulant 

citrate dextrose solution A)) in a quartz cuvette.  The volumes of stock liposome 

solution added were 8 and 30 μL in experiments for release in HEPES and plasma, 

respectively.  The cuvette was then heated at a rate of 1 °C/min from 20 °C to 55 °C 

while stirring.  Fluorescence readings were taken every 30 seconds.  Another cuvette 

holder in the Peltier unit was used to monitor temperature.  Differences in 

temperature among the three cuvette holders were less than 0.1 °C (data not shown).  

Data are presented as mean fluorescence intensity (n = 3). 

2) Dox kinetic release assay: These experiments were designed to measure Dox 

release as a function of time at a constant temperature.  The same volumes as above 

132 

 



 

were used, but in this instance, buffer or plasma was first equilibrated to the desired 

temperature (25, 37-41.3°C).  The temperature was maintained and fluorescence 

intensity was measured every 7 seconds for 15 min while the sample was stirred.  

Percent release was calculated by assuming 100% release with Triton® X-100 and 0% 

release at 25°C. The fluorescence intensity at 100% release (with Triton® X-100) was 

adjusted using the correction factors derived in section “3.2.3 Effect of surfactant on 

Dox fluorescence and R1”.  Data are presented as mean percent release of three 

samples (n = 3). 

3) Simultaneous Dox and Gd-HP-DO3A release assay: HEPES buffer (14 mL) or 

human plasma (7 mL) were allowed to equilibrate in a round-bottom flask (at 37, 40, 

or 41.3 °C).  Liposome stock solution was added (1 mL added to HEPES and 0.5 mL 

to plasma), while mixing with a magnetic stir bar.  Aliquots (0.25 mL in HEPES 

release assay and 0.2 mL in plasma release assay) were withdrawn at predetermined 

time points.  To capture the instantaneous release at each time point, each aliquot 

was added to 0.75 mL of cooled HEPES buffer or 0.4 mL human plasma on ice.  

Samples were kept on ice, and R1 was measured immediately upon removal from ice 

to avoid any possible release that may occur at room temperature. During the 

measurement, temperature increased from 1 to 14 °C, but the timing was consistent 

resulting in reproducible R1 measurements. After a dilution (1:9 in HEPES, 1:5 in 

plasma), fluorescence intensity was measured.  For release in HEPES, three replicate 
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wells of a 96-well plate were analyzed to determine Dox fluorescence at each time 

point, whereas 1 well was used for each time point in plasma release assay. Three 

separate experiments were performed at each temperature, for both HEPES and 

plasma release (n = 3). 

3.2.5 Gd-HP-DO3A release  

Release of Gd-HP-DO3A was quantified using three methods: 1) measurement of 

R1 at 0.5T before size exclusion chromatography, 2) use of a calibrated relationship 

between R1 and contrast agent concentration after size exclusion chromatography and 3) 

measurements of gadolinium concentration using inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES). 

Samples obtained during the simultaneous Dox and Gd-HP-DO3A release assay 

(see Dox Release above) were further diluted using HEPES buffer to a total volume of 1 

mL and kept on ice until further analysis.  R1 was measured using a custom-designed 

variable field T1 and T2 analyzer (Southwest Research Institute, San Antonio, TX) as 

previously reported [360].  To approximate R1 at 100% release, Triton® X-100 (33 μL of 

10% w/w in HEPES and 23μ of 25% w/w in plasma release assays) was added to one 

sample.  This concluded quantification using method (1) for both HEPES and plasma.  

In HEPES, release was also quantified using methods (2) and (3).  Samples were 

passed through Sephadex-G50 (fine) spin columns twice to remove released contents.  

Triton® X-100 (33 μL of 10% w/w in HEPES) was added to each sample and R1 was once 
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again measured using the same procedure.  In order to convert the R1 reading to Gd-HP-

DO3A concentration, a calibration curve was constructed relating R1 to Gd-HP-DO3A 

concentration.  The same samples whose R1 was measured above were then analyzed for 

gadolinium and phosphorus content using ICP-AES (Perkin-Elmer Plasma 40, USA), 

operated at the wavelengths of 342 and 213 nm for gadolinium and phosphorus 

detection, respectively [361].  These measurements were reported as molar 

concentrations of Gd-HP-DO3A and as weight percent of Dox and gadolinium with 

respect to lipid, where the lipid concentration was based on the phosphorus 

concentration. 

3.2.6 Analysis of liposome release kinetics 

Temperature of maximum release rate (TMRR) of iLTSL was measured as the 

maximum of the derivative of the fluorescence-temperature curve obtained in the 

ThermoScan release assay.  In all other assays of release, percent release of Dox was 

calculated at time t using the equation given below. 

t% Release 100% a b
c d

−
= ⋅

−
     Equation 14 

The meaning of the variables in the above equation differs in the three methods 

used for release measurements of Dox and the three methods of Gd-HP-DO3A release 

measurements.  In the Dox release assays, ‘a’ represents the fluorescence intensity at 

time t, ‘b’ and ‘d’ are equal to the fluorescence intensity at 25°C and ‘c’ is the intensity 

after 100% release. 
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For the three methods used to measure release of Gd-HP-DO3A, percent release 

was calculated using the following values for the variables in Equation 14.  In R1 

measurements before size exclusion chromatography (method 1), ‘a’ represents R1 at 

time t, ‘b’and ‘d’ are values of R1 at time=0s and ‘c’ is R1 after the addition of Triton® X-

100.  In measurement of [Gd-HP-DO3A] contained inside LTSL after size exclusion 

chromatography based on R1 (method 2) and ICP-AES measurements (method 3), ‘a’ 

and ‘c’ represent [Gd-HP-DO3A] at time=0s, while ‘b’ is [Gd-HP-DO3A] contained in the 

internal compartment of the liposome at time t, and ‘d’ is [Gd-HP-DO3A] in a sample 

identical to ‘a’ and ‘c’, but one that was treated with Triton® X-100 before being passed 

through the columns (Gd-HP-DO3A removed by column).  Thus, Equation 14 was 

modified for methods 2 and 3 to account for the fact that Gd-HP-DO3A released during 

the assay would be removed by the spin columns. 

A least squares fit of Equation 15 to release curves for Dox and Gd-HP-DO3A 

(percent release vs. time) was used to calculate the release rate constant (k).  The first 10 

min of data following initiation of release were used in the fit.  In this equation, the fit 

constant 'Max' indicates the maximum % release and 't' represents time in minutes. 

( )t%Release 1 ktMax e−= −      Equation 15 

Release rate constant reported herein refers to the fitted value of 'k'.  Values of '% 

release at 15s' and 'Time to 50% release' were interpolated from the fit.  Consequently, 

'Time to 50% release' could not be measured at the lower temperatures where this level 
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of release was not reached during the assay.  Absolute average difference in % release 

was calculated as the average of differences between all of the time points in two release 

assays, for 10 min following initiation of release.  ‘Max’ was constrained greater than 0. 

3.2.7 Liposome stability 

Liposome stability was investigated by measuring their size and Dox release 

kinetics (see ‘Dox kinetic release assay’ above).  Liposome size was measured for 7 

consecutive days, and Dox release in HEPES buffer was quantified on day 0 and 7 (at 25, 

37, 40 and 41 °C).  Day zero was defined as the day that the LTSLs were prepared.  

Liposomes were stored at 4 °C between measurements. 

3.2.8 Measurement of relaxivity 

Relaxivity of heated and unheated iLTSL, as well as unencapsulated Gd-HP-

DO3A was determined using a clinical 1.5T MR scanner (Philips Medical Systems, Best, 

Netherlands) in 10 mM HEPES (pH 7.4, 10 mM HEPES, 140 mM NaCl, 280 mOsm).  Gd-

HP-DO3A was released from iLTSL (final concentration = 0.016 – 2.0 mM Gd-HP-DO3A) 

by heating above the TMRR using a hot water bath (55°C for 5 min).  R1 of all of the 

solutions was calculated as previously reported [362] from the fit of signal intensity vs. 

inversion time in images obtained with  an inversion recovery sequence with variable 

inversion time (TI = 50, 75, 100, 150, 300, 450, 600, 900, 1050 ms).  Relaxivity was obtained 

as the slope of R1 vs. Gd-HP-DO3A concentration. 
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3.2.9 Phantom preparation 

Tissue mimicking agar-silica phantoms containing iLTSL were prepared using 

silicone dioxide powder and agarose powder (2 wt% of each).  Each 'Gel-suspended 

liposome phantom' was cast in two stages.  First, a larger phantom with a rectangular 

cavity was made using the higher melting point agarose/silicone gel.  After this 

solidified, the cavity was filled with the low melting point agarose/silicone gel 

containing iLTSL. 

Gel made with higher melting temperature agarose was mixed in de-gassed 

280±10 mOsm 0.9% NaCl solution (pH adjusted to 7.4) and heated above 90 °C for 30 

min while mixing.  The gel was slowly cooled at room temperature while mixing to 

prevent settling of silicone.  Upon cooling to 45 °C, the gel was poured into a container 

and set to solidify on ice. 

Low melting agarose gel was used to suspend liposomes and it was prepared in 

a different fashion than higher melting point agarose gel.  After heating above 90 °C as 

above, the agar-silica mixture was allowed to cool to 31 °C, at which point iLTSL that 

was also pre-heated to 31 °C was added and mixed with a glass rod to ensure 

homogeneous distribution of iLTSL in the gel.  Once the iLTSL containing gel was well-

mixed, it was poured into a cavity within the higher melting temperature agarose 

phantom and allowed to solidify.  The procedure resulted in an approximate 
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concentration of 1 mM Gd-HP-DO3A in the inner, liposome-containing part of the 

phantom. 

3.2.10 MR-HIFU Procedure and Imaging of Phantoms 

Release of iLTSL in phantoms was examined using a Sonalleve MR-HIFU 

treatment system (Philips Medical Systems, Vantaa, Finland).  The system included a 

clinical 1.5 MRI scanner and an electromechanically positioned ultrasound transducer.  

The MR system was used to plan the therapy with 3D anatomical imaging and to guide 

and monitor hyperthermia with thermal imaging during treatment.  Heating with MR-

HIFU was achieved by focusing an ultrasound beam using a 256-element phased array 

focused piezoelectric ultrasound transducer immersed in a sealed tank of degassed 

water, running at 1.2 MHz.  A single ~2mm-diameter HIFU focus was steered 

electronically (by altering the relative phases of transducer elements) [363]. 

Feedback control of heating relies on the proton resonance frequency shift 

method [364].  Temperature was raised with constant acoustic power until the mean 

temperature of the treatment cell increased above the cutoff temperature (T>42.0 °C).  

The treatment cell was then allowed to cool for a fixed period of time (30 sec).  This heat 

and cool cycle was then repeated to achieve the desired duration of hyperthermia. 

Several MR imaging sequences were used to plan the location of heating and to 

evaluate temperature and contrast agent release.  A T2-weighted, 3D turbo spin–echo 

(TSE) sequence (TR=1000ms, TE=80ms, FA=90°, TSE train length = 80, 65 slices, 
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FOV=280x280cm, 256x160 matrix, NEX=1) was used to acquire a coronal stack.  It was 

transferred to the HIFU workstation, and used for ultrasound exposure planning.  

Before and after each heating, a 3D gradient recalled echo sequence was used to assess 

contrast agent release (TR=10ms, TE=3.8ms, FA=10°, 44 slices, FOV=40x40cm, 256x256 

matrix, NEX=10).  To monitor the induced temperature elevation during each heating 

session, a multi-shot T2-weighted FFE-EPI sequence was performed every 2.9 seconds 

(TR=39ms, TE=19.5ms, FA=19.5°, slice thickness=7mm, 6 slices, FOV=40x40cm, 160x160 

matrix, NEX=1).  Each agar-silica-gel phantom was positioned on the treatment table, 

and acoustic coupling was achieved with degassed water. The starting temperature 

before heating was approximately 13°C. 

3.2.11 In vivo imaging of contrast release 

All animal experiments were performed under an approved IACUC protocol. 

New Zealand White Rabbits were inoculated with 3x106 Vx-2 cells (150 μL suspension) 

in the superficial thigh muscle, with ultrasound guidance.  Tumor growth was 

monitored with ultrasound, and the experiments were performed when the tumor was 

greater than 1 cm in any dimension. The animal was anesthetized with a mixture of 

ketamine and zylazine (28.6 mg/kg ketamine, 4.8 mg/kg xylazine) and the marginal ear 

vein was catheterized.  The animal was transferred to isoflurane anesthesia, and optical 

temperature probes were placed in the rectum (used to monitor animal body 

temperature) and the thigh muscle in the proximity of the tumor (used as input baseline 
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temperature, prior to each sonication).  The tumor-bearing limb was partly submerged 

in degassed deionized water above the HIFU transducer.  A high resolution 3D turbo 

spin echo scan weighted to proton density was used for treatment planning 

(TR=1600ms, TE=30ms, slice thickness=2mm, 120 slices, FOV=20x20cm, 640x640 matrix, 

NEX=1).  A high resolution T1-weighted 3D sequence was used to assess signal intensity 

prior to injection, as well as before and after each sonication (TR=7ms, TE=3ms, FA=10°, 

slice thickness=2mm, 25 slices, FOV=15x15cm, 192x192 matrix, NEX=10).  Temperature 

mapping was performed used was a multi-shot T2-weighted FFE-EPI sequence every 2.5 

seconds (TR=54ms, TE=30ms, FA=19°, 2 slices, FOV=20x20cm, 144x144 matrix, NEX=1).  

HIFU binary feedback control algorithm was similar to that used in phantom studies 

(above), with two exceptions: a region of unheated muscle was used to correct for 

magnetic drift, temperature in the heated region was maintained between 40 and 41°C. 

3.2.12 Statistical Analysis 

Fitted parameters were compared using an F-test.  The values of percent release 

were compared using Dunn's multiple comparison.  Error reported for interpolated 

values (‘Time to 50% release’ and ‘% release at 15s’) was calculated as the average of the 

upper and lower 95% confidence intervals of the fit.  Only the first 10 min of release 

curves were used for fitting.  Correlation analyses of temporal particle size and 

polydispersity index data were performed using the Pearson correlation statistic.  All 

fitting and statistical analyses were performed using GraphPad Prism (version 5.00 for 
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Windows, GraphPad Software, San Diego California USA, www.graphpad.com).  Each 

curve was considered an independent sample.  Results were considered significant with 

p<0.05, and two-tailed p-values were obtained in all cases.  Pairwise comparisons with 

Dunn's multiple comparison test were only reported when Kruskal-Wallis showed 

significant differences between all tested groups to protect against type I error. 

 

3.3 Results 

3.3.1 Characterization of iLTSL 

The Z-average diameter of iLTSL liposomes in four preparations was 98±2nm 

and polydispersity index was 0.07±0.02.  These liposomes encapsulated 4.97±0.07 wt% 

Dox based on only Dox and lipid content, or 3.52±0.05 wt% Dox based on Dox, lipid and 

Gd-HP-DO3A.  The amount of Gd-HP-DO3A encapsulated was 18.4±1.2 wt% based on 

only Gd-HP-DO3A and lipid and 17.6 ±1.1 wt% based on Dox, lipid and Gd-HP-DO3A.  

Using a 50 mg/mL lipid preparation and a 300 mM Gd-HP-DO3A hydration buffer 

resulted in a 59±5 mM Gd-HP-DO3A and 2.14±0.02 mg Dox/mL iLTSL solution. 

3.3.2 Effect of surfactant on R1 and Dox fluorescence 

Addition of Triton® X-100 (highest concentration tested and used was 3.5 vol% 

of 25% Triton® X-100) to had no detectable effect on R1 of Gd-HP-DO3A in either HEPES 

or plasma (up to 2mM Gd-HP-DO3A tested). Effect of Triton® X-100 addition on Dox 

fluorescence in HEPES buffer results in a decrease (6.7±0.3%, n=6) of Dox fluorescence 
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intensity from the maximum obtained by heating iLTSL at and above 41°C. No further 

chance in fluorescence was observed (not more than due to dilution) with further 

addition of Triton® X-100. 

In plasma, a non-linear relationship between the concentration of Triton® X-100 

and Dox fluorescence was observed (Figure 37). 
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Figure 37: Effect of Triton® X-100 on Dox fluorescence in plasma across a range of 
Dox and Triton® X-100 concentrations (n=3).  

At lower concentrations of Dox, fluorescence is affected by addition of Triton® 

X-100 up to about 2 vol%. Past this concentration, additional Triton® X-100 does not 

significantly alter Dox fluorescence. For higher concentrations of Dox, however, 

fluorescence is increases with Triton concentrations even past 10 vol% Triton® X-100. 
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Re-plotting this relationship with Dox concentration on the x-axis shows that addition of 

Triton® X-100 affects fluorescence across all Dox concentrations tested (Figure 38). 
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Figure 38: Dox fluorescence in human plasma across a range of Dox and Triton® X-100 
concentrations (n=3). 

The plateau at the highest Dox concentrations is known to occur due to self-

quenching by Dox in solution at high concentrations. For any concentration of Dox, 

addition of Triton® X-100 can change the detected Dox fluorescence in plasma by as 60-

90%, as the difference between the 0 vol% and the 20 vol% Triton® X-100 lines indicates 

(Figure 38). These data closely agree with a 25.3% increase in Dox fluorescence observed 

using the same Dox and Triton® X-100 concentrations as in the release assays. This 
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correction factor was applied to the calculation of release from iLTSL in subsequent 

sections.  

 
Figure 39: Release from iLTSL in HEPES buffer and human plasma. A) Release of Dox 
as a function of temperature is shown as the sample is heated from 20 to 55 °C at 
1°C/min. Note that in this graph, the influence of temperature and time are coupled. B) 
Dox release as a function of time at a constant temperature. Percent release is calculated 
by assuming 100% release with Triton X-100 and 0% release at 25°C. C) and D) show 
the same data for release in human plasma. Adapted with permission from [288]. 

3.3.3 Dox release 

Using fluorescence dequenching, the release of Dox from iLTSL was measured in 

HEPES buffer as well as in human plasma.  Panels A and C of Figure 39 show that Dox 

fluorescence increased gradually as temperature increased before rapid drug release 
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occurred around TMRR of the liposomal membrane (maximum ion permeability = 41.3 

°C for similar LTSL [365]).  The values of TMRR in these 'ThermoScan' assays were 

40.3±0.2 °C in HEPES and 38.36±0.17 °C in plasma. 

Table 6: Summary of both kinetic and ThermoScan Dox release assays in HEPES 
buffer and human plasma. Fitted values (‘Release rate constant’ and ‘Release at 10 min’) 
are reported with their standard errors and values interpolated from the fits (‘Time to 
50% release’, ‘Release at 15s’) are reported with average 95% confidence intervals. 
Temperature of maximum release rate (TMRR) was the maximum of the derivative of 
the fluorescence-temperature curve obtained in the ThermoScan release assay. Absolute 
average difference is the difference in average release between HEPES and plasma over 
10 min. Significance is shown for HEPES vs. plasma comparisons: * and ** indicate 
significant differences with p<0.05 and p<0.01, respectively. 

 
When fluorescence was measured at constant temperature in 'Dox kinetic release 

assay,' Dox release from the LTSL was minimal (<7-20%) at 37-39 °C after 15 min in 

HEPES (Figure 39B).  At 40 °C there was ~30% released in less than 20 s followed by a 

In HEPES: 37 °C 38 °C 39 °C 40 °C 41 °C 41.3 °C 

Release rate constant (min-1) 0.44±0.03** 0.3±0.02 0.427±0.011** 1.05±0.04** 4.5±0.1** 11.6±0.3** 

Time to 50% release (s) N/A N/A N/A 150±10 9.4±0.6 3.7±0.2 

Release at 15 s (%) 0.65±0.06 0.63±0.08 1.73±0.05 11.4±0.6 57±3 59±4 

Release at 10 min (%) 5.90±0.11** 8.7±0.2** 16.54±0.12** 54.0±0.4** 98.4±0.2** 98.42±0.13** 

R2 0.6409 0.7677 0.9506 0.8367 0.9319 0.9709 

TMRR (°C) 40.3±0.2 

In Plasma 

Release rate constant(min-1) 0.224±0.013** 0.304±0.004 0.76±0.02** 4.74±0.14** 8.9±0.4** 8.5±0.4** 

Time to 50% release (s) N/A N/A 68±3 0.073±0.012 0.039±0.004 0.043±0.005 

Release at 15 s (%) 5.0±0.2 7.0±0.3 28.3±1.4 89.8±0.5 94.8±0.4 95.4±0.4 

Release at 10 min (%) 18.2±0.5** 44.5±0.2** 82.6±0.4** 90.6±0.2** 95.0±0.2** 95.6±0.2** 

R2 0.8548 0.9895 0.9332 0.9439 0.9349 0.9071 

TMRR (°C) 38.36±0.17 

Absolute average difference (%) 6.6±0.3 24.7±1.0** 59.2±1.5** 39.1±0.83** 2.2±0.5** 3.1±0.2** 
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more gradual release.  Near the TMRR, complete release occurred in approximately 24s 

at 41 °C and 41.3 °C.  Rapid and complete release of Dox also occurred in plasma at 

these higher temperatures (Figure 39D).  Despite incomplete release, the release rate 

constants in plasma at 39-41 °C were greater than those in buffer (Table 6). 

3.3.4 Gd-HP-DO3A release 

Release of Gd-HP-DO3A was measured with ICP-AES and compared to Dox 

release in the same sample, as shown in Figure 40A.  The difference in percent release 

between amounts of Dox and Gd-HP-DO3A was less than 20% for all time points, with 

the exception of 2 time points at 40 °C (At 2 and 3 min, Figure 40A).  Differences in the 

magnitude of Dox and Gd-HP-DO3A percent release were not significant (p>0.05, 

Dunn's multiple comparison) over 10 min following initiation of release (Mean absolute 

differences were 0.9±0.2%, 5±1% and 0.5±1% for 37, 40 and 41.3 °C, respectively).   
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Figure 40: Release of Dox and Gd-HP-DO3A from iLTSL. Release in HEPES: a) Percent 
release vs. time and fitted curves for Dox (○--) and Gd-HP-DO3A ((● ▬) over 10 min. b) 
The first minute of release. Percent release values were not significantly different 
between Dox and Gd-HP-DO3A over 10 minutes (p>0.05, Dunn's multiple comparison). 
Release in plasma: c) Percent release vs. time for Dox and Gd-HP-DO3A over 10 min. d) 
Graph shows the first minute of release. Percent release values were not significantly 
different between Dox and Gd-HP-DO3A in either HEPES or plasma (p>0.05, Dunn's 
multiple comparison). Each point represents the mean of 3 experiments ± SEM. Adapted 
with permission from [288]. 

This lack of difference in release was especially evident in the first minute of 

release (Figure 40B).  The rates of Dox and Gd-HP-DO3A release are shown in Table 6 

along with other results of the curve fitting.  Release of Gd-HP-DO3A was also 

determined with R1 measurements (at 0.5T) before size-exclusion chromatography 
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(Figure 41A). For comparison, and also to show relaxivity values more relevant to the 

clinic, Figure 41B shows similar data obtained at 1.5T. 

 

Figure 41: Calibration of R1 vs. concentration of Gd-HP-DO3A at 0.5T and 1.5T. Triton 
X-100 was added to lyse iLTSL, releasing Gd-HP-DO3A and the drug. A) At 0.5T, the 
resulting relaxivity (slope) values for lysed and intact iLTSL were 4.994±0.010 and 
3.70±0.02 mM-1s-1, respectively, and were significantly different (p<0.0001, F test). 
Relaxivity of Gd-HP-DO3A (4.96±0.02 mM-1s-1) was not significantly different from that 
of lysed iLTSL (p=0.19, F test). R2>0.9999 for all fitted data. B) Gd-LTSL-DOX solutions 
were heated in a water bath (55 °C for 5 min) to release Gd-HP-DO3A and the drug and 
compared to unlysed liposomes and free contrast agent at 1.5T. Relaxivity values for 
heated and unheated iLTSL were 4.01±0.10 and 1.95±0.05 mM-1s-1, respectively, and were 
significantly different (p<0.0001, F test). Relaxivity of Gd-HP-DO3A (4.05±0.14 mM-1s-1) 
was not significantly different from that of heated iLTSL (p=0.85, F test). R2>0.992 for all 
fitted data. Adapted with permission from [288]. 

Agreement between all of the methods used to measure Gd-HP-DO3A release is 

demonstrated in Figure 42. Measurements of release based on R1 before and after size-

exclusion chromatography provide an assessment of release statistically 

indistinguishable from ICP-AES methods.  
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Figure 42: Percent release of Gd-HP-DO3A at 37, 40 and 41.3 °C. a) Release over 10 
minutes.  b) Release over first minute of heating. The methods used to approximate % 
Gd-HP-DO3A release were T1 measurements before (method 1, □) and after (method 2, 
) passing aliquots through two size exclusion chromatography columns, as well as 
concentration measurements with ICP-AES (method 3, ●). Symbol size indicates 
temperature: 37 °C is smallest and 41.3 °C is largest. Maximum mean difference from 
ICP-AES measurements is 7±2% for □ and 9±4% for . Percent release magnitudes were 
not statistically different between ICP-AES and the other two methods of measurements 
(p > 0.05, Dunn's multiple comparison). Each point represents the mean of 3 experiments 
± SEM. Adapted with permission from [288]. 

The temperature measured during simultaneous Dox and Gd-HP-DO3A release 

assay is shown in Figure 43, demonstrating a drop in temperature of 0.5-1.0 °C that 

recovers approximately 3 min after addition of liposomes. 
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Figure 43: Temperature during release assay at 37, 40 and 41.3 °C in which both 
doxorubicin and Gd-HP-DO3A release were quantified (corresponding to Figure 40). 
The initial decrease in temperature is due to the addition of concentrated liposomal 
solution to the pre-heated HEPES buffer. The temperature of each release assay (shown 
on the right) was the target minimum temperature reached. Adapted with permission 
from [288]. 

Ratio of gadolinium to phosphate indicated that relative to the lipid 

concentration, concentration of contrast agent after size exclusion chromatography 

decreased faster with increasing temperature (Figure 44). 
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Figure 44: Gd/P weight ratio as a function of time. Using ICP-AES, the weight ratio of 
Gd to P was determined at three temperatures, after released Gd-HP-DOA3 was 
removed with size exclusion chromatography (n=3). Adapted with permission from 
[288]. 

 In plasma, a comparison of Gd-HP-DO3A and Dox release in the same 

sample was also performed, with similar results (Figure 40C and D, Table 7).  Just as 

with HEPES, all but 2 points showed less than 20% difference in percent release of Dox 

and Gd-HP-DO3A, and overall, differences in release were not significant over the first 

10 min of release (p>0.05, Dunn's multiple comparison, Table 7).  The first minute of 

release also showed close agreement in the kinetics of Dox and Gd-HP-DO3A release. 
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Table 7: Summary of Gd-HP-DO3A and Dox release from Gd-LTSL-DOX in HEPES 
and Plasma. Release characteristics obtained from the simultaneous Dox and Gd-HP-
DO3A release assay (Figure 40). Fitted values (‘Release rate constant’, ‘Release at 10 
min’) are reported with their standard errors and values interpolated from the fits 
(‘Time to 50% release’, ‘Release at 15s’) are reported with average 95% confidence 
intervals. Absolute average difference is the difference in average release between Dox 
and Gd-HP-DO3A over 10 min. Statistical significance for Dox vs. Gd-HP-DO3A 
comparisons is shown:  * and ** indicate significant differences with p<0.05 and p<0.01, 
respectively. Adapted with permission from [288]. 

In HEPES: 
  37 °C 40 °C 41.3 °C 
Dox Release rate constant (min-1) 0.3±0.7 0.31±0.05** 15±2** 
 Release at 10 min (%) 1.2±1.5 118±9 101.6±1.3 
 Time to 50% release (s) N/A 106±19 2.7±0.8 
 Release at 15 s (%) 0.1±0.2 9±2 99±3 
 R2 0.04916 0.8885 0.9357 
        
Gd-HP-DO3A Release rate constant (min-1) 0.4±1.0 0.49±0.04** 38±2** 
 Release at 10 min (%) 4±5 107±3 99.82±0.04 
 Time to 50% release (s) N/A 76±8 1.1±0.1 
 Release at 15 s 0.4±1.2 12.4±1.3 99.81±0.09 
 R2 0.04856 0.9669 0.9999 
        
 Absolute average difference (%) 0.9±0.2 5±1 0.5±1 

In Plasma: 
  37 °C 40 °C 41.3 °C 
Dox Release rate constant (min-1) Not Converged 2.1±0.3 9±2 
 Release at 10 min (%) N/A 92±4 100±3 
 Time to 50% release (s) N/A 23±6 4±2 
 Release at 15 s N/A 37±7 90±9 
 R2 N/A 0.7182 0.7955 
        
Gd-HP-DO3A Release rate constant (min-1) Not Converged 2.3±0.2 Not Converged 
 Release at 10 min (%) N/A 92±2 N/A 
 Time to 50% release (s) N/A 21±3 N/A 
 Release at 15 s N/A 40±4 N/A 
 R2 N/A 0.9258 N/A 
        
 Absolute average difference (%) 6.2±1.2 5.6±1.6 10±2 
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3.3.5 Stability of iLTSL 

Liposome stability, indicated by lack of temporal dependence of either particle 

size or polydispersity index (p>0.05, Pearson), was relatively constant for one week (95 

nm size, polydispersity index = 0.05 at day 0 and 102 nm size, polydispersity index=0.11 

at day 7, n=3).  Furthermore, the Dox release rate remained unchanged a week after 

synthesis and storage at 4 °C of iLTSL (Figure 45A).  Overall, there was slightly less 

release on day 7 (mean decrease in release of 0.11±0.14 to 1.83±0.05% over 10 min 

heating), as indicated by the difference in percent release (Figure 45B).  This difference 

was significant at 37 °C (p<0.05, Dunn's multiple comparison test), but not at other 

temperatures. 

 

Figure 45: Stability of Gd-LTSL-DOX. a) Release of doxorubicin immediately (dashed 
line) and 7 days after synthesis (solid line) of Gd-LTSL-DOX at 37, 40 and 41 °C in 
HEPES buffer. b) Point-by-point difference between release curves at 37, 40 and 41 °C 
obtained 1 week apart (%release at day 0 – %release at day 7). Symbol size indicates 
temperature: 37 °C is smallest (○) and 41 °C is largest (Ο). Adapted with permission from 
[288]. 
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3.3.6 Imaging and spatial control of release 

3.3.6.1 Image-ability 

The ability to image content release from iLTSL was first examined through 

longitudinal relaxivity measurements.  Imaging of a series of dilutions of iLTSL at 1.5T 

showed that relaxivity of preheated iLTSL was 4.01±0.10 mM-1s-1, which was 

significantly higher (p<0.0001, F-test) than the relaxivity of unheated solutions (1.95±0.05 

mM-1s-1, Figure 41). 

3.3.6.2 Spatial control of liposomal release 

Signal intensity increased approximately 36.4±0.3% in regions of a ‘gel-

suspended liposome phantom’ heated with MR-HIFU above TMRR, compared to the 

surrounding gel that contained iLTSL but was not heated (Figure 46).  The three shapes 

in Figure 46 reflect pre-programmed trajectories where the HIFU energy was focused 

demonstrating the ability to yield conformal content release. 

 

Figure 46: Location of release of iLTSL contents can be controlled and visualized with 
MR-HIFU. iLTSL suspended in 2% agar-silica demonstrated baseline intensity (a) until 
heated above the Tm of the liposome with MR-HIFU (b-d). The bright shapes result 
from different sizes and shapes of regions that were heated with MR-HIFU. Adapted 
with permission from [288]. 
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3.3.6.3 Simultaneous imaging of content release and temperature 

In a separate experiment, real-time monitoring of temperature and content 

release from iLTSL was investigated by heating a 'gel-suspended liposome phantom' 

with MR-HIFU (Figure 47).  Phase images were used for MR thermometry and 

magnitude images were used to measure MR signal intensity.  During and after heating, 

MR-signal intensity increased 36±4% to approximately the same magnitude as the 

preheated region. 

 

Figure 47: MR signal intensity during heating with MR-HIFU of a silica-agarose gel 
phantom containing iLTSL. a) MR signal intensity in heated, unheated, as well as 
preheated regions. b) Temperature in the same regions, as measured with MR 
thermometry. Signal intensity of the region where the MR-HIFU energy is focused 
increased most likely due to Gd-HP-DO3A release. The signal intensity in a region that 
has been previously heated did not change drastically, but remained high relative to 
unheated regions. An unheated region demonstrated stable and relatively low signal 
intensity. Regions of interest contained 20-45 voxels. Mean signal/temperature ± SEM is 
shown. Adapted with permission from [288]. 

The signal intensity of a volume that was unheated remained at its initial level.  

The temperature fluctuation with HIFU application can be appreciated in Figure 6B, 

increasing during the heating and decreasing when no power was applied.  The 
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duration of each cooling cycle was 30s, which corresponds to the periods of cooling 

detected with MR thermometry in Figure 47B. 

3.3.6.4 In vivo feasibility of iLTSL delivery with MR-HIFU 

The ability iLTSL to provide sufficient contrast using MR-HIFU was tested in a 

rabbit thigh tumor model.  Upon injection, signal increased 20-40% in the tumor and 

remained stable for the 10 minutes prior to heating.  Following each of the four 10-

minute heating sessions, the signal in the heated portion of the tumor increased.  After 

the fourth heating, the signal intensity in the tumor increased up to ~15% relative to post 

injection value.  

 

Figure 48: MR signal intensity before and after iLTSL injection and heating with MR-
HIFU. Signal intensity a) before iLTSL injection and b) after iLTSL injection. c) Example 
of temperature map during heating, overlaid on signal intensity obtained with a 
treatment planning proton density weighted scan. d) Signal intensity after four 10-
minute heating sessions. Note that (a), (b) and (d) depict T1-weighted images whereas (c) 
shows a proton density weighted image. Adapted with permission from [288]. 

The highest relative increase in signal intensity was observed in the heated 

portion of the tumor that appeared poorly perfused (did not enhance significantly upon 

injection).  Adjacent unheated muscle signal intensity increased ~20% following injection 
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but remained stable following all of the heating sessions.  This study was repeated twice 

with similar trends. 

 

3.4 Discussion 

3.4.1 Design criteria for iLTSL 

The image-able liposome reported herein incorporated both drug and contrast 

agent in the interior compartment of liposome, enabling real-time monitoring with MRI 

of liposomal content release in a heated site.  Prior to developing this iLTSL formulation, 

we identified a set of key design criteria for this liposome, including stability (size and 

release profiles), image-ability (ability to report on content release in MRI), and ease of 

clinical translation. 

3.4.1.1 Stability 

A preliminary investigation of iLTSL stability was ensured by optimizing the 

liposome hydrating solution that contains contrast agent and Dox loading buffer.  The 

identity and concentration of both constituents must be properly balanced.  Native 

osmolarity of ProHance® (Gd-HP-DO3A) was 621 mOsm while another common 

contrast agent, Magnevist™, had an osmolarity of 1960 mOsm for the same 500mM 

contrast agent concentration.  The lower osmolarity for Gd-HP-DO3A allowed for more 

contrast agent to be loaded while maintaining stability of the liposome.  A 300mM 

citrate buffer (≈570 mOsm) is commonly used to actively load Dox into liposomes [366].  
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In the formulation reported herein, the citrate buffer was reduced to 100 mM to limit 

osmolarity inside the liposome when combined with 300 mM Gd-HP-DO3A (Final 

osmolarity = ~500 mOsm), while at the same time retaining the ability to load 5wt% Dox.  

The true osmolarity of the solution inside the liposomes following Dox loading is not 

known, since Dox forms fibrous structures inside the liposomes due to interactions 

between Dox, ions and citrate [367].  The osmolarity limit of 500-550 mOsm was 

empirically determined: loading solutions of greater osmolarity resulted in larger 

liposomes (>115nm) that suggested potential instability (data not shown).  The choice of 

300 mM Gd-HP-DO3A and 100 mM citrate buffer yielded a stable particle size 

distribution and drug release over one week in storage (Figure 45).  Not only the 

hydration buffer osmolarity, but lipid components may influence stability.  A different 

formulation recently showed similar release properties and improved stability at body 

temperature [227].   

3.4.1.2 Image-ability 

iLTSL image-ability was optimized by selecting a proper ratio of Gd-HP-DO3A 

to Dox to provide an MR-signal increase while dosing Dox in a clinically relevant 

concentration. The balance between image-ability (Gd-HP-DO3A) and therapeutic 

efficacy (Dox), while maintaining stability, is the major consideration for optimization of 

a drug plus contrast agent formulation. Although greater amounts of drug have been 

loaded into image-able liposomes [354], the selection of a relatively low drug:lipid ratio 

159 

 



 

of 5wt% ensured a [Gd-HP-DO3A] high enough for imaging in vivo.  This procedure 

yielded liposomes that would deliver 0.15 mmol/kg of Gd-HP-DO3A at the commonly 

used 5mg/kg intravenous dose of Dox-loaded LTSL in mice (approx. 25mg/m2 in mice, 2 

times lower than human MTD of 50 mg/m2 [229]), which is sufficient to increase MR 

signal significantly.  Previously reported increase of water exchange across the liposome 

membrane with temperature increased pre-release R1, thus attenuating detectability of 

release with similar liposomes [354].  iLTSLs demonstrate relaxivity>1mM-1s-1 at room 

temperature, suggesting that the water exchange rate does impact relaxivity when no 

release occurred.  However, relaxivity at body temperature was not measured and the 

contents of liposomes investigated herein differ from those previously reported [354].  

Therefore, it is unclear to what extent the water exchange rate with iLTSL will decrease 

the difference in relaxivity before versus after release in a physiological setting.  Thus, 

the 2-fold increase in relaxivity after contrast agent release from the liposome (Figure 41) 

reinforced the utility of this formulation in reporting specifically on liposomal content 

release. 

3.4.1.3 Clinical translation 

Clinical translation of iLTSL may be eased by selecting a liposomal formulation 

with constituents that have a history of clinical use and safety.  The MR contrast agent, 

Gd-HP-DO3A, is currently FDA-approved for imaging abnormal vascularity in the 

central nervous system and head and neck. Furthermore, Gd-HP-DO3A has 
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demonstrated the lowest incidence of nephrogenic systemic toxicity (NSF) for Gd-based 

contrast agents [368, 369].  Lastly, the selected lipid components are similar in identity 

but not in ratio to a commercial formulation (ThermoDox®, Celsion, Columbia, MD) 

that has been tested in canine soft tissue sarcomas and in a wide array of clinical trials 

[229, 240-244] described in detail in section 1.3.4.  Other FDA-approved liposomal agents 

use pH gradient loading methods [370].  Although use of FDA-approved and/or 

clinically used components does not alleviate all safety concerns, these choices may ease 

clinical translation of the iLTSL image-able liposomal formulation. While these aspects 

of iLTSL appear positive, recent investigations showed that introduction of a contrast 

agent adversely affects PRFS thermometry [371]. We will review this effect in the next 

chapter and provide an overview of how we used steady state heating to circumvent 

this problem in the setting of preclinical experiments.  These issues would likely 

complicate clinical translation of iLTSL for purposes that require PRFS thermometry. 

3.4.2 Kinetics of release of Dox and Gd-HP-DO3A 

Direct imaging of drug for image-guided drug delivery is often not possible 

without chemically modifying the drug, which in turn can affect its efficacy. This 

stimulated the idea of using a surrogate “reporter” of liposomal release. Co-

encapsulation of Gd-HP-DO3A and MR imaging of its liposomal release as a surrogate 

of Dox requires that the two species be released at similar rates, or that the relationship 

between their release rates is determined. Another important factor is how well these 
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agents co-localize in tissue once released. As mentioned in section 1.3.5, doxorubicin 

readily binds to many proteins in the bloodstream as well as in the extracellular space 

and enters the cell whereas Gd-HP-DO3A remains extracellular and unbound. Given the 

complexity of this fundamental difference between this drug and contrast agent 

combination, the extent to which it would affect drug dose painting is unclear. The two 

molecules are very similar in size, and this work demonstrates that their rates of release 

from liposomes are similar. 

Release of Dox and Gd-HP-DO3A from the same liposome was evaluated in 

HEPES buffer without a profound difference for most time points at 37, 40 and 41 °C 

(Figure 40).  Increased relaxivity with heating was also demonstrated (Figure 41), which 

resulted in greater signal intensity (Figure 47). Taken together, these data suggest that an 

increase in signal intensity from contrast agent release can be used as a surrogate for 

drug release from iLTSL.  

Release of Dox in plasma was faster than in HEPES buffer at temperatures below 

TMRR. A quantitative assessment of the influence of plasma on release of both Dox and 

Gd-HP-DO3A is presented in Table 6 and Table 7. For example, the "release rate 

constant", "time to 50% release" and "release at 15 s" provide ways of comparing the 

rates of drug and contrast release. All of these data point to Dox being released faster in 

plasma in the intermediate range of temperatures (39-41°C).  Furthermore, a comparison 

of values of TMRR in Table 6 shows that maximum rate of release of Dox occurs at a 
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lower temperature in plasma.  Plasma has been shown to affect liposomal release 

kinetics [372], and recently, it was reported that lysoleceithin is lost from LTSL in 

plasma, and that this phenomenon may play an important role for in vivo release kinetics 

of such liposomes [257].  These observations warrant further investigation into effects of 

plasma components on TSL release.  They also highlight the need to perform release 

assays of TSLs in plasma to estimate in vivo performance. 

Release of Gd-HP-DO3A from liposomes was quantified with several methods, 

and agreement of results from these methods shows that the simplest of the methods 

could be used in future studies.  The main body of this work used ICP-AES, which is a 

direct measurement of gadolinium.  However this method required removal of released 

Gd-HP-DO3A from solution using size exclusion chromatography in two steps.  Our 

data suggest that simple R1-measurements of aliquots collected during the release assay 

provide an equivalent estimate of “Percent release” (Figure 41).  Thus, using this 

simplified method, the kinetics of Dox and Gd-HP-DO3A were measured in plasma, 

where separation of released and encapsulated contrast agent would be difficult.  This 

assay (Figure 40) demonstrates that both the contrast agent and Dox are not appreciably 

released in either HEPES buffer or plasma at 37°C, with the rate and extent of release 

rising with temperature (Figure 40 and Table 7).   

A number of methods were used to quantify and describe release of liposomal 

contents, such as the release rate constant, time to 50% release and release at 15 seconds.  
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For practical considerations, the most important factor is the amount of drug and/or 

contrast agent released during transit through the treatment volume, as suggested by 

recent modeling work [373].  Mean transit time in tumors is typically less than 10 

seconds [374], suggesting that drug release must occur in this time window for optimal 

tumor accumulation.  Figure 40 demonstrated no appreciable difference in release of 

drug and contrast agent on this short time scale, supporting the concept of imaging 

contrast agent release as a surrogate of drug release.  In fact, a 10- to 24-second transit 

time is sufficient for near-maximal content release at 41 °C in plasma (Figure 39D).  

While fast release is important in the heated region, the LTSLs must also stably 

encapsulate their contents at body temperature.  Limited release at 37 °C (<15% in 15 

min in plasma) ensured that the majority of drug arrives to the heated region stably 

encapsulated inside iLTSL during a typical hyperthermia treatment (Figure 39D).  The 

review of literature in section 1.3.4 and the discussion in this chapter clearly point out 

that further improvement in plasma stability may increase delivery of drug to a heated 

region. 

3.4.3 Drug dose painting using MR-HIFU and iLTSL 

In this chapter we present a preliminary in vivo study that evaluates the ability 

of iLTSL to provide sufficient contrast with MR-HIFU. Our results showed that MR 

signal intensity increased after iLTSL injection, followed by further increases after each 

10-minute hyperthermia treatment (Figure 48).  For such information to be used for 
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treatment control and monitoring in real time, dynamic imaging during heating should 

be used, as demonstrated in phantoms (Figure 47). In the next chapter, we will address 

such an approach and examine various factors that affect our ability to simultaneously 

measure contrast agent concentration and temperature with PRFS. 

Since Dox and Gd-HP-DO3A release rates are well correlated, the contrast 

behavior of these liposomes appears to mimic that observed with manganese-loaded 

LTSL, where Dox concentration was related to MR signal changes [278, 280].  However, 

while manganese readily binds to proteins once released, Gd-HP-DO3A does not, 

implying that overall distribution of this contrast agent will be different from that of 

manganese. This difference in physicochemical properties may require a computational 

model to relate Gd-HP-DO3A and Dox concentrations [373].  Conversely, a correlation 

between Dox and Gd-HP-DO3A concentrations may not be necessary in vivo, since such 

treatments would likely seek to maximize dose at the target, without the need to 

precisely dial it in. This notion suggests that evaluating a spatial pattern of contrast 

enhancement during and/or following treatment may be sufficient for identification of 

poorly treated areas and further treatment planning. The following chapter will examine 

the dose painting approach and explore how conventional MR imaging approaches may 

aid in treatment planning with this drug-device combination.  
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3.5 Conclusion 

This chapter described characterization of an MR image-able liposome 

formulation co-loaded with Dox and an MR contrast agent - Gd-HP-DO3A.  The 

liposome stably encapsulated its contents for up to a week in storage and the release of 

its contents was image-able, with similar release rates for contrast agent and Dox.  

Monitoring and spatial control of liposomal content release was demonstrated with MR-

HIFU in tissue-mimicking phantoms in real time, as well as after heating in vivo. 

The following chapter explores the utility of this combination of technologies and 

examines MR image-able transport parameters that may be used to supplement 

information obtained with iLTSL or potentially to replace such information in cases 

where iLTSL cannot be used due to their magnetic susceptibility effects (e.g. where fast, 

continuous temperature feedback with PRFS is required). 
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4. Drug dose painting with MR-HIFU and iLTSL and MR-
image-able transport parameters   

4.1 Introduction 

4.1.1 Addressing heterogeneity of drug delivery 

The possibility that portions of a targeted lesion may be dosed insufficiently has 

long been considered an Achilles’ heel of vascular drug delivery. As discussed in 

Chapter 1, the high degree of spatial heterogeneity of vasculature, cellular and stromal 

density and other factors in tumors have the potential to severely limit drug delivery. 

Thus, prediction, as well as real-time and post-treatment quantification of the spatial 

distribution of drug delivery within a targeted lesion may aid in treatment optimization. 

These three assessments of drug delivery may be used to optimize different parts of a 

treatment. For example, an anatomically complex treatment, or a decision about 

modality of treatment can derive benefit from prediction of drug distribution. Real-time 

assessment can be used to ensure that any inconsistencies between the prediction and 

achieved drug distribution are addressed while the need for re-treatment is minimized. 

Finally, a post-treatment assessment may enable optimization of further treatments. 

To take advantage of such information in treatments with LTSL and mild 

hyperthermia, equipment that could accurately monitor and modify temperature 

distribution in real time would be needed. However, prior to recent use of MR-HIFU to 

trigger release from LTSLs co-loaded with MR contrast agent and Dox  [283, 286, 288], 
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applicators of mild hyperthermia (reviewed in section 2.1.2) could not rapidly adjust the 

temperature distribution in and around the target zone in a controllable manner [278, 

280]. In part due to poor or complex control over temperature, such devices did not gain 

traction in the clinic. 

This lack of progress in controlling mild hyperthermia, especially for deep 

heating, likely affected clinical testing of technologies that could be optimally combined 

with a mild hyperthermia-inducing device, such as LTSLs. For example, recent sub-

optimal results of the Phase III clinical trial of LTSLs in combination with RF ablation for 

liver lesions [244] serve as a reminder of a need for a clinically viable LTSL+heating 

device combination. This clinical trial was designed to improve treatment around the 

margin of RF ablation zones by depositing drug in such areas. However, mathematical 

modeling suggests that for drug release from LTSLs such as ThermoDox®, a mild 

hyperthermia treatment would be far more optimal than RF ablation, and perhaps a 

combination would be best [252]. Because no readily available devices could achieve 

adequate mild hyperthermia in the liver, and because safety data with the RFA 

combination was available [242], it was logical that the next trial moved ahead without 

an opportunity to use an optimal drug-device combination. Understanding of the 

mathematical modeling in this context [251, 252, 373] motivates development of robust 

deep mild hyperthermia applicators that would enable LTSLs as well as other heat-
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triggered drug delivery systems as well as radiation sensitization to achieve their 

optimal potential.  

Recent development and therapeutic clinical use of MR-HIFU (reviewed in 

section 1.3.5) provides a high degree of control over temperature distribution. This real-

time adaptability of the system may enable methods for higher precision and accuracy 

of treatment than the pre-clinical hyperthermia applicators used previously. 

Importantly, this technology enables some assessment of all three possible steps of 

treatment optimization: steps that must occur before, during, and after treatment.  

The work in chapters 2 and 3 was aimed at developing the necessary tools to 

evaluate the concept of drug dose painting with MR-HIFU and iLTSL (Section 1.3.5). We 

will begin with a brief overview of the technological development and findings from the 

previous two chapters and then focus on the details of how MR-HIFU and iLTSL may be 

used for dose painting as well as the possible utility of conventional MR image-able 

parameters in such treatments (i.e. how such parameters may supplement or replace 

information provided by iLTSL). 

4.1.2 Overview of chapters 2 and 3 

Chapter 2 demonstrated development of MR-HIFU algorithms and approaches 

that would be necessary for clinical use of MR-HIFU mild hyperthermia, which in turn 

would be required for optimal drug delivery with temperature-sensitive liposomes in 

the clinic. The large volume heating algorithm we developed and evaluated can achieve 
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and maintain mild hyperthermia in volumes of clinically relevant size, which implies 

that if the target tissue were adequately and homogeneously perfused, drug dose 

painting could be accomplished by simply prescribing a thermal treatment at the target 

area. However, this ideal scenario is unlikely due to one of the threads that ties together 

chapters 2 and 3: the heterogeneity of tumor microenvironment. 

Effects of spatial variability of perfusion in and around the tumor on temperature 

distribution have been well documented, and in Chapter 2, such phenomena appeared 

to affect the data, as discussed in section 2.3.5. Other factors, such as local differences in 

ultrasound absorption coefficient, were also at play, but the shape of the target and the 

amount of energy required for homogeneous heating appeared to overlap with areas 

that differed in terms of their perfusion Figure 1. Thus, ability to precisely and nearly 

instantaneously prescribe the spatial distribution of HIFU power is a necessary feature 

of the algorithm we developed. Reliance on simply controlling average temperature in a 

large region without such fine spatial control over distribution of delivered energy 

would likely result in over- and under-heating, depending on the spatial pattern of 

tissue heterogeneity in and near the target volume. Thus Chapter 2 showed 

development and characterization of a mild hyperthermia system that is capable of 

compensating for the tissue heterogeneity. The MR imaging component of this system 

provides not only the ability to target and monitor heating: MRI provides access to 

170 

 



 

knowledge of tissue parameters that govern drug delivery and measurements that may 

serve as surrogates for both imaging and control of drug delivery.   

 

Figure 49: Preliminary in vivo results that demonstrate the combination of drug dose 
painting over a large volume in the thigh Vx2 tumor of a rabbit and the various 
factors that may be used to both measure and predict drug delivery. A 15-min 
acquisition of steady-state temperature and T1 with a variable flip angle sequence was 
followed by MR-HIFU-mediated heating of the target (shown outlined and 
automatically sub-divided into sub-volumes in the top left corner). During heat-up, the 
temperature rapidly reached the target temperature, which was set at 41°C. Rising 
temperature increases tissue T1, resulting in a perceived drop in the concentration of the 
contrast agent in the bottom graph (CA was not yet injected, so this is due to heating). 
When iLTSL solution was infused, two things occurred: 1) the T1-measured 
concentration of the contrast agent increased in real time up to approximately 0.2 mM in 
15 min and 2) temperature measurements appeared to be affected by the arrival of 
intravenous contrast. This latter effect is discussed in section 4.1.4 and it results in the 
need to maintain steady-state heating with a modified algorithm, as was done in this 
chapter. The other key point in this figure is represented by the several parameters 
whose spatial distributions qualitatively correlate with the pattern of the highest 
increases in concentration of contrast agent. 
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Chapter 3 explored the design and performance of an MR image-able liposome 

that can report on the spatiotemporal pattern of drug release.  This image-ability could 

provide a possible way to assess the impact of tumor heterogeneity on drug distribution, 

and to adjust treatment planning accordingly. The preliminary in vivo data presented in 

Chapter 3 was also encouraging, since it showed contrast enhancement on T1-weighted 

images as well as Dox fluorescence that appeared greatest in the heated zone. These 

developments are used together in the current chapter to investigate drug dose painting 

and the various MR image-able parameters that may help to rationally apply such an 

approach. 

4.1.3 Combining MR-HIFU large volume heating and iLTSL 

One of the possible advantages of drug dose painting with iLTSL is 

intraprocedural feedback provided by contrast agent release. In order to achieve such 

feedback, the release of contrast agent must be monitored in a way that ensures 

sufficient MR thermometry performance for accurate heating. Our approach was to use 

a variable flip angle (VFA) MR sequence that provided a way to sample T1 in real time in 

addition to temperature. 

The VFA measurement technique can, under certain conditions, allow for effects 

of contrast agent on T1 to be mostly decoupled from the effects of temperature on T1 

(heating increases T1, lowering signal intensity within the heated region). In order to 

isolate just the effect of contrast agent on T1, steady state heating must be achieved and 
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maintained during and after injection of the contrast agent, while T1 is sampled 

dynamically. Once contrast agent or iLTSL is injected, its arrival would lower T1 relative 

to its value during steady-state heating prior to injection. Thus, without maintenance of 

steady state heating, temperature and contrast agent effects on T1 cannot be decoupled 

from each other, unless yet another measurement method is introduced to 

independently assess at least one of these quantities. Our initial exploration of this this 

approach – of pre-heating followed by injection – suggested that this approach was 

promising (Figure 49). This scenario involves an important caveat: the introduction of a 

contrast agent also affects PRFS thermometry. The resulting inability to account for 

dynamic changes in PRFS-measured temperature would break down the feedback 

control loop, sabotaging the treatment as described in detail in the next paragraph. 

In the absence of contrast agent, steady state heating can be maintained with MR-

HIFU over large volumes, as was shown in Chapter 2.  Maintenance of steady-state 

heating (or accurately heating up tissue) in the presence of iLTSL or contrast agents that 

modify local magnetic susceptibility requires accurate temperature control that is itself 

not affected by the introduction of contrast agent into the target and surrounding 

tissues. However, presence of contrast agent and dynamic changes in its concentration 

affect PRFS-based MR thermometry (Section 4.1.4). Therefore, even in the seemingly 

well-controlled scenario described in the previous paragraph, injection of the contrast 

agent would alter measurements of temperature in a heterogeneous and dynamic 
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manner, which would cause the feedback controller to move the system away from 

steady state. 

Obviously, this interconnection between temperature and contrast agent 

measurements presents a problem for the iLTSL+MR-HIFU combination. The challenge 

presented by this issue is especially pertinent given that this therapy requires precise 

control of heating over long mild hyperthermia duration (at least 30 min, and longer for 

optimal results [252] within a very tight temperature range of mild hyperthermia (40-45 

°C). During such lengthy treatments, the concentration of contrast agent and liposome 

would change in the plasma due to clearance of intact liposomes, leakage of their 

contents and heat-triggered release.  

It follows from the above discussion that an approach opposite to Figure 49 – 

that of iLTSL injection followed by heating – is even more difficult to control. Initial data 

on this fell in line with this understanding, since contrast agent injection as well as 

release appeared to affect PRFS thermometry during heat-up as well as when the system 

attains steady-state heating (Figure 50). In this case, it would not be possible to 

determine if heating is truly steady-state, or even to measure temperature reliably, since 

MR thermometry would be compromised before as well as during heating. Nonetheless, 

the T1 was reduced as the heating algorithm targeted 4 hyperthermic temperature 

settings. The hyperthermic heating alone would increase T1, so the effect of contrast 

agent on T1 in this case overpowers that of increasing temperature (heating alone would 
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decrease T1). The growing spread between T10 and T90 indicates that the temperature as 

well as contrast agent concentration readings became more spatially heterogeneous with 

time. Note also that a sub-volume of the tumor that could not be maintained at target 

temperature (top left) demonstrates the largest increase in T1-based [CA] relative to 

other surrounding areas. Whether the temperature readings here are due mostly to 

temperature or mostly to CA cannot be determined and thus this approach cannot be 

used with PRFS thermometry in its current form. Our examination of this effect shows 

that the better perfused parts of the tumor exhibit thermometry errors as large as 15 °C, 

and that these susceptibility effects modify MR thermometry at considerable distance, as 

discussed in the next section. 
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Figure 50: Initial experience with dose painting using iLTSL and MR-HIFU. The 
liposomes were injected prior to heating. Note the increase in the spread between the T10 
and T90 during the injection. This is due to the effect of liposomes on thermometry. 
Subsequent heating must rely on the contrast agent-affected thermometry to control 
heating. The reduction of T1 in the tumor was converted to CA concentration. The effect 
to which PRFS thermometry is affected is difficult to measure and not possible to 
account for with this approach. 
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4.1.4 Magnetic susceptibility effect and PRFS thermometry 

The magnetic susceptibility effects of MR image-able temperature-sensitive 

liposomes pose a serious challenge for a dose painting that currently relies on PRFS-

based MR thermometry. This topic was recently investigated in detail by Hijnen et al. 

[371]. To summarize the experiments and a broad literature review included in that 

work, the presence of paramagnetic contrast agents produces magnetic susceptibility 

effects that affect temperature in two different ways. The first of these effects stems from 

the paramagnetic agent’s susceptibility depending on temperature and this temperature-

induced susceptibility of the contrast agent differing from that of tissue. The second 

effect of contrast agent on PRFS thermometry stems from its likely changing 

concentration during a thermal treatment. This latter effect implies that if a liposome 

were administered during thermometry, its arrival would be reflected in MR 

thermometry measurements. The narrow range of temperature required for LTSL 

release and mild hyperthermia treatments in general (40-45°C) thus presents a challenge 

for combinations with image-able formulations. While these effects are concentration 

dependent, they also play a role at a distance and depend on the shape of the perfused 

regions. Their strength, as well as the direction of their effect on temperature (they may 

cause a perceived decrease or an increase in PRFS-measured temperature) are strongly 

dependent on the relative orientation of tissue with respect to the main magnetic field. 
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Measurements by Hijnen et al. demonstrated that these effects may amount to 

only a few degrees Celsius at physiological concentrations of contrast agent. While 2 – 3 

°C may in itself adversely affect a mild hyperthermia treatment, our measurements 

show that these effects can be much more substantial (as much as 10 °C, Figure 51) in 

areas where perfusion is relatively high, as well as near those areas. 

 

Figure 51: Effect of contrast agent concentration on temperature imaging without 
heating, following injection of 0.1 mmol/kg ProHance. With PRFS thermometry, the 
changes in susceptibility did not correlate with changes in contrast agent concentration. 
The greatest changes in measured temperature (relative to baseline before injection) 
appeared near the voxels that showed greatest change in contrast agent concentration. 
Notice that the graph on the right shows that the dynamic change in contrast agent 
concentration can result in differences as large as 10 °C, which is not admissible if a mild 
hyperthermia treatment is to be used, with a temperature elevation of 3-8 °C above a 
typical core body temperature of 37 °C. 
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4.1.5 Assessment of MR image-able transport parameters to inform drug 
dose painting 

Drug transport in solid tumors was reviewed in the introduction to drug 

delivery (section 1.3), which summarized the key factors affecting drug delivery such as 

perfusion, vascular surface area and vascular permeability to the drug/carrier, the 

balance of forces that drive convection and diffusion across the vessel wall, cellular and 

stromal density, as well as other factors. Together, these factors form a complex picture 

of molecular transport and delivery, suggesting that prediction of drug transport on the 

microscopic scale in the tumor requires knowledge of the spatial distribution of at least 

the dominant among these parameters. This complexity was one of the motivating 

factors behind the drug dose painting idea with iLTSL: being able to image the drug or 

its surrogate would circumvent the entire problem of measuring all of these parameters, 

determining which are dominant, or having to develop and validate mathematical 

models that would incorporate the intricate interplay between these variables. Instead, 

one could simply assess where enhancement is greater and/or faster and thus determine 

which areas are ‘seeing’ a relatively high or low amount of drug. This possibility 

appears to bypass all of the complexity and simply provide the result. We have learned 

though, that significant challenges for this idea exist wherever PRFS thermometry is 

required (section 4.1.4). 

The issue of contrast agent susceptibility affecting MR thermometry has not been 

resolved, and the nature and complexity of these effects suggests that they require novel 
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approaches. Until such approaches become available, it is important, therefore, to ask 

the question: “are image-able liposomes providing information that cannot be obtained 

by other means?” In this chapter, we examine MR image-able parameters that are in 

routine clinical use today and could provide similar information to that provided by 

iLTSL. 

A wide variety of MRI parameters have been studied for several decades in 

oncologic applications. Dynamic contrast-enhanced MRI (DCE-MRI) and diffusion-

weighted imaging (DWI) are among the techniques that have been most widely used to 

probe parameters relevant to drug transport in tissues. DCE-MRI parameters have been 

correlated with drug response, overall prognosis and histological correlates [375]. These 

techniques obtain macroscopic measurements of relevant parameters, with each voxel 

containing vascular as well as extravascular compartments (which in turn may be 

broken down into several other compartments). On the other hand, invasive 

measurements, such as fluorescence microscopy, provide ways to quantify parameters 

relevant to tissue transport on the size scale of tens to hundreds of microns. In some 

studies, it can be used to carefully decouple analysis of vascular and extravascular 

compartments [376], and for Dox, which is fluorescent, it affords an opportunity to 

examine drug delivery in real time and relate it to the architecture of tumor tissue [90, 

249]. 
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4.1.5.1 Dynamic Contrast Enhanced Magnetic Resonance Imaging 

Used by researchers as well as clinicians to study various aspects of tumor 

physiology, DCE-MRI has steadily gained popularity as a method to noninvasively 

evaluate tumor angiogenesis following anti-angiogenic therapy.  DCE-MRI has been 

used in studies of tumor blood flow, vascular permeability, perfusion, and the size of the 

extracellular extravascular space [377-379]. This technique involves an intravenous 

injection of a bolus of a contrast agent (CA) while obtaining MR images whose intensity 

is sensitive to the CA.  The CA is typically a small-molecule Gd chelate, which affects 

magnitude of signal in MRI via several mechanisms, including shortening of the spin 

lattice relaxation time (T1) and the spin-spin relaxation time (T2). MR images can be 

weighed towards one or both of these effects to measure the spatiotemporal time course 

of the CA after injection. With T1-weighted imaging, concentration of the CA can be 

found by relating MR signal intensity to the map of T1 that was acquired prior to CA 

injection.  With this technique, it is possible to approximate the CA concentration in each 

3D voxel of the sampled volume, at multiple time points. 

DCE-MRI data has been analyzed with both heuristic approaches and 

pharmacokinetic models. Heuristic analysis involves calculation of either voxel-wise 

maps or volume-averages of the rate at which signal or concentration of the contrast 

agent increases (initial slope), time to peak concentration or signal intensity following 

injection (time to peak), and the area under the CA concentration or signal intensity time 
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curve (AUC). These quantities have seen widespread use in absence of a unified 

approach to pharmacokinetic DCE-MRI modeling [379]. Appropriate application of 

pharmacokinetic modeling to such data allows DCE-MRI data to approximate more 

directly actual quantities relevant to drug delivery.  

Pharmacokinetic modeling of DCE-MRI has most often involved application of a 

two-compartment model (Figure 52) introduced to DCE-MRI by Tofts and Kermode [2].  

This model treats blood plasma and the extravascular/extracellular tissue space (EES) as 

the two compartments where contrast agent is found in the volume of images [5].  The 

changing concentration of contrast agent in the tissue is modeled by the following 

differential equation [5]: 

 

dCt

dt
= K trans Cp (t) −

Ct

ν e

 

 
 

 

 
 
     Equation 16 

In this equation, an arterial input function (AIF) gives the concentration 

delivered via the blood plasma ( Cp(t) ), Ct is the concentration in the tissue at time t, ve is 

the fractional volume of the EES available to the contrast agent, Ktrans is the volume 

transfer constant between the plasma and the EES per minute. Another parameter of 

interest estimated through this analysis is kep which represents the volume rate constant 

from EES into the plasma compartment and is equal to Ktrans/ve. The equation describes 

the traditional two-compartment model (Figure 52).  
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Figure 52: Two-compartment model simplified from [5]. 

In the model, contrast agent is introduced intravenously and is delivered via the 

blood vessels to permeable capillaries, diffusing into the EES. The blood plasma 

compartment is considered to have a contrast agent concentration of Cp(t) and a volume 

vp per unit tissue volume. The extracellular/extravascular space, EES, has contrast agent 

concentration Ce = Ct/ve and volume ve per unit volume of tissue.  The parameters vp and 

ve also have the meaning of the fraction of the contrast agent that is in the blood plasma 

or in the EES, respectively. The EES is the space where leaking contrast agent can 

penetrate and accumulate, contributing to signal enhancement.  

The model makes many simplifying assumptions [4]. For example, only two 

compartments are considered, and they are assumed to contain a uniform concentration 

of well-mixed contrast agent. Currently, the CAs that have seen the most use in MRI are 

small molecule chelates of Gd (e.g. Gadoteridol/Prohance® used herein), which have a 

molecular weight of approximately 0.5 kDa.  After initially passing as a bolus, these 

contrast agents rapidly mix throughout the plasma compartment. Their small size 

increases the likelihood that they quickly become evenly mixed within the available 
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tissue compartment (ve), though in tumors, their distribution throughout the EES 

depends on the complex and sometimes heterogeneous tumor microenvironment 

(section 1.3). Another important caveat that invariably oversimplifies the transport of 

CA in tumors is that the flux between the compartments is modeled as directly 

proportional to the concentration difference between the two compartments, Cp – Ce. 

This implies a diffusion-dominated transport mechanism, though, as discussed in 

section 1.3, transvascular convection is likely present at least in some regions of a tumor. 

Finally, parameters used to describe the compartments are considered to be unchanging 

during the time required to gather the data. For small CAs, this assumption is unlikely 

to impact results, due to their rapid mixing in the EES. 

The parameter that is of greatest interest in DCE-MRI analysis, Ktrans, combines 

the effects of perfusion, vascular surface area and vascular permeability on the transport 

of CA. However, Ktrans has several possible interpretations that depend upon the 

perfusion and permeability of the capillaries in the tissue region under study.  Overall, 

the equation that defines Ktrans is as follows: 

𝑲𝑲𝒕𝒕𝒓𝒓𝒎𝒎𝒅𝒅𝒓𝒓 = 𝑬𝑬𝑭𝑭𝑬𝑬(𝟏𝟏 − 𝑯𝑯𝒄𝒄𝒕𝒕), 𝒘𝒘𝒉𝒉𝒆𝒆𝒓𝒓𝒆𝒆 𝑬𝑬 = 𝟏𝟏 − 𝒆𝒆−𝑷𝑷𝑷𝑷/𝑭𝑭   Equation 17 

In high-permeability situations where transfer of the contrast agent is flow 

limited, Ktrans reduces to the blood plasma flow per unit volume of tissue [5].  This 

relationship is given below, where F is perfusion of whole blood per unit mass of tissue, 

ρ is tissue density, and Hct is hematocrit: 
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)1( HctFK trans −= ρ       Equation 18 

In low permeability situations, where transfer of contrast agent is permeability-

limited, Ktrans becomes the surface area permeability product per unit volume of tissue 

[5]: 

ρPSK trans =       Equation 19 

Here P is total permeability of the capillary wall, S is the surface area per unit 

mass of tissue, and ρ is tissue density.  

In tumors outside of the brain, the flow-limited scenario is perhaps more likely 

for enhancement with small CAs, since without a selective barrier such as the BBB, the 

small contrast agent quickly diffuses through the vascular walls and tissue due to its 

small size.  However, fluid movement along and in as well as out of tumor vasculature 

is influenced by a variety of factors (discussed in section 1.3), which may combine to 

limit convective transport and force Ktrans to scale with PS more than with F. If the flow 

(F) and permeability-surface area product (PS) contributions are not verified with 

another method, one or the other case is usually assumed in the analysis.  This results in 

the possibility that a treatment that decreases vascular permeability of a tumor may 

result in a Ktrans decrease that is similar to Ktrans decrease due to a treatment that reduces 

perfusion in the imaged region.  The recent explosion in the use of DCE-MRI in trials of 

chemotherapeutics that target vasculature has resulted in efforts to separate these effects 

using contrast agents of different sizes. 
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4.1.5.2 Diffusion-weighted MRI 

Diffusion-weighted MRI provides another method to assess fluid transport 

within tissue. This approach relies on an MRI sequence that introduces a gradient pulse 

and later plays another with an opposite sign. The resulting images reflect preferentially 

the spins that were moving as the sequence was played, and therefore produced echoes. 

Thus, the measurement can be related to the displacement of water molecules that were 

migrating between the gradient pulses. The metric that derived from such 

measurements is the apparent diffusion coefficient (D), which can be calculated from the 

Stejskal-Tanner equation:  

𝑷𝑷 = 𝑷𝑷𝟎𝟎𝒆𝒆−𝜸𝜸
𝟐𝟐𝑮𝑮𝟐𝟐𝜹𝜹𝟐𝟐(∆−𝜹𝜹/𝟑𝟑)𝑫𝑫 = 𝑷𝑷𝟎𝟎𝒆𝒆−𝒇𝒇𝑫𝑫    Equation 20 

In this equation, S0 represents the unknown signal intensity without diffusion 

weighting and γ is the gyromagnetic ratio, G and δ are the strength and duration of the 

diffusion gradient and Δ represents the period of time between the pulses. The b-value 

[𝛾𝛾2𝐴𝐴2𝛿𝛿2(∆ − 𝛿𝛿/3)] in the equation above is usually referred to as the parameter that 

determines the extent of diffusion weighing. If this value is below 100 s/mm2, the 

resulting signal has a significant contribution from perfusion, whereas values much 

greater than 1000 s/mm2 result in progressively more diffusion weighting. Like DCE-

MRI approaches, estimation of ADC values has found extensive use over the last decade 

in assessment of tumor angiogenesis following anti-angiogenic oncologic therapy, and 
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decrease in ADC has been correlated with tumor apoptosis, while necrosis could cause 

ADC to rise [380, 381]. 

4.1.6 Importance of scale of animal solid tumor models 

Most in vivo drug delivery research is done in rodents, whose tumors are usually 

significantly smaller (<1cm diameter) than sizes at which tumors are detected in humans 

at the time of initial diagnosis. The murine models are a wonderful tool for research. 

However, the much larger size of lesions commonly encountered in the clinic and their 

position often deep in the body present some challenges for MR-HIFU-mediated 

liposomal drug delivery that are not encountered in murine cancer models. Large lesion 

sizes nearly guarantee necrosis and extensive areas of poor perfusion. The difficulties 

posed by cells that survive in such regions were discussed in detail in section 1.3. Large 

lesion size complicates the prospects of using heat to deploy drug or maintain the entire 

tumor at mild hyperthermia, since large targets require more energy for heating. 

Chapter 2 demonstrated the design and validation of a large volume mild hyperthermia 

algorithm that may be used to address this challenge. Ability of MR-HIFU to deliver 

heat noninvasively may be used to address the challenge of heating deep-seated tissue. 

 

4.1.7 Objectives 

Objectives of this chapter were 1) to analyze the pharmacokinetics of iLTSL, 2) 

develop a method for maintaining steady state mild hyperthermia during and after 
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iLTSL injection, and 3) to investigate the utility of MR image-able transport parameters 

in predicting and guiding drug delivery with the MR-HIFU and iLTSL combination.  

 

4.2 Materials and Methods 

4.2.1 Chemicals and cells 

Doxorubicin hydrochloride (Doxorubicin), zinc sulfate monohydrate (ZnSO4), 

phosphate buffer saline (PBS), potassium phosphate monobasic (KH2PO4), nitroblue 

tetrazolium (NBT), magnesium chloride (MgCl2), nicotinamide adenine dinucleotide 

phosphate (NADPH), and Trifluoroacetic acid were obtained from Sigma-Aldrich (Saint 

Louis, MO, USA). HPLC-grade acetonitrile and daunurobicin hydrochloride (DNR) for 

internal standard (IS) were obtained from VWR international (Swedesboro, NJ, USA). 

Cell preparation of Vx2 (kind gift from Dr. Jeff Geschwind, Johns Hopkins University) 

required PEB buffer, which was obtained from Miltenyl Biotech (Auburn, CA, USA). 

Prolong Gold with DAPI mounting medium was obtained from Invitrogen (Carlsbad, 

CA, USA). 

4.2.2 Animal studies 

The methodology for handling the animals and positioning them on the MR-

HIFU table was identical to that presented in chapter 2. The main differences appeared 

in the time course of the study and in the types of imaging. Before initial measurements, 

the animal’s body temperature was allowed to stabilize at 34 – 35 °C while the leg 
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temperature was brought down to between 33 °C and 35 °C. This was done to ensure 

that during heating, the animal’s body temperature, as well as the temperature within its 

leg will not rise sufficiently to cause off-target release liposomes. As Chapter 3 

demonstrates, if body temperature reaches ~40 °C, a significant quantity of drug would 

be released into the bloodstream throughout the systemic circulation (Sections 3.3.3 and 

3.3.4: ~70% release of Dox and CA in 1 min at 40 °C), likely reducing local drug delivery. 

Along with the difference in time course and additional imaging protocols 

compared to the studies described in Chapter 3, several intravenous injections were 

performed in each study. These included injection of Prohance® and iLTSL. During 

planning of each HIFU treatment, DCE-MRI scans relied on intravenous injections of 

Prohance® (0.2 mL/kg, 0.1mmol Gd/kg, injection rate: 0.2 mL/s) through an ear vein 

catheter. Through the same catheter, iLTSL or free Dox were administered at 5 mg/kg 

Dox concentration, resulted in injection of approximately 10 mL of iLTSL solution for a 4 

kg rabbit (typically ~2mg/mL Dox, injection rate: 0.05 mL/s). This dose of iLTSL resulted 

in Prohance® concentration of 0.15 mmol Gd/kg, according to our liposome preparation 

(Chapter 3 and [288]). In order to further evaluate the suitability of our iLTSL 

formulation to experiments in rabbits and to correctly choose the appropriate total 

treatment time, we began by determining the pharmacokinetic properties of iLTSL. 
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4.2.3 Plasma pharmacokinetics of iLTSL 

Pharmacokinetics of iLTSL were determined in three healthy, otherwise 

untreated rabbits. Prior to iLTSL infusion, 1 mL of blood from the central ear artery was 

withdrawn into an EDTA-containing vacutainer tube (Becton Dickinson Vacutainer 

Systems, Franklin Lakes, NJ, USA). The iLTSL solution (5 mg/kg Dox as in Section 4.2.2) 

was then infused by hand (average injection rate ± SD = 0.034±0.001 mL/s, N=3) and 

arterial blood was collected immediately after completion of the infusion, and at 15, 30, 

60, 90, 120, 180 and 240 min after iLTSL infusion. Immediately after blood collection, the 

tube was placed on ice, blood was centrifuged at 2000 × g for 10 min at 4°C, and plasma 

was then removed and stored at -80°C until further analysis. Doxorubicin concentration 

in plasma versus time was fit to a one-compartment model with first-order elimination 

using least-squares non-linear regression analysis with GraphPad Prism 5.0 (GraphPad 

Software Inc., San Diego, CA, USA). The area under the curve (AUC) between 0 to 240 

min was calculated on a cubic spline fitted to the experimental data in GraphPad. Total 

systemic clearance was calculated as dose/AUC. 

4.2.4 Experimental design to study imaging correlates and predictors of 
drug distribution following mild HT+iLTSL treatment 

4.2.4.1 Overview of pre-treatment MR imaging and procedures 

In this chapter, elements of HIFU mild hyperthermia algorithm from Chapter 2 

are combined with the image-able liposome from Chapter 3 and the imaging techniques 

described in the introduction. Eighteen New Zealand White Rabbits with Vx2 tumors 
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were randomly assigned into three treatment groups (6-7 rabbits/group): 1) free 

doxorubicin, 2) iLTSL and 3) iLTSL+ MR-HIFU hyperthermia. Both liposomal and free 

Dox was administered intravenously at the dose of 5 mg Dox/kg body weight. 

Following onset of anesthesia, the core-body temperature was lowered to 34 – 36 

°C gradually, by setting a low temperature for the water bath that is in contact with the 

animal and turning on the MRI bore fan. Body temperature, breathing and heart rates 

were monitored in the same fashion as in Chapter 2. Prior to treatment with free drug, 

iLTSL, or mild HT+iLTSL, several types of imaging were performed, including 

acquisition of B1, T1 and T2 maps as well as maps of DCE-MRI parameters discussed in 

section 4.1.5.1 and ADC maps with several ranges of b-values, to sample a range of 

effects, from a mixture of microperfusion and diffusion at low b-values to more 

diffusion-weighted ADC assessment at high b-values (see section 4.1.5.2). 
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Figure 53: Experimental design for the study of drug delivery imaging predictors for 
the combination of MR-HIFU mild hyperthermia and iLTSL. 

After acquisition of planning images, a target volume was selected and 

automatically divided into sub-volumes, as described in Chapter 2. A part of the 

planning procedure involved a test heating, during which the target volume 

temperature was raised up to 4 °C relative to baseline (not more than to 40 °C). 

Diffusion-weighted imaging was then carried out, followed by DCE-MRI and a period 

during which MR contrast agent was allowed to clear/arrive at steady state 

concentration in preparation for pre-treatment baseline scans and treatment (DCE-MRI 

contrast injection occurred >1.5 hours prior to beginning of sonication). Additional MRI 

sequences used and differences from MRI procedures in Chapter 2 are addressed in 

detail in Section 4.2.5. 

4.2.4.2 Mild hyperthermia maintenance with “pattern heating” and the iLTSL 

Due to the effect of iLTSL on PRFS thermometry that was discussed at length in 

sections 4.1.3 and 4.1.4, the approach to providing mild hyperthermia for this treatment 

was modified. This modification was made possible by observations of the behavior of 

the MR-HIFU system during maintenance of steady state mild hyperthermia. 

During our development of the large volume heating algorithm presented in 

Chapter 2, it was noted that once Tmean within the target region reaches the Ttarget and 

attains steady state heating (when Tmean = Ttarget ± (1 - 1.5) °C), the algorithm proceeds to 

instruct the transducer to visit only a subset of all transducer locations and often even 
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preferentially heating the same portions of sub-volumes. By re-analyzing data presented 

in Chapter 2, we investigated possible causes of this behavior. For example, incorrect 

spatial calibration of the location of HIFU focus on the image could result in off-target 

heating while the sub-volume the algorithm intended to heat receives little energy. After 

gaining some experience with the system, we noticed that this behavior could indeed 

arise from improper correction for the deflection of the focus due to tissue geometry. 

However, the effect was present even when the spatial corrections were verified as 

satisfactory and heating was homogeneous.  

During heat-up as well as during maintenance of steady state heating, most of 

the HIFU energy was aimed at the periphery of the target volume (Figure 29). This was 

expected because the target periphery can be thought of as an interface through which 

the heated target is losing heat to the surrounding tissue, as suggested by others [319, 

382, 383]. During the mild hyperthermia maintenance phase, the algorithm eventually 

cycled through most, if not all of the sub-volumes in the target, but most of its time was 

spent on only a subset of the target area, which was at the target volume periphery. 

Having reviewed relevant literature and examined our preliminary results 

(Figures 49, 50, 51) we concluded that robust feedback control with PRFS thermometry 

following iLTSL injection is not feasible without additional technical developments 

(sections 4.1.3 and 4.1.4), the work in this chapter exploits the seemingly repetitive 
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behavior of the large volume heating algorithm during maintenance of mild 

hyperthermia. 

The heating was initiated in the same manner as in Chapter 2 and continued 

unmodified until steady state heating has been maintained for 5 minutes for target 

regions with less than 8 sub-volumes and for 7.5 min for larger targets. These time 

periods were sufficient for the algorithm to instruct movement and sonication at all sub-

volumes that would be sonicated with feedback control. The custom RealTI module 

used in Chapter 2 was modified to allow the temperature images acquired during steady 

state to be re-played back into the feedback cycle in the same sequence that they were 

acquired, resulting in generation of identical sonication/movement instructions to those 

previously assigned by the controller (Figure 54). 
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Figure 54: Schematic representation of the pattern heating approach. This scheme was 
used to maintain steady state heating in place of direct MR thermometry-based feedback 
in iLTSL+MR-HIFU mild HT experiments. The performance of the pattern was first 
verified for 2-3 iterations of the pattern (10-24 min). If the pattern maintained average, 
minimum, and maximum temperature similarly (no decreasing or increasing trend 
visible, no excessive fluctuations in temperature), then iLTSLs were injected, without 
any interruption to heating. 

When the user indicated that steady-state heating was achieved, the next 

transducer movement triggered the algorithm to search the previous 5 - 7.5 min of 

heating for a transducer movement with the same source and destination locations as 
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the movement that was just triggered. This search in recent transducer movement 

history continued with each movement until a movement that matched another was 

found. To ensure that the looped pattern would force the transducer to move among 

many locations, a minimum pattern length of 4 min was used. Once a movement 

instruction identical to the current movement was located at its first feedback cycle (4-

7.5 min before the current) was considered the beginning of a pattern (Figure 54: 

Pttnfb_start). The algorithm then switched its feedback control from PRFS thermometry 

acquired in real time to a sequence of temperature maps from the beginning of the 

pattern (Pttnfb_start) to the feedback cycle (Figure 54: Pttnfb_end), where the successful search 

for the pattern was initiated. 

4.2.4.3 Post-treatment procedures 

Heating was stopped (for mild HT+iLTSL animals) following treatment, 30 min 

after commencement of drug injection and 1,000 units of Heparin were administered in 1 

mL saline. Post-treatment scans (T1 map, B1 map, High resolution T1-weighted scan) 

were performed, and 35 min after beginning of drug injection (~30 min after completion 

of injection, which varied in length depending on volume), the rabbit was euthanized 

using Euthanasia III (dose = 0.2 ml/kg, Pentobarbital Sodium 390 mg/ml and Phenytoin 

Sodium 50 mg/ml), removed from the bore of the magnet and transferred to an animal 

procedure room. There, the chest cavity was opened and abdominal aorta was 

cannulated. The right ventricle was punctured to allow for drainage, and the vasculature 
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of the rabbit was perfused with 1 L of saline at the rate of 20-100 ml/min as described in 

Arras et al [384]. The tumor and the muscle encasing it were excised and scanned again 

in MRI using the high-resolution T1-weighted sequence (see section 4.2.5) in order to 

provide a reference 3D dataset that was used to section the tumor later. Within 45 min 

after euthanasia, the tumor was frozen over liquid nitrogen, and subsequently stored at -

80°C until histopathology and HPLC analysis. 

 

4.2.5 MR Imaging 

The differences from other MR-HIFU experiments presented elsewhere in this 

thesis include a number of imaging sequences, such as T1, T2, B1 and ADC maps and the 

dynamic variable flip angle (VFA) sequence that is used to monitor contrast agent 

release by measuring T1 during treatment while simultaneously providing PRFS-based 

temperature feedback to control heating. 

4.2.5.1 Treatment planning 

An initial planning scan was used to determine the treatment plane parallel to 

the HIFU table top (3D turbo spin echo (TSE) sequence, repetition time (TR)=1600 ms, 

echo time (TE)=30 ms, acquisition matrix = 228 x 140, reconstruction matrix of 480 × 480, 

field of view (FOV) of 150 × 150 mm², slice thickness of 2 mm for acquisition and 1 mm 

and reconstruction, 60 slices, TSE factor=70, SENSE factor=2, bandwidth=585 Hz, coronal 

plane, scan time=2 min 58 s). As mentioned in Chapter 2, this sequence provides very 
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clear delineation of Vx2 tumors in the rabbit flank without the use of contrast. This set of 

images was used to select the plane of treatment that maximized the tumor area while 

allowing the HIFU beam to avoid overlap with bone either in the far or near-field (an 

approximate margin of 5 mm was maintained from the bone). 

Once a suitable plane for treatment was selected, the final step of treatment 

planning was performed using a dynamic sequence that matched the resolution of the 

VFA sequence later used to monitor and control treatment. The 3-slice stack of the 

following sequence was centered on the slice of the high resolution 3D planning stack 

that contained the most advantageous target position. This imaging was done with a 2D 

echo planar fast field echo (FFE-EPI) pulse sequence (coronal stack, TR=36 ms, TE=20 

ms, FA=20°, EPI factor = 11, FOV=10.4 cm2, in-plane resolution=1.63x1.63 mm2, matrix 

size = 64x64, slice number = 3, slice thickness=7 mm, slice gap=0.7mm, dynamic scan 

time = 1.6 s) [331]. This sequence was identical to the one used in Chapter 2 for tumor 

heating. The dynamic images were transferred in real time to a therapy control 

workstation, and upon selection and segmentation of target into sub-volumes, 

acquisition of spatial correction factors, and a 3-10 min test heating, all variables 

required to conduct the treatment were saved on the workstation for use during therapy 

(Section 4.2.5.2). 
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4.2.5.2 MR parameter mapping: B1, T1 and T2 and DCE-MRI sequences 

B1 mapping was performed using a dual TR scan (TR=50, 300ms) with a fast field 

echo sequence (flip angle = 60°). Maps of T1 were acquired utilizing a FFE pulse 

sequence and a variable flip angle approach [385], with 10 flip angles ranging from 5° to 

50°.  T2 maps were acquired using a turbo spin echo sequence with 5 echoes, TR=2000 

ms, NSA = 1, and TE varying from 20 to 60 ms for the 5 echoes. Maps of all of these 

parameters were acquired before and after the two dynamic scans that followed 

diffusion-weighted imaging (DCE-MRI and the treatment monitoring temperature/T1-

mapping scan). The geometric parameters of the sequences were selected to match those 

of the dynamic scans.  

The DCE-MRI dynamic scan was performed using a 3D FFE pulse sequence 

(coronal stack, TR=16 ms, TE=2.4 ms, FA=10°, FOV=104x104x16 mm, acquisition matrix = 

1.63 x 1.60 x 3.20 mm, reconstruction matrix = 1.3x1.3x1.6 mm (overcontiguous slices), 

reconstruction matrix size = 80x80, NEX=1, dynamic scan time = 4.4 s). 

MRI-based monitoring of therapy was performed using real-time transfer of MR 

images from the scanner console to the therapy control workstation. A 2D RF-spoiled 

FFE-EPI pulse sequence with two flip angles was used (coronal stack, TR=36 ms, TE=20 

ms, FA=10° and 30°, EPI factor = 11, FOV=10.4 cm2, in-plane resolution=1.63x1.63 mm2, 

matrix size = 64x64, slice number = 3, slice thickness=7 mm, slice gap=0.7 mm, dynamic 

imaging time = 1.6 s). Temperature was acquired using PRFS at each dynamic iteration, 
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but T1 maps were calculated only every 8 dynamic scans to ensure that steady-state 

magnetization is obtained. 

4.2.5.3 Magnetic field drift: special considerations for steady-state pattern heating. 

During PRFS thermometry, magnetic field drift was corrected in real time by 

subtracting the average phase drift from a hand-drawn region (spatially homogeneous, 

equivalent to ±1 ˚C) outside of the heated region. As described in Chapter 2, the much 

larger target volumes heated in tumors also increased the animal’s core body 

temperature as well as the temperature of all tissues in the FOV. Therefore, this drift 

correction region was selected in the temperature-controlled water bath, as described in 

Chapter 2. 

Stability of temperature in this water bath is especially important for the pattern 

heating approach, where significant deviation from baseline would require adjustment 

of the relative target temperature difference, thus causing the feedback mechanism to 

modify the heating pattern. Such stability of the water bath required the use of a 

heating/cooling water-circulating bath outside the magnet room and continuation of 

steady-state heating until the temperature in the water bath stabilized. In all treatments, 

the difference between water bath temperature during “pattern learning” and the end of 

the treatment was less than 0.5 °C, and in all cases, the water bath attained a stable 

steady state more rapidly than the targeted tissue. After pattern heating was enabled, no 

adjustments to water bath temperature were made. 
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4.2.6 DCE-MRI: data fitting to model equations and parameter 
estimation 

The two-compartment model traditionally uses an arterial input function (AIF) 

fit to a double exponential to model the concentration of contrast agent in plasma [2]: 

 

Cp (t) = D(A1e
−m1t + A2e

−m2t )      Equation 21 

In the equation above, time t = 0 corresponds to the maximum concentration 

value. This model was originally based on concentration measurements taken from 

blood samples and D is the contrast agent dose in mM/kg body weight. It represents a 

solution to a second order differential equation that describes exchange of contrast agent 

between the plasma compartment and the EES of kidneys. The fast component (A1, m1) 

gives information about the equilibrium between the plasma and extracellular space.  

The slow component (A2, m2) describes the emptying of these two compartments to the 

kidneys. In order to get real values for A1, A2 (amplitudes of the components) and m1, m2 

(rate constants), experimental data are usually fitted to this equation using nonlinear 

least squares, or literature values are used. 

The AIF could not be directly measured from our DCE-MRI datasets. Despite 

large vessels in the field of view, the partial volume effect from tissue surrounding the 

blood vessels was too great to allow for a clean measurement. Instead, a standard AIF 

from literature was selected. Use of a mechanical injector provided consistency in the 

rate of injection, so the use of the same AIF for all study subjects was unlikely to 
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introduce error and instead allowed for some measure of standardization across 

experiments. 

The AIF fitting constants were then fed into the calculations of another Matlab 

script which applies the same iterative scheme to fit the variables KTrans and ve to data, 

while keeping the values of D, a1, m1, a2 and m2 constant, using the following form of 

the solution to equation 16: 
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This equation incorporates is known as an extended Kety model with an extra 

vascular term vp that has the meaning of the fraction of contrast agent that is in plasma. 

All fitting was done using a nonlinear least squares algorithm [18] that relies on 

constructing a Jacobian matrix (matrix of determinants with respect to each variable of 

the function, with a row for every data point), and solving for correction factors that are 

applied to the fitted parameters at each iteration. 

4.2.7 Multimodal image registration: initial alignment of MRI and 
histology/HPLC for tissue sectioning 

Registration of histology with MRI, CT and PET datasets has previously been 

performed with a variety of techniques, including fiducial markers [386], casts and 3D 

printing approaches [387], and a panoply of image processing and mathematical 

methods [388-390]. With care, these methods clearly achieve reasonable registration of 

histological slices and noninvasive imaging. However, the vast superiority of 
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histological imaging in terms of resolution leaves much uncertainty about the 

information that is caught in a resolution “gray zone” – features smaller than the 

resolving power of MRI (<1mm) and yet several times thicker than a histological slice 

and many features that are easily identifiable with histology and 

immunohistochemistry.  

 

Figure 55: Several contrast-enhanced lobes of a tumor are shown (red) against the less-
enhancing muscle (teal). Some tissue away from the main tumor mass also enhanced to 
a similar degree as the tumor (red speckle away from the main red mass), though it is 
likely just healthy, highly vascular tissue. The view is from the bottom of the water bath 
into which the rabbit’s tumor-bearing leg has been lowered (red arrow points towards 
the rabbit). The square samples at the top of the image are sealed cuvettes filled with 
known quantities of Prohance® that are used to ensure that MR signal can be converted 
to concentration in certain cases and provide a general reference for the magnitude of 
contrast enhancement, since at low flip angles, MR singal intensity is most often 
nonlinearly related to contrast agent concentration. Care must also be taken to take into 
account the temperatures at the target, which affect contrast agent relaxivity as well as 
tissue T1. 
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Microscopic features are important to the maintenance of the tumor 

microenvironment as well as drug delivery, as discussed in Chapter 1. Since such 

features cannot be detected with conventional MRI, we instead use macroscopic 

features, such as blood vessels that supply the tumor or the spatial distribution of highly 

perfused and necrotic areas. These larger landmarks provide sufficient information to 

register histological and MR data sets acquired with conventional techniques. 

In this study, the task of multimodal image registration was performed with the 

help of 3D data reconstruction using Amira (VSG, Burlington, MA, USA). Three MRI 

data sets were used in order to correctly orient the histological section prior to cutting 

the frozen tissue: a planning dataset, a post-contrast high resolution 3D dataset, and a 

similarly high-resolution scan of the excised tumor and surrounding muscle that was 

obtained at the end of the experiment, prior to freezing the tumor. The tissue sectioning 

process began by examining the datasets and performing the following tasks: 

1. Identify the middle slices of all three datasets and position them correctly with 

respect to each other (centered at the same point, coronal slices positioned in the 

X-Y plane). 

2. Produce a 3-dimensional intensity-based semi-transparent surface that clearly 

shows the tumor. This was accomplished using the “isosurface” function in 

Amira (Figure 55). 
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3. Display the slice on the planning image through the target plane using the 

“orthoslice” function. 

4. Measure the angle of the tumor relative to the slice (the X-Y plane) by viewing 

the dataset from Z-Y and Z-X directions. This is possible because all large (>1cm) 

Vx2 tumors inoculated in the middle of the thigh muscle of the hindlimb grow 

parallel to the muscle and have an ovoid shape. 

5. Using a semi-transparent surface of the thigh muscle, the muscle-encased tumor 

is manipulated to match its 3D depiction on the screen (also with the “isosurface” 

module, but utilizing a more inclusive set of upper and lower image intensity 

bounds). The frozen sample was partially wrapped into a paper towel, allowing 

it to be handled without significant thawing. 

6. After visually registering the frozen sample to the 3D surface, both the 3D 

surface on the screen and the sample were turned simultaneously to views of the 

Z-Y and Z-X planes. While holding the sample in alignment with the image on 

the screen, the angle between the long axis of the tumor and the X-Y plane (from 

step 4 above) was marked on the frozen muscle surface with a pencil in all 

orientations (4 orientations total Z-Y front and back, Z-X front and back). 

7. The frozen sample was then cut in such a way that a flat surface was created 

parallel to and far away from the target slice (in the X-Y plane). For larger 

samples, this was done using a commercial meat slicer (also using a paper towel 
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to handle the sample), while smaller samples were mounted with OCT medium 

and cut in the cryostat. 

8. This parallel plane was then used to mount each sample on the cryostat pedestal 

for sectioning, using OCT medium. 

9. As the sectioning progressed towards the target plane, appearance of the tissue 

block was visually matched with the coronal slices (X-Y plane in Amira). The 

task of registration was aided by ensuring that all datasets have the same 

position in relation to the magnet isocenter. In this scenario, and the central slice 

of datasets passed through the sonication target (Figure 55, Figure 56). 

 

Figure 56: Determining the correct tissue orientation for sectioning. Location of the 
central slice of all acquired MRI datasets is shown across a surface generated from the 
DCE-MRI dataset, alongside the frozen, excised tumor in the same orientation. 

10. Sectioning continued until the outer boundary of either side of the thermometry 

MR data set was reached and matched with the contrast-enhanced dataset 
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loaded into Amira (either upper or lower slice, depending on the sample 

orientation in the cryostat). 

11. At this point, serial 8-μm thick sections of tissue were mounted on slides. 

Though some of the tumor/muscle chunks were rather large, all samples 

comfortably fit onto either 2x3” or 1x3” slides. The smallest possible slides were 

used to mount tissue without breaking apart any of the sections. Up to 24 

sections were mounted per tumor, broken up, if needed, into groups of at least 6 

consecutive slides. 

12. Samples were then collected for HPLC analysis by introducing 1.5-mm deep cuts 

(cut width was equal to the width of the sharp edge of the cryostat blade) 

perpendicular to the slide-mounted surface of the tumor by pressing a cryostat 

blade into the tumor at 5-mm intervals. For larger tumor sections (>2.5cm across 

any dimension), an additional cut was made along the center of the section, 

effectively doubling the number of collected samples (Figure 57). The 

subdivision into samples was performed in such a way as to make the sample 

surface as uniform as possible, to ensure that approximately equal depth would 

have to be cut at each location for HPLC (ensuring smooth boundaries between 

HPLC and histology datasets). 
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Figure 57: Preparation of samples for HPLC. Note the pink appearance of portions of 
these sections, which may in part be due to the presence of doxorubicin. 

13. Each 5-mm wide chunks of tissue was slowly chiseled off using the 

cryostat set at 60 μm thickness. For the tumors that were cut along the center in 

addition to the lines that ran parallel to the cutting blade, the samples were cut 

two at a time. At each location, the cutting continued until 70-100 mg of tissue 

was collected from each location into a plastic tube. Tubes were pre-weighed to 

facilitate this and equipped with a screw cap and a rubber washer to facilitate 

homogenization with a bead beater. 

This alignment and sectioning procedure ended with a visual conformation that 

all portions of the sliced tissue are optimally matched to the features seen on MRI 

images. Section 4.2.11 describes alignment, co-registration and correlation analysis of 
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histologic image sets with MRI images obtained before/during and after the iLTSL+MR-

HIFU treatment. 

4.2.8 HPLC Analysis of pharmacokinetic data and tumor drug 
concentration 

4.2.8.1. Tissue and plasma Preparation 

Tissue homogenization and sample preparation for HPLC was carried out as 

previously reported [391] with slight modifications. Tissue samples were homogenized 

in aqueous KH2PO4 solution (20 mM, pH 3.8) at a concentration of 100 mg/mL, using a 

Mini-Beadbeater-16 (Biospec Products Inc., OK, USA) at 3450 oscillations/min for 3 min. 

This procedure was performed in 2 mL polypropylene screw-cap micro vials (Biospec 

Products Inc.) using zirconia beads (1 mm diameter, Biospec Products Inc.). 

Homogenized tissue samples were kept at -80°C until further analysis. 

4.2.8.2. Preparation of calibration standards  

Stock solutions of doxorubicin (0.25-100 μg/ml) and the internal standard (IS) 

DNR (2.5 μg/mL), were prepared in de-ionized water and stored at -80 °C in 

polypropylene conical tubes. Calibration standards of doxorubicin were divided into 

low and a high concentration ranges (0.25–10.0 μg/mL for low range and 4.0–100.0 

μg/mL for high range). The low range contained six concentrations (0.25, 0.5, 1.0, 2.0, 4.0 

and 10.0 μg/mL) and the high range contained five concentrations (4.0, 10.0, 20.0, 50.0 

and 100.0 μg/mL), respectively. The above calibration standards were prepared by 
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spiking the blank tissue homogenate (90 μL, 100 mg /mL, n=3) with 10 μL of doxorubicin 

(0.25-100 μg doxorubicin/mL) and 50 μL of DNR (2.5 μg/mL) solutions, followed by 

incubation at 37°C for 15 min to allow protein binding. The samples were then mixed 

with 250 μL acetone and 100 μL ZnSO4 solutions (saturated) and re-incubated at 37°C 

for another 15 min to precipitate the proteins. Subsequently, the samples were 

centrifuged with Microfuge 22R (Beckman Coulter, CA, USA) at 18110 x g at 4 °C for 10 

min Finally, 200 μL of supernatant was transferred to another vial and evaporated using 

TurboVap LV (Caliper life sciences, MA, USA) at 40 °C under a stream of compressed 

air. Prior to HPLC, the dried residue was completely dissolved in 100 μL HPLC mobile 

phase and 10 μL of this solution was introduced into the HPLC system for analysis.  

4.2.8.3. Sample preparation 

Internal standard solution (50 μL, 2.5 μg DNR /mL) was added to 90 μL (n=3, 100 

mg /mL) of the sample in a 2 mL vial. The vials were mixed (5 s) and incubated at 37°C 

for 15 min to allow protein binding. The samples were then mixed with acetone/ZnSO4 

and subjected to the same procedure as the calibration standards (see section 4.2.8.2 

above).  

4.2.9 Histological and Fluorescent Microscopy Analysis 

The tumors were recovered from -80°C storage and the procedure described in 

section 4.2.7 was performed to optimally register the histological sections to the MR-

imaged volume and the slice through the target, in particular. Serial sections of 8 μm 
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thickness were obtained. Hematoxylin and eosin staining (H & E) was completed using 

a standard protocol for gross histological assessment of cellular density, necrosis, and 

fibrosis. Regions of necrosis were also identified using NBT-based viability staining as 

described previously [392].  Whole section digital histological scans were acquired with 

a 10X objective on a ScanScope CS (Aperio, Vista, CA) equipped with a color CCD 

camera and image processing software (ImageScope, Aperio). Additionally, epi-

fluorescence imaging of cell nuclei (Prolong Gold Mounting Medium with DAPI) and 

doxorubicin distribution (excitation 480/40nm, emission 600/60nm, and dichroic 505lp) 

was conducted on a ScanScope FL (Aperio, Vista, CA). Image acquisition and display 

parameters were constant for doxorubicin imaging, allowing for qualitative comparison 

between groups and correlation with MRI parameters. Variation in absolute values of 

fluorescence was specifically excluded from the parts of analysis that employ histogram 

equalization (coherence and fractal dimension, for example). 

4.2.10 Assessment of tumor heterogeneity 

Spatial distributions of the following MRI parameters were examined: DCE-MRI 

parameters, including heuristic model-based parameters (slope, maximum 

enhancement, AUC) and pharmacokinetic parameters (Ktrans, ve and kep), as well as 

apparent diffusion coefficient, and post-contrast enhancement, both with Prohance® 

and iLTSL. 
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Errors invariably accumulate with these procedures, due to a combination of 

differences between literature-derived or estimated and true AIF, lack of absolute 

thermometry and other factors inherent is study design, such as the compromise 

between SNR and temporal and spatial resolution. Given that tissue T1 and CA 

relaxivity are temperature-dependent, inability to account for pre-existing spatial 

gradients in thigh and tumor temperature is troubling, for example. The effect of such 

issues on data integrity and interpretation must be minimized. In the case of the work 

reported here, limitations of the available methodology guided study design and served 

to hone its objectives. 

The objectives of this chapter (section 4.1.7) are important to consider: our focus 

is on heterogeneity of drug distribution and on the spatial distribution of parameters 

that affect drug delivery, rather than on precise quantitative determination of drug 

delivery and values of Ktrans or other MR-image-able parameters. One of the ways in 

which we tried to minimize these issues was to concentrate on analysis of spatial 

distributions of the various parameters, rather than their actual values. Inherent to this 

approach is normalization of values, which has the potential to decrease sensitivity to 

quantitative differences. These techniques decreased the influence of errors in parts of 

an image or gross differences in image values on study results. 

Another reason that less importance should be given to the actual value than to 

the spatial distribution of such values is that the imaging methods used in this chapter 
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have not been standardized in the clinic. As a result, the magnitude of parameters 

obtained with these methods is difficult to compare across studies performed with 

different techniques, despite their reliability and repeatability within one group [393].  

Spatial heterogeneity of these parameters was measured using texture analysis 

methods, as examined by Alic et al. [393] for DCE-MRI parameters. The two metrics of 

heterogeneity that were used include coherence and fractal dimension, which rely on the 

spatial distribution rather than absolute value of an input parameter. 

4.2.10.1 Coherence 

Coherence refers to special proximity of similarly-valued voxels. This quantity is 

high for voxels that can be identified as a group and low for spatial distributions that are 

more “scattered”. Alic et al. demonstrated that changes in this quantity may be used to 

predict response to treatment. The first step in calculating coherence is histogram 

normalization with a reduction of the total number of allowed intensity values to a fixed 

number N. the next step involves computation of a grey tone spatial-dependence matrix 

(GTSDM), designated Md,Ɵ, whose elements Md,Ɵ(i,j) contain the number of incidences 

that have intensities i and j over a distance d at an angle Ɵ. Alic et al. then defined 

coherence among voxels as follows [393]: 

𝑪𝑪𝒅𝒅𝒉𝒉𝒆𝒆𝒓𝒓𝒆𝒆𝒅𝒅𝒄𝒄𝒆𝒆 =  𝑴𝑴𝒅𝒅,𝜽𝜽(𝟏𝟏,𝟏𝟏)
∑ 𝑴𝑴𝒅𝒅,𝜽𝜽(𝒊𝒊,𝒋𝒋)𝟏𝟏
𝒊𝒊,𝒋𝒋=𝟎𝟎

     Equation 23 

In this equation, 𝑀𝑀𝑑𝑑,𝜃𝜃(1,1) is used because it is likely that coherence of the higher 

image intensities contains most of the information about the heterogeneity of parametric 

213 

 



 

maps. Thus, the maps were divided using their median value into high and low image 

intensities and coherence was only computed for 𝑀𝑀𝑑𝑑,𝜃𝜃(1,1), the high image intensities. 

4.2.10.2 Fractal dimension 

Fractal dimension refers to the relationship between a characteristic of an image 

and the length scale over which it is evaluated – a slope of a straight line fit between logs 

of such quantities is the fractal dimension, and it has been calculated in a number of 

ways. Alic et al. describe the Blanket method for calculation of the fractal dimension 

[393], and here we use their implementation of this calculation. 

4.2.11 Registration of MRI and histology datasets 

Since the various datasets used in this study differed in resolution and fields of 

view, they had to be pre-registered to each other to ensure that 1) the image data is 

optimally aligned across all datasets and that 1) no significant imaging distortions were 

observed, or that observed distortions could be corrected prior to statistical correlation 

analysis (section 4.2.1). This task was performed using a series of steps achieved using a 

custom set of IDL and MatLab routines (Table 8). 

The above procedure resulted in a set of high resolution images that are shown 

as overlays throughout this chapter. Using Adobe Photoshop CS4 (Adobe, Mountain 

View, CA, USA), images of histologic sections were manually aligned with the cropped 

overlays obtained in step 7 of Table 8. In some cases where histologic sections were 

crimpled or torn during preparation, the manual nonlinear warping effect in Photoshop 

214 

 



 

was used to ensure optimal alignment across the entire section. This adjustment was 

performed only for sub-millimeter shifts (i.e. less than the spatial resolution of 

parametric MRI scans). 

Table 8: Steps used to align and register MRI datasets. 

# Data processing steps 
1. DICOM data are read into MatLab into separate structures for each imaging 

series 
2 All data that was acquired in real time using RealTI/IDL, such as temperature, 

T1-derived contrast agent concentration and other factors were processed and 
imported into MatLab. 

3. Images were resized using bilinear interpolation to an isotropic pixel size of 
0.1x0.1 mm to allow for more registration in the next steps. Masks (binary 
images) were resized using nearest neighbor interpolation. 

4. If it existed, precise difference in slice positions was determined from DICOM 
headers. 

5. The images were padded according to the measurement in the previous step to 
shift the image coordinates into alignment. 

6. Since comparisons involved images of different slice thickness, weighted 
averaging was used to best approximate the overlap between thin and thick 
slices (weights = % overlap in the slice direction).  

7. Images were cropped to agree with the dimensions of the MR thermometry 
dataset. 
 

Despite the use of EPI, which is known to produce distortions in shape, all visible 

features of MRI datasets agreed without any need for translational, rotational, or non-

linear adjustments. This was in part due to a change to a smaller imaging matrix size 

and modification of some of the other dynamic parameters (described in Section 4.2.5 for 

tumor heating). 
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In order to calculate correlations in the next section, all MRI and histology 

images (at this point aligned to within 0.1 mm) were reduced in resolution to match the 

resolution of MR thermometry. Just as in the table above, this was done using bilinear 

and nearest-neighbor interpolation for non-binary and binary images, respectively. 

4.2.12 Statistical analysis 

Temperature maps were analyzed for spatial targeting accuracy (offset), 

temperature accuracy (mean) and homogeneity of heating (standard deviation (SD), 10th 

percentile (T10) and 90th percentile (T90)) during steady state heating, over the period of 5 

- 7.5 min before temperature feedback is turned off and heating proceeds with using the 

learned pattern of steady-state temperature (Section 4.2.4.2). Plots were constructed 

using GraphPad Prism 5.0 (GraphPad Software Inc.). 

Spatial correlation of image-able parameters was obtained using the Pearson r 

statistic. Only correlations with R2>0.4 were examined. All p-values were two-sided, and 

a p-value less than 0.05 indicated statistical significance. Values are reported as mean ± 

SEM unless otherwise indicated. 

 

4.3 Results and Discussion 

We began by examining the pharmacokinetics of iLTSL to ensure that the 

liposomal formulation behaves in a predictable manner in the rabbit and to determine 

the approximate rate at which it is cleared. Knowledge of the liposome’s 
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pharmacokinetic properties, can then be used to gauge the optimum treatment time. 

Stability in circulation is also a key factor in assessment of the flexibility of this 

formulation in experimental and clinical workflow. Especially in the clinic, the workflow 

often incorporates a delay between the injection and start of heating that may result in 

unwanted clearance of the drug. 

4.3.1 Pharmacokinetics of iLTSL 

Pharmacokinetic analysis of Dox encapsulated in iLTSL was performed by 

collecting blood from rabbits at time points up to 4 hours after injection and analyzing 

doxorubicin concentration in these aliquots with reverse phase HPLC. Plasma 

doxorubicin concentration was highest (Cmax=139 μg Dox/mL plasma) at the completion 

of infusion and decreased thereafter (Figure 58). Four hours after infusion, the iLTSL 

formulation mostly cleared the vasculature. This is similar to results our group obtained 

for the ThermoDox® formulation, which decreased to 12% of Cmax in this time period, in 

contrast to Dox, >95% of which clears in ~5 min [394]. Over the course of the first 30 

minutes following injection (the prescribed treatment duration after iLTSL 

administration in this study), the plasma [Dox] decreased approximately 10% on 

average, decreasing by only 15% relative to Cmax one hour after injection, with a half-life 

of 122 min. 

The initial volume of distribution was 36.1 mL/kg, which is lower than the value 

of ~58 mL/kg previously obtained by our group for the non-image-able commercial 
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ThermoDox® formulation and nearly identical with the approximate plasma volume of 

a rabbit of this range of body weight (37.3 ± 4.4 mL/kg) [395]. This finding in particular is 

consistent with the apparent volume of distribution reported previously for non-

temperature-sensitive liposomes (Doxil®) [233].  

 

Figure 58: Pharmacokinetic analysis of iLTSL in rabbits. Average concentration of Dox 
is shown in plasma as a function of time following infusion. The dashed straight line 
perpendicular to the concentration axis indicates Cmax. The polynomial spline used for 
AUC calculation is shown as a dashed line connecting the data points and the thick red 
line is the fitted one compartment model. 

The pharmacokinetic analysis suggests that this formulation is comparable, in 

terms of stability, to the ThermoDox® formulation explored previously in this animal 

tumor model, in combination with MR-HIFU [284, 395]. The ~37% lower volume of 

distribution for iLTSL may be due to many factors, such as storage of the ThermoDox® 

formulation that could have resulted in partial drug leakage prior to injection. The 
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difference may have also arisen from small differences in osmolarity in the iLTSL and 

ThermoDox® formulations and different production methods. 

The importance of this data to the rest of this study is two-fold: 1) given that the 

heat-up times for most larger volumes are on the order of 5-9 min, the above data clearly 

suggest that the liposomes should be injected after mild hyperthermia has been 

achieved. This would ensure that drug release would occur when the liposomes are at 

near-maximal concentration in plasma, maximizing the local drug exposure due to 

hyperthermia-triggered release. While a variety of injection and heating timings are 

possible with non-image-able LTSL, the presence of contrast agent in iLTSL makes the 

alternative timing of injection (injection followed by heating) difficult if not impossible 

with PRFS thermometry (as discussed in sections 4.1.3 and 4.1.4). The principal reason to 

pre-heat before injection – maximization of AUC of liposomes in plasma, holds true for 

both formulations, though drug delivery with liposomes that remain in circulation 

longer would be less affected by the relative timing of injection or infusion and heating. 

Another important parameter that was addressed in Chapter 3 is release rate of 

the liposomal contents – optimally, the liposomes would be heated to the temperature at 

which their release rate is at a maximum (~41 °C) while still travelling through the 

tumor. Since this therapy has effectively increased drug penetration and accumulation 

in large part due to local release [90, 249, 346], logic dictates that increasing or 

optimizing the rate and extent of this release should produce optimal results with any 
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given LTSL formulation. It is thus likely that optimization of injection or infusion rate 

and timing of heating in such a way as to maximize plasma AUC and use of liposomes 

that can release their contents during tumor transit are necessary steps in maximizing 

the potential of drug delivery systems that rely on local intravascular release of drug. 

Once the liposomal contents are released, the drug may be extracted from the 

bloodstream locally, or significant quantities of the drug may be retained in circulation 

and carried past the intended local target. Thus, extraction rate of drug also plays a role 

in how specific the drug delivery is to the target. In tissues that rapidly extract 

doxorubicin such as liver, combination of local intravascular LTSL infusion and 

manipulation of flow via balloon deployment may improve specificity of drug delivery. 

If the catheter cannot be guided with enough specificity to isolate the tumor blood 

supply, this approach may allow greater intravascular LTSL concentrations. In this 

scenario, spatial precision of mild hyperthermia treatment could provide an additional 

degree of spatial control over drug delivery. If future studies demonstrate sufficient 

spatial precision of mild hyperthermia treatments in the well-perfused and moving 

liver, catheter infusion of LTSL may increase drug delivery relative to similar infusion of 

free drug. 
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4.3.2 Heating performance 

Using the large volume heating approach from Chapter 2 along with the variable 

flip angle (VFA) T1-mapping approach, seven Vx2 tumors were heated to a target 

temperature of 41 °C. 

4.3.2.1 Stability of PRFS thermometry and pattern heating performance 

Continuous monitoring of thermal therapy with PRFS over long durations can 

accumulate error due to an effect that has become known as magnetic field drift. It refers 

to a nearly-linear shift in the resonance frequency due to dissipative losses in the 

superconductive coil, heating of passive shims by active shims, as well as heating of the 

heat shield within the magnet. In our experience, test sonications that were performed 

immediately after the animal was positioned in the magnet often displayed unstable 

baseline thermometry, no matter where the baseline drift correction region (Section 

2.2.6) was placed. However, the treatment with iLTSL + mild hyperthermia was 

performed several hours after initial imaging was started, at which point, the drift-

corrected temperature became very stable, perhaps because the scanner components that 

are known to contribute to magnetic field drift may have attained a thermal steady state. 

Prior to beginning treatment, the scanner the variable flip angle sequence was run for 20 

min, during which time MR thermometry of the target showed a stabilizing baseline. 

During the 20-min equilibration, average temperature in the target changed <0.48 °C 
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before heating commenced, with <0.5 °C change over the last 5 min before heating 

commenced (Figure 59: stage 1 shows the last 5 min of baseline).  

 

Figure 59: Average target temperature acquired with PRFS during the mild HT+iLTSL 
treatment in 7 rabbit Vx2 tumors (A-G). The first graph (A) explains the different stages of the 
experiment, which are marked with numbers 1-6 in all other datasets. The shaded area in (A) 
Three sets of data are depicted within each graph: a) the “Unfiltered” dataset contains PRFS 
temperature readings that include aberrations due to transducer movement as well as readings 
from voxels with insufficient SNR; b) the “Filtered” dataset excludes SNR-related noise and 
approximates temperature during movement through linear interpolation. c) “Pattern” – this 
dataset has the same values as the “Filtered & Interpolated” dataset until the HIFU transducer 
movement and sonication pattern is tested in stage 3. From the start of stage 3 to the end of 
heating (stage 5), the “Pattern” dataset displays the average of temperature readings that were 
learned at steady state mild hyperthermia (end of stage 2). Starting with stage 3, these readings 
were passed to the feedback controller to enable maintenance of steady state. The “Filtered” and 
“Pattern” datasets diverge following injection of iLTSL due to the effect of contrast agent on PRFS 
thermometry. The dark blue lines are linear fits to the PRFS-measured temperature during testing 
of the pattern heating approach. 

222 

 



 

4.3.2.2 Filtering out effects of transducer motion during treatment 

Similarly to data presented in Chapter 2, the effect of transducer movement on 

the thermometry data differed among treatments (Figure 59: scatter in TUNFILTERED in 

treatments III, IV and VII). Especially in the case of treatment VII, the use of only those 

images that were acquired when the transducer was stationary excluded many 

erroneous measurements, as TUNFILTERED frequently registered overshoots in Tmean as large 

as 3 °C due to transducer movement. Introduction of such error into the system with the 

current algorithm would result in no sonication following movement, if an overshoot 

greater than the error in T (Terr = 1.2 °C) is detected in the current sub-volume, and 

would trigger sonication, possibly in error, if the mean temperature falls below (TTarget - 

Terr). Instead, the algorithm waits until the next image that was not corrupted by 

movement (Section 2.2.4.4) and bases its power calculation and movement/sonication 

decisions on more accurate MR thermometry that is not influenced by phase changes 

due to transducer motion and position. 

4.3.2.3 Pattern heating 

Heat-up proceeded similarly to its description in Chapter 2, albeit this time the 

relative temperature change was greater (32-34 °C to 41 °C compared to the 4 °C heating 

shown in Chapter 2). The mean, maximum and minimum temperature in the target 

volume was monitored for stability by the user. Steady state mild hyperthermia was 

ascertained by the user within 20-50 min before pattern heating was enabled. As 
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described in section 4.2.4.2, PRFS-based feedback was turned off after steady state mild 

hyperthermia was achieved and a pattern was found.  

The performance of pattern heating was then evaluated as the heating dictated 

by the pattern was played back over several pattern iterations (10-20 min). After 2 

pattern iterations, if the linearly extrapolated temperature at the end of the treatment 

was projected within the temperature error (Terr = 1.2 °C), then the pattern testing was 

considered successful. While this was not necessary in the case of the data presented in 

this thesis, if the treatment pattern did not result in steady-state maintenance of mild 

hyperthermia, then pattern heating could be turned off and feedback-based heating 

would resume without interruption until steady-state heating was once again achieved. 

Extrapolated linear fits to the “TFILTERED” dataset within stage 3 (pattern heating 

without feedback) were used to estimate the temperature at the end of sonication 

(TST4_EXT_END). These values are supplied for the 7 animals in the iLTSL+MR-HIFU group 

in Table 9 (TST4_END_EXT column), showing that the pattern heating approach likely 

resulted in satisfactory average temperature in the target region (41.0±0.9 °C average for 

all treatments). 

4.3.2.4 Spatial precision of mild hyperthermia 

Volumes of different shapes and sizes were treated (Aspect ratio in the imaged 

plane (AR2D) = 1.2 – 2.1), ranging in cross-sectional area (Atarget) from 2.8 to 8.5 cm2 

(Figure 60). Data collected dynamically during the seven treatments reveals that heating 
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was mostly confined to the target immediately before the start of pattern sonication 

(Figure 60: first row), though for one of the treatments (Figure 60: treatment IV), tissue 

temperature was slightly higher just outside the target. Examination of the location of 

the treated zone revealed that at this location the geometric projection of the HIFU beam 

into the far field came close to the rabbit’s femur. Absorption of US energy is much 

greater by bone than soft tissue, and therefore it is likely that this rise in temperature is 

due to off-target bone heating outside the field of view. This example highlights the 

need for additional safeguards and improvements to be implemented for clinical 

translation of such treatments. As discussed in section 2.4.1, off-target heating of this 

type may be prevented by monitoring the temperature outside of the target and 

adjusting the extent of the target area in the direction of off-target heating, or by 

sampling a larger volume in the beam path direction to detect off-target bone heating 

closer to its source (the bone surface). The thermal dose, shown normalized to a 60-min 

steady state heating, shows that in treatments I, II and IV, areas as far as a centimeter 

away were heated to approximately the same thermal dose as the target. 

4.3.2.5 Injection of iLTSL and its effects on MR thermometry with PRFS 

Following the testing of the pattern (Stage 3 in Figure 61A), iLTSL injection was 

initiated as pattern heating continued. The real-time PRFS measurements (“TFILTERED” in 

Figure 61A) then began to significantly deviate from the images used by the feedback 

controller (“TPATTERN” in Figure 61A), which continued to operate as it did prior to the 
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injection, maintaining a steady state heating. No other changes, such as movement, were 

detected, suggesting that the difference between extrapolated temperature predicted by 

pattern heating and the PRFS measurement is mostly due to the iLTSL injection. 

The average temperature predicted by the linear fit (TST4_EXT_END) differed from the 

measured temperature at the end of sonication (TST4_MEAS_END). The difference between 

these averages (TST4_MEAS_END - TST4_EXT_END) ranged from -5.5 to 0.9 °C across all treatments, 

but the maximum difference was -7±2 °C below and 13±4 °C above. While accurate PRFS 

thermometry was not possible after iLTSL injection to verify that pattern heating 

performed as its linear extrapolation predicts, it is important to consider that the large 

differences between the linearly extrapolated and the detected temperature are much 

greater than the predicted error in the linear extrapolation (Table 9: standard deviation 

of TST4_EXT_END), which was <0.7 °C at the end of treatments.   

Table 9: Temperature readings at various stages of the iLTSL+MR-HIFU treatment for 
7 animals. BLHT-20min refers to a baseline 20 min before the beginning of sonication, where 
drift in PRFS measurements was more pronounced than on the last 5 min of baseline 
shown in Figure 59. Values of TST4_END_EXT were extrapolated to the end of sonication using 
a linear regression of TMEASURED during pattern testing in stage 3. All other values shown 
are average temperatures over a period of one min ± SD. 

ANIMAL 
BLHT-20MIN 

(°C) 
TST1_END 

(°C) 
TST2_END 

(°C) 
TST3_PTTN_END 

(°C) 
TST3_MEAS_END 

(°C) 
TST4_EXT_END 

(°C) 
TST4_MEAS_END 

(°C) 
I  35.45±0.10 35.9±0.09 41.00±0.16 40.9±0.2 40.9±0.2 40.4±0.3 42.5±0.3 

II  35.72±0.11 36.1±0.2 41.2±0.4 41.2±0.4 41.3±0.4 41.1±0.7 42.6±0.5 

III  33.1±0.2 32.93±0.12 40.18±0.14 40.2±0.2 40.2±0.2 40.5±0.2 40.76±0.14 

IV  34.51±0.14 34.61±0.09 40.5±0.4 40.2±0.2 40.6±0.7 42.4±0.2 47.9±1.8 

V  34.33±0.12 34.52±0.13 41.0±0.5 41.1±0.4 40.7±0.6 39.7±0.2 40.0±0.7 

VI  32.2±0.2 31.85±0.16 41.4±0.2 41.4±0.2 41.5±0.2 42.1±0.2 41.3±0.3 

VII  33.12±0.10 32.64±0.10 40.9±0.3 40.9±0.3 40.9±0.3 41.0±0.3 42.0±0.2 
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Concentration of the contrast agent was calculated using the relaxivity of 

Prohance® in plasma at 37°C and real-time T1 mapping with a variable flip angle (VFA) 

sequence (Figure 60: row 3). It has been noted in literature, that the T1 values obtained 

with this method require post-processing. This involves finding a relationship between 

the VFA-measured and a more “true” measurement method, such as spin-echo-based T1 

mapping techniques. Because such techniques are more time consuming, we opted 

instead to correct the T1 readings using a set of contrast agent dilutions of known 

concentration that was always visible within the field of view. 

A qualitative comparison of the spatial patterns seen in the contrast agent maps 

to the patterns seen in the thermal dose and temperature distribution images (Figure 60: 

rows 1 and 2) shows that areas of higher contrast agent concentration at the end of the 

iLTSL treatment have limited overlap with areas that were targeted and those that were 

heated enough to cause liposomal release. On the other hand, for treatments I and II, the 

targeted area overlaps both the heated area and the area of highest thermal dose. This 

demonstrates the extent to which tumor heterogeneity can define which areas of a large 

lesion receive sufficient drug. Together with the histological results discussed in the next 

sections, these examples suggest that qualitative as well as quantitative changes in T1-

weighted signal intensity or a T1 map may better outline areas of relatively poor vs. 

greater drug delivery.  
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Figure 60: Spatial distribution of temperature, thermal dose, contrast agent 
concentration (T1-based) and the apparent change in PRFS-measured temperature 
from beginning of iLTSL injection to the end of treatment. In the first row, average 
temperature over 1 min immediately preceding iLTSL injection are shown with a green 
overlay of the target volume, sub-volumes, and HIFU focus locations from which the 
focus was deflected to heat each sub-volume. The second row shows 60-min equivalent 
thermal dose obtained by normalizing the thermal dose at steady state to the 60-min 
time interval. Concentration of the contrast agent represents an average over 1 min at 
the end of treatment and is based on the dynamic variable flip angle T1 mapping. 
“Measured ΔT” in the last row represents the measured effect on temperature 
(presumably due to iLTSL susceptibility effects) from just before injection to the end of 
treatment. Note: For animal IV, the ΔTCA_effect color map has a greater range than the rest 
(-10 to 10°C). All images shown are from the middle slice in the 3-slice image stack 
acquired dynamically during treatment. 
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If signal enhancement due to iLTSL injection and release were used as a 

surrogate for monitoring drug delivery without any further knowledge, it appears that 

one would often prescribe heating into likely necrotic areas with minimal resulting 

benefit, since such areas most often lack vasculature. Underlying heterogeneity of the 

tumor and surrounding tissue appears to significantly impact the spatial distribution of 

contrast agent at the target, resulting in a spatial distribution of enhancement that is very 

different from the prescribed and measured temperature distribution. 

A qualitative comparison of the last two rows in this image shows the nonlinear 

nature of the susceptibility effect of iLTSL: in some areas where concentration of CA was 

higher, the ΔTsusceptibility was also higher, while in others, its relative value was reduced in 

areas of high CA concentration. In sonication 6, ΔTsusceptibility had negative values, while in 

others this susceptibility-induced error pushed measured temperatures upward (Figure 

60: row 4). Correlations of normalized values of these parameters produced a large 

spread in the data across the different tumors, with significant correlations in only 3 of 7 

animals between T1-based contrast concentration and mild hyperthermia parameters 

such as thermal dose and temperature (Figure 60: row 1).  

4.3.3 MRI assessment of iLTSL delivery and release 

The previous section shows that MR-measured concentration of CA may not 

spatially correlate with temperature and thermal dose. Another way to examine these 

changes is by plotting variables of interest as a function of both their distance to the 
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target and time (Figure 61). The upper portions of such maps represent the space inside 

the target, whereas space adjacent to the target is shown below the midline, which 

represents the target boundary. 

The examples provided here show a range of possible changes in PRFS-

measured temperature distribution in the vicinity of the targeted tumor tissue, as well as 

the concentration of the contrast agent. Though in both of these examples, the mean 

temperature in the target rose with heating. Following injection, these two independent 

experiments showed different direction of changes in susceptibility-induced effects on 

temperature measurements with PRFS.  In the first example, the PRFS temperature 

measurements within the target became inhomogeneous, increasing <2 °C at a distance 

of approximately 3 mm. from target boundary soon after injection. The second 

experiment showed more a homogeneous distribution of temperature before and after 

iLTSL injection. The T1-based measurements of contrast agent concentration also showed 

dissimilar results, in terms of spatial distribution (Figure 61: last row), increasing more 

outside of the target in the first example and appearing to increase along the boundary 

in the second example. Thus, the injection affected both of these treatments (and 

especially the monitoring of such treatments), albeit in different ways. 
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Figure 61: Detailed analysis of evolution of temperature and concentration in the 
course of an iLTSL treatment. A and B show average temperature in the target region 
(green = pattern, orange = measured) for two separate experiments. A1 shows an overlay 
of temperature, target volume, sub-volumes and natural focus location in experiments in 
A and spatiotemporal analysis of temperature: evolution of temperature used in pattern 
heating throughout a 60-min sonication, relative to distance to the periphery of the 
target volume. Temperature measured with PRFS in shown in A2, demonstrating that 
injection (at 35 min) affected MR thermometry inside the target. Contrast agent 
concentration increases following injection in A3, though in this case the increase mostly 
occurs outside the target. Similar results are shown in B1-3, except that in this case, 
maximum contrast agent concentration increase is seen around the target boundary. 
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4.3.4 Histologic characterization of Vx2 tumors 

While at low magnification, the tumor appears to have a well-defined boundary, 

closer examination shows irregularly infiltrating fibrotic stroma spanning the edge of 

the tumor in several locations within each section. On the whole, the stroma is 

eosinophilic, with highly variable density throughout the tumor. Central necrosis was 

present in all tumors, though most also showed large (up to 100 μm diameter) blood 

vessels traversing these necrotic zones and surrounded by live tumor cells. In the 

perinecrotic zone, cell nuclei are highly pleomorphic, growing in a mixture of solid 

sheets and anastomosing chords. Many of the cells in the perinecrotic zones have 

granular, foamy cytoplasm and enlarged hyperchromatic nuclei. 

NADH viability staining shows that while some of the tumors have a clearly 

viable periphery with a similarly well-defined and necrotic core (Figure 62: a, c and e), 

others have sporadic regions of necrosis and fibrosis interspersed with viable tumor 

tissue (Figure 62: b, d, and f). Fluorescence images of Dox show a heterogeneous 

distribution that appears greater in treated than control groups. An examination of 

viability and fluorescence microscopy data together shows that the greatest drug 

delivery occurred in the viable, well vascularized regions. 
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Figure 62: A sample of histology showing the range of spatial heterogeneity of tumor tissue. 
H&E staining shows that the shape and distribution of viable and necrotic regions is highly 
variable both within tumors and between them. Representative sections of control group tumors 
(a and b) appear to have much less drug than treated tumors. A comparison of the viability stain 
in the center to the nuclear and doxorubicin fluorescence images on the right suggest that drug 
was deposited primarily in the viable tissue on the macroscopic level, with large areas of the 
tumor containing relatively little drug. These sections were prepared to match the MRI slice 
through the center of the target region as described in section 4.2.7. The scale bar for each row is 
shown on the left, indicating that overall, the size of lesions was variable. 
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4.3.5 Overview of pre-treatment, intra-treatment, and post-treatment 
MRI results. 

In the context of a lack of agreement between heated/targeted and iLTSL-

enhancing areas discussed in section 4.3.3, qualitative changes in T1-weighted signal 

intensity or a T1 maps acquired in real time, with iLTSL in circulation, may better outline 

areas of relatively poor vs. greater drug delivery. Given the iLTSL-induced temperature 

mapping difficulties (Section 4.1.4), however, parameters that could be acquired before 

and/or after therapy may be more meaningful than real-time thermometry. Agreement 

of Dox fluorescence and enhancement/perfusion-related MRI parameters, as well as 

maps of apparent diffusion coefficient (ADC) would suggest that these latter correlates 

could have greater utility in the context of this therapy. Examination of such correlates 

could allow for a wider use of predictable and flexible treatment – one that would 

prescribe drug or ablation to those areas of the tumor where each type of treatment 

would produce the greatest benefit and minimum risk. 

The following sections take a step-by-step approach to the analysis of MRI 

correlates of Dox delivery with iLTSL. To summarize, most consistently, the 

intratumoral distribution of doxorubicin fluorescence correlated spatially with perfused 

regions of the tumor as identified by MRI, rather than the heated or targeted area. 

Poorly perfused sections of tissue received significantly less drug than viable and well-

perfused tissue. 
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4.3.6 Preparation of data for multi-modality correlation and trend 
analysis 

Three streams of data were first analyzed and processed separately and then 

brought together in preparation for correlation and trend analysis. These included: 

1) MRI images obtained before and after treatment 

• DCE-MRI, T1, T2 and ADC maps 

2) MRI data acquired during treatment 

• MR thermometry, real-time imaging during treatment 

3) Histology data 

• Bright field and fluorescence microscopy 

Due to the difference in spatial resolutions across these types of data, they 

required pre-processing prior to correlation and trend analysis. For example, 

microscopy was performed with ~0.92 μm2 spatial resolution, while MR resolution was 

above 1 mm in each direction in all scans. Furthermore, slice thickness is not comparable 

between histology and MRI datasets (8 μm for histology slides vs. 1-6 mm), and thus 

correlation and trend analysis is only meaningful for large features (>1 mm) that persist 

across MRI slices. This line of thought suggests that spatially averaging the image would 

help zero in on the larger features, but there is also a statistical reason to reduce the 

resolution of images: examination of any correlation at a spatial resolution that is higher 

than the lowest resolution used would result in “creation” of data. To ensure that the 

several orders of magnitude of spatial averaging could be trusted to maintain the 
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meaning of the acquired data, intermediate steps in the data analysis process were 

examined. The most striking example of this spatial averaging was applied to histology, 

due to the large difference between MRI and histology spatial resolutions. 

The following sections describe the quantitative histology data and address 

factors that affect results of the analysis, such as correct segmentation of necrotic and 

viable tissue and the effect of spatial averaging in the conversion from microscopic to 

macroscopic resolution. Detailed examination of one of the datasets demonstrates the 

effect of the most extreme spatial averaging on data integrity. 

Table 10: Parameters derived from histological analysis. 

Name/meaning Units Comparison 
Method Calculation Method and/or use 

Distance to vasculature um Correlation, 
Trend 

CD-31 stained vasculature was thresholded + used as a 
mask in a distance transform 

Dox fluorescence in 
tumor Arbitrary Correlation, 

Trend 
Bilinear interpolation (spatial averaging) of raw 
fluorescence signal 

Dox fluorescence in 
viable tumor Arbitrary Correlation, 

Trend 

Bilinear interpolation (spatial averaging) of raw 
fluorescence signal 
Mask of viable tissue applied 

Nuclear density Nuclei/mm2 Correlation, 
Trend 

Nuclear signal was thresholded, small objects removed, 
nuclei in each bin (initially 100 µm2) counted 

Treated Nuclear density Dox-positive 
nuclei/mm2 

Correlation, 
Trend 

Number of nuclei per 100 µm2 where thresholded Dox and 
Nuclear signal overlapped 

Vascular density Vessels/mm2 Correlation, 
Trend 

Number of distinct vessels per 100um2, calculated after 
small objects were removed 

Tumor mask mm2 Overlap Hand-drawn 
Viable mask mm2 Overlap Tumor mask – necrotic mask – noise mask 

Nuclear mask mm2 Overlap Product of thresholding of nuclear fluorescence. Used in 
nuclear density calculations. 

Vascular mask mm2 Overlap Product of thresholding of CD31 fluorescence. Used in 
vascular density calculations.  

 

4.3.7 Histological data examined 

Two types of fluorescence microscopy data were acquired: images where 

fluorescence intensity was analyzed (e.g. Dox fluorescence) and thresholded, or 
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manually drawn binary data (e.g. necrotic tumor mask, viable tumor mask, etc.). As 

mentioned in section 4.2.9, bright field microscopy of adjacent slides was used to 

identify necrotic and viable regions, but intensity of bright field images was not 

quantitatively analyzed. The full list of quantitatively analyzed histology parameters is 

depicted in Table 10 and the results of measurements performed on these data are 

shown in Table 11. 

Table 11: Summary of measurements performed on the histology datasets. 

 Experiment #  

 
I II III IV V VI VII 

Mean±SE
M 

%Error 

Total tumor area 
(mm2) 

187 171 740 849 1212 916 1247 679±70 10 

Total viable tumor 
area (mm2) 

108 74 367 304 276 275 414 234±19 8.3 

Necrotic fraction 0.42 0.57 0.50 0.64 0.77 0.70 0.67 0.6±0.02 3.6 
Vascular area 

(mm2) 
1.4 1.3 8.7 4.9 15 8.3 7.07 6.6±0.9 13 

Whole Tumor 
vascular density 

(vessels/mm2) 
34 33 33 16 16 24 21 26±1 5.5 

Viable Tumor 
vascular density 

(vessels/mm2) 
59 75 66 44 71 80 64 66±2 3.3 

Total # of Nuclei 6.3*104 3.4*104 2.0*105 1.2*105 7.8*104 1.4*105 113387 
1.05*105 ± 

1*104 
9.5 

% Nuclei Treated 88 66 20 89 8.4 31 60 51±6 11.6 
Nuclear Density 

Nuclei/mm2 
587 464 552 381 282 506 274 462±19 4.1 

 Distribution of distance to the nearest vascular surface in viable tumor 
Median distance to 

nearest vascular 
surface (μm) 

61 42 53 76 39 41 50 52±2 4.7 

5th %ile (μm) 6 6 6 8 3 4 5 5.5±0.3 5.1 

25th %ile (μm) 28 22 26 35 17 19 23 24.3±1.1 4.6 

75th %ile (μm) 117 69 95 140 80 79 95 97±4 4.6 

95th %ile (μm) 208 123 182 222 179 178 197 182±6 3.1 
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The examined slices differed in size across experiments, though the mean total 

tumor area had a 10% relative uncertainty (Table 11). For the smaller sections, more of 

the tumor was viable, as the difference between experiments I and II and the other 

experiments indicates, though this difference was slight (relative uncertainty=3.6% for 

necrotic fraction). Vascular density, calculated in viable tumor tissue, was similar to that 

shown by others [90], ranging from 44 to 80 vessels/mm2, and appearing independent of 

the size of tumor cross-sections. As mentioned earlier, some of the sections displayed 

vascular regions or vessels that appeared to form string-like structures across large areas 

of necrosis. These were counted as viable patches, but likely contributed little to the 

overall numbers. 

Thresholding and erosion procedures were sometimes ineffective at correctly 

separating nuclei, though overall the nuclei density had only a 4.1% relative uncertainty. 

Two of the experiments showed that only a small number of nuclei were treated, 

according to the chosen thresholding and erosion algorithm for nuclei and Otsu’s 

method being used for Dox thresholding. In both of these cases, the highly vascularized 

region that did show drug release was at the edge of the histology slides while the 

majority of the other sections of the tumor were necrotic. Thus, the majority of drug 

delivery occurred in a thin vascularized capsule, and elsewhere in the surrounding 

muscle, outside of the histological slice. Unfortunately, delivery of mild hyperthermia 

was not possible in other portions of these two tumors, due to proximity to bone and air 
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on the opposite side from the incident US beam. Nonetheless, the magnitude of Dox 

fluorescence increase in this region was high enough to make up for its relatively small 

size. Dox fluorescence decreased with increasing distance from vasculature (Figure 63). 

Beyond a distance of 100 μm from vasculature, fluorescence decreased much slower 

(Figure 63A), having nearly reached its minimum. With 60-80% of the viable tumor 

being within 100 μm from vasculature (Figure 63B).   

 

Figure 63: Doxorubicin fluorescence and cumulative histogram of its spatial 
distribution, with respect to vasculature. Dox fluorescence was measured as a function 
of distance from vasculature that was fluorescently stained using the endothelial marker 
CD-31. 

4.3.7.1 Histological data: effect of spatial averaging on data integrity 

An initial examination of the relative magnitudes in these parameters was 

performed at the spatial resolution used in image registration with MRI (0.1 mm2 pixels). 

Histology images were further downsampled to a resolution of 1.63 mm2 before 

correlation analysis with MRI. Figure 64 demonstrates some of the effects of such spatial 

downsampling. The difference in resolution between histologic and MRI datasets results 
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in an obvious difference in the number of points that could be analyzed, if these datasets 

were examined independently. 

The values of normalized fluorescence and vascular density differ as a result of 

the spatial averaging, as evidenced by the difference in slope and intercept of the trend 

line (need to output the trend line stats onto the graph). The lower resolution images 

provide easier-to-identify regions that are below and above the trend line, where use of 

such a fitted trend line would under- or overestimate the variables. 

 

Figure 64: Normalized doxorubicin fluorescence vs. vascular density. The top row 
shows analysis of data at 0.1 mm2 resolution. A) Normalized vascular density and Dox 
fluorescence with a faint overlay of the heated region. B) Correlation and trend analysis 
showing a strong correlation but wide variability in the data corresponding to images in 
(A), C) Images showing areas that are below (green) and those that are above (red) the 
trend line. The bottom row (D-F) shows corresponding analysis after spatial averaging. 
The scale bar is 5 mm. 

Numerical differences in Figure 64, imply that the high degree of spatial 

heterogeneity on the microscopic scale is hidden by spatial averaging. The overall 
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meaning of the depicted data is similar, however: the relative Dox fluorescence 

correlates significantly with relative vascular density. 

4.3.7.2 Histological data: correct selection and use of necrotic and viable masks and 
linearization 

Some of the parameters described in Table 10 should only be logically evaluated 

in viable tumor tissue (nuclear density, treated nuclear density) while others have 

logical meaning throughout the tumor (Dox fluorescence and distance to vasculature). 

For example, nuclear density and treated nuclear density were not calculated for 

necrotic areas, where they were assumed to equal zero. On the other hand, Dox 

fluorescence and distance to vasculature could be evaluated throughout the tumor. 

Typically, correlation and trend analyses would exclude locations where one of the 

variables was not defined. In this case, however, in order to allow for smooth 

interpolation between viable and non-viable regions, values that do not have a logical 

definition within necrosis (nuclear density, treated nuclear density) were treated as 

zeroes in the correlation and trend analyses. Thus the need for spatial averaging to 

match MRI resolution increased variability of data that were averaged to produce at 

least some of the voxels in the resolution image. 
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Figure 65: Effects of data processing on correlations. Distance to vasculature was non-
linearly correlated with drug fluorescence, and to allow for trend analysis, the logarithm 
of distance was used in correlation and trend analysis. Original data (1st column, bottom 
row) shows an especially nonlinear relationship that is linearized in the 2nd column. 
Necrosis contains portions of the tumor that have minimal doxorubicin (arrows in 1st 
row, 1st and 2nd columns) which may be excluded from correlation analysis (column 3). 
When the resolution is decreased to 1.63 mm2, some of the data is “averaged into” the 
necrotic areas (column 4). 

Processing of the data prior to correlation and trend analysis appears to also 

impact the final result in terms of the strength of correlation. If data displayed non-

linearity, they were automatically linearized by taking the logarithm of the non-linear 

variable. While including necrosis produced an obvious artifact in these graphs, its 

omission from correlation analysis did not impact the data once its spatial resolution 

was changed, likely because some of the “empty” necrotic regions were averaged 

together with voxels from viable tumor tissue (4th column in Figure 65). 

The graphs in Figure 65 were based on image data that is shown both in 0.1 mm2 

and 1.63 mm2 resolutions in Figure 66. The larger features made up by the layout of the 

necrotic and viable tumor tissue can be clearly seen in the lower resolution images, 
242 

 



 

though some of the finer detail is lost, as evidenced by the disappearance of the texture 

in the right part of each of the images. 

 

Figure 66: Dox fluorescence and distance to vasculature shown at both in 0.1 mm2 and 
1.63 mm2 in-plane resolutions. The scale bars in the images represent 5 mm. The target 
area (gray overlay) and normalized doxorubicin fluorescence show similar features at 
the two disparate resolutions that are evident in the grayscale images as well as in the 
red and green overlays, where green pixels are below the trend line. Blue pixels are 
within the 95% confidence interval around the trend line. 
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4.3.8 Implications of histology data processing on statistical analysis 

As the preceding discussion demonstrates, pre-processing of histology data 

appears to affect the magnitude of the values seen in the normalized images and 

parameter maps. The substantial decrease in spatial resolution averages out some of the 

extremes of the data and washes out its finer textural features that are on the order of 

one or less than one pixel at the new, MRI resolution. Because this type of processing 

affects the relative magnitudes and decreases the number of degrees of freedom, it can 

affect automatic thresholding methods. For example Otsu’s thresholding method seeks 

to minimize intraclass variances, which are inherently dependent on whether highly 

variable data are used in their original form or smoothed out through spatial averaging. 

Therefore, while thresholding at the fine histology resolution ignores spatial 

relationships between pixels, such relationships are introduced by spatial averaging that 

is used to decrease and match histology resolution to that of MRI. Manual thresholding 

of the data does not address the issue of spatial relationships being excluded from 

thresholding and the introduction of such a relationship through spatial averaging. 

These limitations affect the matching of resolution between histology data, and 

therefore all correlation and trend analysis involving both histology and MRI data may 

benefit from higher MRI spatial resolution. In the context of this study, subject motion 

was not an issue, as the tumor-bearing leg of the rabbit remained stationary throughout 

each experiment. For similar treatments in organs affected by breathing motion, 
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resulting spatial error would affect the ability to match MRI and histology data. The next 

section provides an organized overview of the examined parameters, showing how 

many of these parameters may be grouped due to their similar physical meaning. 

4.3.9 Measured MRI parameters and their meaning 

The previous sections described some of the effects of data processing on 

interpretation of results. Herein, we list the image-able parameters and group them by 

their physical meaning (Table 12). This organization provides a means to simplify data 

analysis in the next section, using the tested hypotheses. 

For some of the examined parameters, their connection to the intratumoral 

distribution of drug delivery is more obvious than for others. For example, the first 3 of 

the DCE-MRI parameters in Table 12 deal with kinetics and magnitude of signal 

enhancement after contrast agent injection, and therefore describe the rate and extent of 

vascular perfusion. Similarly, histologic measurements of vascularity have a direct 

logical relationship to the intratumoral drug distribution: while perfusion is intermittent 

in tumors, literature is clear about a direct relationship between drug and nutrient 

delivery to vasculature. 

For some parameters, the connection with intratumoral drug distribution is 

vaguer than the connection between vascularity and drug distribution within the tumor. 

For example, an entire category of “MRI heating-related” variables in Table 12 describes 
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the measured changes in temperature, relaxation constants, overall thermal dose and 

energy required to maintain steady-state mild hyperthermia. 

Table 12: Variables examined for correlation and trends. “MRI perfusion and viability 
variables” are a set of measureable parameters that reflect spatial distribution of 
perfusion. These include measurements obtained with injection of MR contrast agents 
(DCE-MRI parameters and changes in T1 and T2) as well as measurements of apparent 
diffusion which do not require contrast agent injections. The “MRI Heating-related 
variables” represent measurements that change due to temperature (such as T1), as well 
as overall heat exposure (Thermal dose) and energy needed to maintain mild HT 
(Cumulative Energy), with the latter two measurements calculated for an equivalent of 
maintaining steady-state mild HT for 60 min. “Dose painting (iLTSL) variables” 
represent changes in MR images that resulted primarily due to injection of iLTSL and 
contrast agent release from iLTSL. Finally, 3 types of histology parameters were 
examined, ranging from “Drug delivery”, which was drug fluorescence in tissue, to 
quantification of “Vascularity” via fluorescent detection of CD-31-marked vasculature, 
to spatial distribution of viable and necrotic tumor tissue described as “Viability”. 

MRI Perfusion and Viability MRI Heating-Related 
Histology: Drug 

Delivery 
DCE-MRI: Initial Rate of Enhancement Thermal Dose (60 min of SS) Dox Fluorescence (bulk) 

DCE-MRI: Enhancement AUC Cumulative Energy (60 min of SS) 
Dox Fluorescence 

(nuclear) 

DCE-MRI: Time to Peak Enhancement T1 Before-After HT (pre-pattern) Treated Nuclear Density 

DCE-MRI: T1-w Signal Difference T1 Before-After Pattern HT  

DCE-MRI: T2 Map Difference Temperature Before Pattern Heating Histology: Vascularity 

DCE-MRI: T1 Map Difference T1-w Signal Difference due to Heating Distance to Vasculature 

Diffusion- weighted image (b=2000 s/mm2) 
 

Vascular Density 

Perfusion-weighted image (b=200 s/mm2) Dose Painting (iLTSL) 
 

Apparent Diffusion Coefficient - low b-values iLTSL-induced ∆ in MR susceptibility 

Apparent Diffusion Coefficient - high b-values HT+iLTSL-induced ∆T1 Histology: Viability 

 

iLTSL-induced ∆T1 Nuclear density 

HT+iLTSL-induced ∆T1–weighted 
signal  

iLTSL-induced ∆T1–weighted signal 

The connection that all of these parameters may have to intratumoral pattern of 

drug distribution is explained by the fact that release requires mild HT, as well as the 
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ability of highly vascularized tissues to act as a heat sink, meaning that areas that have 

more vasculature would require more energy to be maintained at mild HT. The higher 

vascularity could also in principle deliver more drug, hence the connection of the 

“extent” of heating to drug distribution. This indirect connection is further complicated 

by our lack of knowledge of the extent to which heat loss at the boundaries of the heated 

region contributes to the energy required to heat it. For example, if the overall pattern of 

required energy shows that there is a greater need for energy at the periphery of the 

target, this greater need may be due to both heat loss to blood perfusion or tissues 

around the target and the higher-than-average vascularity at the periphery of the target 

itself. The amount of heat loss to surrounding tissue cannot be deduced from our 

experimental setup, and therefore energy requirements are likely unreliable reporters of 

underlying vasculature and iLTSL + mild HT drug delivery. 

4.3.10 Simplifying data analysis by focusing on the hypotheses 

The central hypothesis (Section 1.4.2) examines whether spatial distributions of 

MR parameters that describe transport-related phenomena correlate and/or trend with 

distribution of histologically-determined Dox and transport-related parameters. This 

central hypothesis was evaluated in a piece-wise manner, by testing the following 

hypotheses, using correlation and trend analysis of the measured parameters (Table 12): 

4. MRI variables related to vascular perfusion and the amount of vasculature are 

significantly correlated with histologic quantification of vasculature. 
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5. MRI and histology variables related to vascular perfusion and the amount of 

vasculature correlate with the pattern of drug delivery, as determined by Dox 

fluorescence. 

6. MRI measurements of iLTSL (Dose painting variables in Table 12) correlate with 

the pattern of drug delivery, as determined by Dox fluorescence. 

Given the large number of additional parameters obtained (Table 12), many 

correlations could be examined. However, the discussion will attempt to zero in on 

those parameters whose measurement could directly benefit treatment planning and 

execution with MR-HIFU and temperature-sensitive liposomes. This select group of 

parameters should ideally already be available for measurement in the clinic and should 

require a minimum number of additional calculations or other steps. 

In general, the hypotheses require that a correlation is examined between input 

and response parameters. This was done for each hypothesis separately. Despite 

differences in the procedure for their computation, some response parameters were 

redundant in their physical meaning. For hypotheses with such redundancies, we will 

focus on the correlations among parameters that resulted from the smallest number of 

operations and assumptions. 

In the case where the physical meaning of redundant parameters differs, all 

input parameters were tested for correlation against each of the output parameters. The 

p-value for these correlations was not adjusted for multiple comparisons, since each 
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input/response parameter correlation has individual value: if the methodology of using 

image-able variables to predict drug delivery is validated, then clinical protocols would 

likely examine a single variable that is a strong predictor for pattern of drug delivery. 

Addition of multiple predictors in this case would bolster the quality of the prediction of 

the drug delivery pattern if these comparisons agree, but such multiple comparisons are 

of no use if the correlations are weak. It is thus important to identify, for each 

hypothesis, which parameters allow for the strongest correlations – parameters that 

could be most useful as “predictors” of the spatial distribution of drug delivery. 

4.3.11 Choice of the right histologic indicator of delivery 

Three histologic parameters were identified as indicators of Dox delivery (Table 

12). In this case, however, two of the variables may not accurately reflect drug delivery. 

For example, Dox fluorescence is measured over the entire tumor, but the majority of the 

Dox signal originates from the nuclei, meaning that this bulk measurement is greatly 

affected by nuclear density. Another parameter, ‘Treated Nuclear Density’ is dependent 

on an ability of a manually-set intensity threshold to separate individual nuclei. The 

wide range of nuclear densities within individual tumors and presence of areas where 

nuclei could not be separated using thresholding suggest that that this parameter is 

more prone to error than the ‘Average nuclear Dox fluorescence’. This parameter still 

depends on a thresholding of nuclear signal, but it is likely less affected by inability to 

detect separate nuclei in areas where the nuclear density is high. In the next section, we 

249 

 



 

will examine a set of correlation analyses among resolution-matched histology and MRI 

datasets, in the context of the experimental hypotheses and present a summary of 7 

experiments where MR-image-able parameters and intratumoral pattern of drug 

delivery were analyzed for mild HT + iLTSL. 

4.3.12 Results of correlative analysis 

4.3.12.1 Hypothesis 1: MR variables vs. vascularity 

To determine whether the MR-imageable parameters that are related to 

perfusion and diffusion processes correlate in to the histologically-measured vasculature 

(Hypothesis 1 listed in Section 4.3.10), the variables listed in Table 13 were examined for 

correlation with distance to vasculature. 

Table 13: Glossary of abbreviations used and the meaning of the corresponding 
parameters. 

Abbreviation Meaning 
InitRE Initial Rate of Enhancement - DCE-MRI (Normalized Signal/s) 
AUC Enhancement AUC for 10 min post Injection - DCE-MRI (Normalized Signal) 
tpeak Time to Peak Enhancement - DCE-MRI (s) 
ADCperfusion Apparent Diffusion Coefficient - low b-values (b=0-200) 
ADCdiffusion Apparent Diffusion Coefficient - high b-values (b=500-2000) 
DWIperfusion Diffusion-weighted image (b-value=200, indicative of perfusion) 
DWIdiffusion Diffusion-weighted image (b-value=2000, indicative of diffusion) 
T1wSigDiff T1-w Signal Difference - DCE-MRI 
T1MapDiff T1 map difference after minus before DCE-MRI 

 

Other parameters, such as microvascular density, were also examined, but 

provided similar results (See Appendix). As discussed in Section 4.3.11, we will thus 
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focus on the simplest histologic parameter to avoid introducing error through 

assumptions and factors associated with change of the resolution. 

The results of the correlation analysis are shown in detail in   
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Table 14. The table shows that Pearson r coefficient, p-values, and R2 for each 

correlation, with all correlations performed on data within each experiment.   
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Table 14: Examination of MR correlates of histologically-derived distance to 
microvasculature. This table provides an overview of correlations used to test 
hypothesis 1. Bold p-values indicate a significant correlation. 

Hypothesis 1: MR perfusion variables vs. distance to vasculature 
Experiment # I II III IV V VI VII 
 Pearson r 
InitRE -0.398 -0.450 -0.513 -0.627 -0.453 -0.350 -0.465 
AUC -0.502 -0.557 -0.569 -0.735 -0.545 -0.571 -0.580 
tpeak -0.410 -0.575 -0.456 -0.697 -0.524 -0.540 -0.534 
ADCperfusion -0.268 0.020 0.080 0.303 -0.155 -0.371 -0.065 
ADCdiffusion -0.136 -0.386 0.109 0.294 -0.132 -0.405 -0.109 
DWIperfusion 0.153 -0.423 0.110 0.245 -0.216 -0.066 -0.033 
DWIdiffusion 0.195 0.231 -0.300 -0.493 -0.182 0.290 -0.043 
T1wSigDiff -0.347 -0.640 -0.565 -0.807 -0.626 -0.701 -0.465 
T1MapDiff 0.096 0.509 0.062 0.617 0.498 0.584 -0.580 
   p-values 
InitRE < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
AUC < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
tpeak < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
ADCperfusion 0.0008 0.7915 0.1468 < 0.0001 0.0013 < 0.0001 < 0.0001 
ADCdiffusion 0.0933 < 0.0001 0.0482 < 0.0001 0.0061 < 0.0001 < 0.0001 
DWIperfusion 0.0582 < 0.0001 0.0457 < 0.0001 < 0.0001 0.2550 0.001 
DWIdiffusion 0.0157 0.0021 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
T1wSigDiff < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
T1MapDiff 0.2362 < 0.0001 0.2591 < 0.0001 < 0.0001 < 0.0001 0.003 

   R2 values 
InitRE 0.159 0.202 0.263 0.393 0.205 0.122 0.397 
AUC 0.252 0.310 0.324 0.540 0.297 0.326 0.342 
tpeak 0.168 0.331 0.208 0.486 0.274 0.291 0.293 
ADCperfusion 0.072 0.000 0.006 0.092 0.024 0.138 0.224 
ADCdiffusion 0.019 0.149 0.012 0.086 0.018 0.164 0.207 
DWIperfusion 0.024 0.179 0.012 0.060 0.047 0.004 0.074 
DWIdiffusion 0.038 0.053 0.090 0.243 0.033 0.084 0.055 
T1wSigDiff 0.120 0.410 0.319 0.651 0.392 0.492 0.090 
T1MapDiff 0.009 0.259 0.004 0.381 0.248 0.341 0.054 
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While some of the correlations maintain the same direction and remain 

significant for all examined experiments, others change signs. Since an image-able 

indicator must consistently show a correlation to the intended parameter, these are 

useful classifiers of the relative utility of examined parameters as surrogates for 

perfusion and vascularity. Thus, the results above were averaged across experiments 

and examined for consistency of direction of correlation, as well as for consistently 

significant correlations (Table 15). 

Table 15: Average correlation results for hypothesis 1. Average Pearson r statistic and 
R2 were calculated for all 7 experiments (rAVG and R2). Standard deviation (STD), 
standard error of the mean (SEM) and relative error (SEMrel) are reported along with 
the number of experiments (out of a total of 7) that showed significant correlations (# 
signif. corr.) and how many correlations had + and – signs (+/- corr.). 

 rAVG STD SEM SEMrel (%) # signif. 
corr. 

+/- 
corr. 

R2 stdev se SEMrel (%) 

InitRE -0.63 0.15 0.06 9 7 0/7 0.27 0.38 0.14 53 
AUC -0.57 0.07 0.03 5 7 0/7 0.21 0.37 0.14 67 
tpeak -0.55 0.10 0.04 7 7 0/7 0.18 0.32 0.12 69 
ADCperfusion -0.45 0.10 0.04 8 7 0/7 0.14 0.24 0.09 67 
ADCdiffusion 0.39 0.23 0.09 22 4 7/0 0.22 0.16 0.06 26 
DWIperfusion -0.10 0.25 0.10 99 6 2/5 0.04 0.10 0.04 90 
DWIdiffusion -0.06 0.30 0.11 198 6 3/4 0.07 0.08 0.03 42 
T1wSigDiff -0.04 0.23 0.09 201 1 3/4 0.05 0.05 0.02 39 
T1MapDiff -0.02 0.23 0.09 428 5 3/4 0.04 0.06 0.02 55 

 

Four of the variables showed significant correlations in all of the experiments 

and showed the same direction of correlation (highlighted with a box), and thus they 

may represent reasonable MRI correlates for the histologic distance to vasculature. The 
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relationship between distance to vasculature and these MRI parameters is shown in 

Figure 67. 

 

Figure 67: MR-imageable parameters that consistently showed significant correlations 
to the histologically-measured distance to vasculature. Data shown are from 
experiment I. 

The slopes of the fitted lines were different from 0 for the above parameters, in 

all cases, for all experiments (F test, p<0.0001), though as the relatively low R2 results in 

Table 15 show, the use of linear regression explains only 20-40% of the variability in the 

data. This suggests, that while the correlations and trend analyses point to an agreement 

between MRI and histology data, the differences are most apparent at the extremes. This 
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means that to use such MR-imageable parameters, images should contain their whole 

range of the parameter values. 

4.3.12.2 Hypothesis 2: Perfusion and vascularity-related MR variables vs. spatial 
distribution of drug delivery 

To determine whether the MR-imageable parameters that are related to perfusion and 
vascularity could be used as predictors of the pattern of drug delivery, the methods used 
were similar to those of the previous section. In this case, the parameters examined are 
the same as those listed in Table 13, though hypothesis 2 requires examination of 
correlations of these parameters with histologically-measured doxorubicin fluorescence. 
The results of these correlation tests are shown in   
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Table 16. 
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Table 16: Examination of possible MR correlates of histologically-measured 
distribution of Dox fluorescence. This table provides an overview of correlations used 
to test hypothesis 2. Bold p-values indicate a significant correlation. 

Hypothesis 2: MR perfusion variables vs. Dox fluorescence 

Experiment # I II III IV V VI VII 

 Pearson r 

InitRE 0.428 0.429 0.191 0.680 0.445 -0.077 0.210 

AUC 0.381 0.451 0.309 0.715 0.482 0.094 0.320 

tpeak 0.292 0.412 0.447 0.630 0.484 0.166 0.509 

ADCperfusion 0.033 0.308 0.315 -0.308 -0.199 0.205 0.033 

ADCdiffusion 0.228 0.604 0.320 -0.319 -0.176 0.252 0.229 

DWIperfusion 0.012 0.697 -0.097 -0.188 -0.282 0.072 -0.024 

DWIdiffusion -0.089 -0.158 -0.143 0.379 -0.160 -0.179 0.014 

T1wSigDiff 0.309 0.707 0.408 0.728 0.440 0.236 0.369 

T1MapDiff -0.196 -0.441 -0.211 -0.562 -0.397 -0.253 -0.353 

        
 p-values 

InitRE < 0.0001 < 0.0001 0.0005 < 0.0001 < 0.0001 0.1837 0.002 

AUC < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.1059 < 0.0001 

tpeak 0.0003 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0041 < 0.0001 

ADCperfusion 0.6863 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0004 < 0.0001 

ADCdiffusion 0.0045 < 0.0001 < 0.0001 < 0.0001 0.0003 < 0.0001 < 0.0001 

DWIperfusion 0.8790 < 0.0001 0.0771 0.0007 < 0.0001 0.2132 < 0.0001 

DWIdiffusion 0.2744 0.0376 0.0094 < 0.0001 0.0009 0.0019 < 0.0001 

T1wSigDiff 0.00010
1 

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

T1MapDiff 0.0154 < 0.0001 0.000 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

        
 R2 values 

InitRE 0.183 0.184 0.036 0.462 0.198 0.006 0.178 

AUC 0.145 0.203 0.096 0.512 0.232 0.009 0.275 

tpeak 0.085 0.170 0.200 0.396 0.235 0.027 0.083 

ADCperfusion 0.001 0.095 0.099 0.095 0.039 0.042 0.007 

ADCdiffusion 0.052 0.365 0.102 0.102 0.031 0.064 0.125 

DWIperfusion 0.0002 0.486 0.009 0.035 0.080 0.005 0.040 

DWIdiffusion 0.008 0.025 0.020 0.144 0.026 0.032 0.040 

T1wSigDiff 0.096 0.500 0.167 0.531 0.193 0.056 0.305 

T1MapDiff 0.038 0.194 0.044 0.316 0.157 0.064 0.126 
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As in the previous section that examined hypothesis 1, only some of the 

examined parameters showed a consistent and significant correlation with the pattern of 

drug delivery. The sign of correlation is related to the variable’s meaning, so for 

example, because T1 decreases in the presence of contrast agent, and this effect is greater 

in areas that receive more contrast, then the variable would decrease towards a 

minimum. In this case, there are four parameter maps that show consistently significant 

correlations for all experiments (Table 17). 

Table 17: Average correlation results for hypothesis 2. Average Pearson r statistic and 
R2 were calculated for all 7 experiments (rAVG and R2). Standard deviation (STD), 
standard error of the mean (SEM) and relative error (SEMrel) are reported along with the 
number of experiments (out of a total of 7) that showed significant correlations (# signif. 
corr.) and how many correlations had + and – signs (+/- corr.). 

 rAVG ST
D 

SEM SEMrel 
(%) 

# 
signif. 
corr. 

+/- 
corr. 

R2 stdev se SEMrel 
(%) 

T1wSigDiff 0.46 0.2 0.07 16 7 7/0 0.26 0.19 0.07 27 

tpeak 0.42 0.2 0.06 14 7 7/0 0.17 0.12 0.05 27 

T1MapDiff -0.34 0.1 0.05 15 7 0/7 0.13 0.10 0.04 28 

AUC 0.39 0.2 0.07 18 7 7/0 0.21 0.16 0.06 29 

InitRE 0.33 0.2 0.09 28 6 6/1 0.18 0.15 0.06 31 

ADCdiffusion 0.16 0.3 0.12 72 7 5/2 0.12 0.11 0.04 36 

ADCperfusion 0.06 0.2 0.09 165 6 5/2 0.05 0.04 0.02 30 

DWIdiffusion -0.05 0.2 0.08 157 6 2/5 0.04 0.05 0.02 41 

DWIperfusion 0.03 0.3 0.12 446 4 3/4 0.09 0.18 0.07 71 

 

Similar to the results obtained for Hypothesis 1, the linear fit has low R2 values, 

and thus, such trends have poor predictive ability (R2=0.13 to 0.26 means that only 13 to 

26% of the data distribution falls within the confidence interval of the fit). The linear fits 
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of the three consistently correlating parameters (Figure 68) show that the relationships 

are not necessarily easy to detect without additional information, with errors in the 

slope of the fit ranging 25-40% of the slope value. All fitted slopes, in all experiments, 

were different from 0 (F test, p<0.0154). 

 

 

Figure 68: MR-imageable parameters that consistently showed significant correlations 
to the histologically-measured Dox fluorescence in rabbit Vx2 tumors. Data shown are 
from experiment I. 

Despite the relatively poor fits, because the correlations are consistently 

significant for all individual experiments for these parameters, they will, on the whole, 

identify areas where Dox delivery is either extremely poor or extremely high. As for 

values in the middle of the distribution, multiple MR parameters could, in principle, be 

used to better identify the boundary between treated and untreated zones, and 

anatomical features used in treatment planning, monitoring, and evaluation are 

typically made up of multiple voxels that are spatially grouped together (making up the 

feature), and therefore such features could be more easily identified as a unit on the 

actual image, than in a scatter plot. 
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4.3.12.3 Hypothesis 3: MRI detection of iLTSL delivery and release vs. drug delivery 
pattern 

The third and final sub-hypothesis examined in this chapter was that MR-

imageable parameters that reflect arrival and release of iLTSL (Dose painting variables 

in Table 12) correlate with the pattern of drug delivery, as determined by Dox 

fluorescence. Correlations between normalized Dox fluorescence and MRI-imageable 

parameters (Table 18) were examined. 

Table 18: Glossary of abbreviations used to evaluate hypothesis 3 and the meaning of 
the corresponding parameters. 

ABBREVIATION MEANING 

 

iLTSL-induced ∆ in MR susceptibility (converted to apparent 

∆T using PRFS to better relate to thermometry, Section 4.1.4) 

∆SIGNALT1_ILTSL iLTSL-induced ∆T1–weighted signal (Arbitrary Units) 

∆T1_ILTSL iLTSL-induced ∆T1 (ms) 

 

The results of the correlation tests between these parameters and Dox 

fluorescence are shown in Table 19. 
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Table 19: Examination of possible MR correlates of histologically-measured 
distribution of Dox fluorescence. This table provides an overview of correlations used 
to test hypothesis 2. Bold p-values indicate a significant correlation. 

Hypothesis 3: MR perfusion variables vs. Dox fluorescence 

Experiment # I II III IV V VI VII  
 Pearson r 

 

0.141 -0.132 -0.132 0.340 -0.201 -0.074 -0.096 

∆SignalT1_iLTSL 0.261 0.712 0.650 0.522 0.361 0.203 0.384 

∆T1_iLTSL -0.439 -0.188 -0.447 -0.482 -0.296 -0.228 -0.314 

 p-values 

 

0.083 0.082 0.017 < 0.0001 < 0.0001 0.201 < 0.0001 

∆SignalT1_iLTSL 0.001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0004 < 0.0001 
∆T1_iLTSL < 0.0001 0.013 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

 R2 values 

 

0.020 0.017 0.017 0.116 0.041 0.005 0.055 

∆SignalT1_iLTSL 0.068 0.507 0.422 0.272 0.131 0.041 0.109 

∆T1_iLTSL 0.193 0.035 0.199 0.232 0.088 0.052 0.143 

 

Just as in the previous case (hypothesis 2), the correlation was negative for T1, 

which is attributable to injection of contrast (iLTSL). Two of the examined parameters 

showed a consistent and significant correlation with the pattern of relative Dox 

fluorescence (Table 20). 

Table 20: Average correlation results for hypothesis 3. Average Pearson r statistic and 
R2 were calculated for all 7 experiments (rAVG and R2). Standard deviation (STD), 
standard error of the mean (SEM) and relative error (SEMrel) are reported along with the 
number of experiments (out of a total of 7) that showed significant correlations (# signif. 
corr.) and how many correlations had + and – signs (+/- corr.). 

 RAVG STD SEM SEMREL 
(%) 

# SIGNIF. 
CORR. 

+/- 
COR

R. 

R2 STDEV SE SEMREL 
(%) 

∆SIGNALT1_IL

TSL 
0.45 0.21 0.08 17 7 7/0 0.22 0.18 0.07 31.24 

∆T1_ILTSL -0.34 0.12 0.04 13 7 0/7 0.13 0.08 0.03 21.76 

 -0.01 0.21 0.08 798 4 2/5 0.04 0.04 0.01 36.78 
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Similar to the results of other correlative analyses for hypothesis 1 and 2, the 

linear fits have low R2 values, and thus, such trends have poor predictive ability (R2=0.13 

to 0.22 means that only 13 to 22% of the data distribution falls within the confidence 

interval of the fit). The linear fits of the two consistently correlating parameters (Figure 

69) show that the relationships are not necessarily easy to detect without additional 

information, with errors in the slope of the fit ranging ~25-40% of the slope value. All 

fitted slopes, in all experiments, were different from 0 (F test, p<0.0154). 

 

Figure 69: MR-imageable parameters that consistently showed significant correlations 
to the histologically-measured Dox fluorescence in rabbit Vx2 tumors. Data shown are 
from experiment I. 

Despite the relatively poor fits, because the correlations are consistently 

significant for all individual experiments for these parameters, they will, on the whole, 

identify areas where Dox delivery is either extremely poor or extremely high. As for 

values in the middle of the distribution, multiple MR parameters could, in principle, be 

used to better identify the boundary between treated and untreated zones, and 
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anatomical features used in treatment planning, monitoring, and evaluation are 

typically made up of multiple voxels that are spatially grouped together (making up the 

feature), and therefore such features could be more easily identified as a unit on the 

actual image, than in a scatter plot. 

 

4.4 Discussion 

This chapter investigates correlations between MR image-able transport 

parameters and intratumoral drug distribution following a noninvasive treatment that 

combines a clinical MR-HIFU system with an MR image-able LTSL formulation. The 

Vx2 tumor model that used herein approximates the geometry and size of diagnosed 

human tumors. This study could potentially aid in translation of this image-guided focal 

drug delivery paradigm to the clinic, through a detailed examination of the various 

factors that affect treatment as well as measurements that could be used to improve 

treatment planning, guidance, and post-treatment monitoring. These findings provide 

background and preliminary foundation for future clinical trial designs that would 

optimally leverage the strengths of both DDS and the non-invasive MR-HIFU treatment 

modality. 

4.4.1 Insight into study design, with emphasis on overall complexity 

The work presented in this chapter involved many types of data. Each of the 

various data types required optimization and analysis, before the overall results of the 
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study could be analyzed. Due to the demands of the study, at various points in the 

design and execution of the study, compromises had to be made. For example, 

simultaneous T1 and temperature mapping required a compromise between short TE 

required for optimal real-time T1 mapping and the longer TE required for PRFS-based 

MR thermometry. Another example of experimental design choices that affected 

interpretation of the data was the choice of timing for the end of the experiment relative 

to the time of LTSL/Dox injection and the need for vascular perfusion that this approach 

required. Sacrificing the animal at the predetermined time points that correspond to the 

end of heating allowed examination of the drug and contrast agent distributions at the 

end of therapy, but they may have introduced errors associated with incomplete 

perfusion, or drug washout due to perfusion. Perhaps the most consequential 

compromise that was made in the design of this study involved the use of iLTSL, rather 

than a non-image-able liposomal formulation. The use of iLTSL rendered PRFS 

inaccurate and required maintenance of steady-state mild hyperthermia with the 

'learned pattern' method, which compromises the ability of the system to account for 

any accidental movement or dynamic changes in perfusion, which could affect heating. 

The complexity of the study required some degree of the above compromises and 

optimizations, but the effects of all of these considerations on experimental results 

brings up the question of how this complex study could have been broken up into more 

manageable pieces. The difficulties associated with the use of iLTSL especially put into 
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question the compatibility of MR image-able LTSLs with the idea of drug dose painting 

under MR guidance. 

 

4.4.2 Choice of Tumor Models, Liposomes and MR-HIFU System 

Clinical translation of MR-HIFU-mediated drug delivery requires a series of pre-

clinical studies with an appropriate animal model to rigorously evaluate the 

shortcomings, pitfalls, and hurdles, as well as potential advantages.  Notable 

contributions to date include the use of clinical-grade LTSLs and a modified pre-clinical 

MR-HIFU system in a normal rabbit thigh muscle [283] as well as TSLs and a clinical 

MR-HIFU system in a rat tumor model [396]. Results from these studies [283, 396] and 

those presented herein are consistent and demonstrate the ability to use MR-HIFU to 

enhance drug delivery. The rabbit Vx2 tumor model has the added value of evaluating 

spatiotemporal control of heating and subsequent drug delivery to a large tumor 

encased in skeletal muscle (unlike most rodent models).  In fact high concentrations of 

doxorubicin were achieved in the tumor while sparing intervening skin and adjacent 

muscle, demonstrating the ability to selectively deliver and “paint” drug to the desired 

region with advanced image guidance using clinical MR imaging. 

Spatial and thermal accuracy of the MR-HIFU system is a prerequisite for fully 

leveraging the advantages of image-guided drug delivery. The clinical MR-HIFU system 

was capable of accurate spatial targeting the desired, delivering the desired conformal 
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and homogeneous heating (40.5 ± 0.1°C average, SD = ~1.0 °C).  Despite the ability to 

heat large volumes, most of the tumors did not allow for controlled heating of the entire 

tumor mass using the pattern heating method. In nearly all cases, the proximity to bone 

resulted in uncontrollable heating, if the margins of the target were extended to the 

point where the HIFU beam would likely intersect with bone, in the far field. Drug 

delivery could be further improved if the entire tumor volume was heated. Therefore, 

the ability to deliver large volume conformal mild hyperthermia treatments may be 

necessary to fully realize the potential of this strategy for addressing unmet clinical 

needs in the local and regional treatment of cancer.  

4.4.3 Drug Transport  

Drug delivery to tumor using liposomes largely depends on the liposome plasma 

circulation half-life and the rate of release of the encapsulated drug, among other factors 

[397]. The combination of rapid release from LTSLs and hyperthermia results in 

intravascular release of doxorubicin followed by transport of doxorubicin across the 

endothelial barrier and through the extravascular extracellular space followed by 

cellular uptake [245, 250, 398]. Therefore, the penetration and coverage of cytotoxic 

concentrations of doxorubicin into the tumor would be optimized if the drug was 

released at peak plasma LTSL concentration. Furthermore, complete release from an 

LTSL occurred on the timescale comparable to the mean tumor transit time, highlighting 

the importance (if not requirement) of fast release in order for an intravascular 
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mechanism to function effectively [398]. The pharmacokinetic analysis (Section 4.3.1) 

shows that the plasma concentration reduced only slightly (~10%) during the 30-min 

treatment time. Thus, delivery occurred while the plasma concentration was near its 

Cmax. The post-treatment perfusion likely cleared some of the drug from the perivascular 

space along with the drug in the plasma, and recent modeling work predicts that if mild 

hyperthermia were maintained for several hours, the accumulated drug would be 

greater [252]. 

Fluorescence microscopy demonstrated that doxorubicin was heterogeneously 

distributed within the tumor following treatment. Much greater doxorubicin signal was 

observed in the LTSL+MR-HIFU group, and the drug was consistently distributed only 

in areas that were well-perfused, according to both CD-31-labeled vasculature and bulk 

peripheral regions identified with MRI. It was previously noted that mild HT reduces 

IFP [399] and improved tumor perfusion [400], thus facilitating drug delivery to more 

central areas of the tumor (far from vasculature), where the IFP is thought to be high. In 

these experiments, this effect was not clearly detectable, if it existed. Tumors with large 

necrotic areas sometimes had vascular regions interspersed with necrotic areas, but Dox 

fluorescence around such regions was confined to only a few cell layers. Future studies 

should incorporate real-time measurements of tumor perfusion during heating, or 

determine the extent of mild HT effect on tumor perfusion before treatment, in order to 

better tune the therapy and to optimize it for use in combination with ablation. 
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4.4.4 Limitations of this study 

This study has several limitations.  First, measures of toxicity were also not 

reported due to the acute nature of the study.  In addition, biodistribution analysis was 

not performed herein, though our group previously examined it in the same tumor 

model for a non-imageable formulation of commercial ThermoDox™ liposomes [259]. 

That study showed 3.5- to 7.6-fold more Dox in the Vx2 tumors of rabbits treated with 

LTSL+mild HT than those who received only LTSL or doxorubicin, respectively. The 

ThermoDox™ commercial formulation had statistically identical release profiles to the 

image-able formulation examined here, as shown in Chapter 3, and therefore we chose 

to limit the scope of the study to its present objectives. While the drug biodistribution is 

likely similar to the previous study, the biodistribution of contrast agent is not known in 

this case, which could in principle have an effect on the likelihood of NSF. Presumably, 

the safety profile of LTSL or iLTSL+mild HT may be similar to free doxorubicin therapy 

but with an added benefit of more drug exposure in the tumor. Stealth, long-circulating 

liposomes are often thought to improve the safety profile [401], though further 

development of heat-sensitive liposomal formulations has the potential both to decrease 

systemic exposure and to increase tumor drug delivery. 

Another limitation of the study was that only one time point (30 min mild 

HT+iLTSL) was examined.  This single time point cannot capture the dynamic 

complexity of drug accumulation especially when comparing different DDS, for which 
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peak plasma and tissue concentrations may be achieved at different times. This time 

point was chosen to ensure that the “pattern-based heating algorithm” could maintain 

mild HT after injection, since longer heating sessions increased probability of inaccurate 

heating with this method. 

To minimize the influence of the vascular compartment. Importantly, only a 

fractional portion of the entire tumor volume was heated due to limitations of the 

current MR-HIFU system. In fact, segmental analysis of a tumor demonstrated quite 

variable drug concentrations (mean = 26 µg/g, range =11.9 – 63.2 µg/g) suggesting that 

large volume conformal heating of the tumor may further improve drug delivery. This 

requires further hardware and software development, currently in progress. 

The extent to which differences in post-release transport affect the spatial 

distribution of contrast agent and drug was not examined. While similar in size, the 

drug and the contrast agent differ greatly in their charge – a parameter that dramatically 

influences transport in biological tissues for such small molecules (<1 kDa). Thus, a 

quantitative prediction of drug distribution would require knowledge of a multitude of 

transport parameters for each molecule. A more feasible alternative could involve 

qualitative assessment of differences in contrast enhancement, or rate of enhancement, 

perhaps using such measurements to outline areas that differ in the amount of drug 

delivered. If MRI parameters are used to outline areas that should be treated with drug 

versus those that require ablation, and if the primary effect of Dox delivered via LTSL is 
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achieved when the free drug concentration is highest (during heating) [245], then the 

details of post-release tumor transport and clearance are perhaps not as important. The 

ability to identify areas of low contrast enhancement would allow such areas to be 

ablated. Thus, in this new paradigm, areas where increased IFP, cellular density or other 

factors could impact drug delivery of a perfusion-limited small drug such as Dox would 

be identifiable, if large enough, and marked for alternative treatment. 

Specificity of drug delivery to the tumor vs. surrounding tissue was not assessed 

in this study. This limitation arises from insufficient spatial coverage with histological 

samples in several tumors examined. The large size of lesions that were examined 

prohibited collection of histological sections that contained sufficient muscle tissue in 

areas that remained <40 °C. However, in a previous study, our group demonstrated a 

~43-fold higher Dox concentration in heated tumor compared to adjoining muscle. This 

suggests that the drug delivery was highly target-specific, which could have important 

implications and advantages for this treatment paradigm, especially as its use is 

explored in vicinity of other tissue types that are known to rapidly extract Dox, such as 

liver. 

The potential of image-guided focally selective drug delivery has yet to be 

realized.  This drug and device combination allows for precise spatial targeting of tumor 

regions while sparing adjacent normal tissue. Pre-procedural imaging, including DCE-

MRI, hypoxia, metabolism and ADC maps [402] may be used to quantify tumor 
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biological, physiologic, and mass transport properties to be used in a treatment plan to 

customize the therapy to an individual patient. For example, ADC maps could help 

define less well-vascularized tissue that may be better treated with ablation techniques 

whereas DCE-MRI might reveal highly enhancing tumor tissue that may be better 

treated through vascular delivery of heat-deployed drug. Image-able TSL formulations 

[288, 396] may report on drug delivery in real-time to refine the treatment during the 

procedure or to guide future interventions.  The use of image-guidance in focal drug 

delivery is in its infancy, yet has the potential to improve personalized cancer therapies   

[403, 404]. 
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5. Conclusions and future directions 

5.1 Key Conclusions 

Local delivery of chemotherapeutics would benefit from an approach that allows 

for spatiotemporal control over the drug dose distribution wherever possible and 

demarcates tissues or regions where the treatment approach must be modified to 

achieve greater efficacy. A combination of low temperature sensitive liposomes (LTSLs) 

and MR-HIFU provides such technology, and this thesis affords guidance on the 

viability of its possible implementations. In particular, several MR imaging techniques 

and the utility of image-able LTSLs (iLTSLs) in this combination were examined in this 

work. There are several key conclusions: 

1) On a clinical MR-HIFU platform, an algorithm was designed, implemented and 

validated to provide mild hyperthermia treatment non-invasively, with a high 

degree of spatial and temporal control. This algorithm provides mild 

hyperthermia to volumes of large size (up to 8.4 cm2 cross sectional area, ~5cm in 

any dimension have been tested), comparable to hepatic and other lesions that 

are typically encountered in clinical oncology. 

2) iLTSLs that stably encapsulate both an MR contrast agent and doxorubicin have 

been made, and they release both of these contents at similar rates, both in 

human plasma and in physiologic buffer. 
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3) MR-image-able liposomes provide signal enhancement that spatially correlates 

with the pattern of drug delivery and sections of the tumor with relatively high 

vasculature. 

4) When injected systemically, MR image-able liposomes interfere with MR 

thermometry based on the most widely used PRFS method, and therefore may 

not be clinically viable wherever PRFS thermometry must be used. 

5) Near steady-state maintenance of large volume mild hyperthermia is possible 

after turning off MR thermometry feedback. This was accomplished using a 

pattern of transducer movements and sonications that was learned when steady 

state was controlled with MR thermometry feedback. This movement and 

sonication pattern (5 - 7.5 min long) was then replayed as a loop to maintain 

steady state without temperature feedback control. Maintenance of steady-state 

temperature was verified via linear extrapolation prior to iLTSL injection to 

ensure optimal heating in absence of accurate MR thermometry (after injection). 

6) The spatial distribution of contrast enhancement as well as drug delivery with 

iLTSL+MR-HIFU mild hyperthermia could be approximated with imaging 

techniques that are widely available in the clinic: those that require use of 

contrast agents (DCE-MRI, pre/post-contrast subtraction). With techniques that 

do not rely on contrast agent, such as diffusion-weighted imaging (DWI), ability 

to identify areas of high and low drug delivery is significantly reduced. Some of 
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these non-contrast parameters did show significant correlations to histologically-

determined drug distribution and vasculature distributions, but these were 

inconsistent across multiple experiments. With further validation, correlation 

with contrast-enhanced MRI could be used to predict the spatial distribution of 

drug with this combination therapy, thus possibly obviating the need for 

liposomes that incorporate contrast agents. Alternatively, if liposomes with MR 

contrast agents were used in a setting where temperature was not controlled via 

MRI, or controlled via a method unaffected by iLTSL, then the pattern of MR 

enhancement caused by iLTSL could be used as an approximate surrogate for 

drug delivery. 

7) The sizes of identifiable volumes that appear to receive relatively little drug are 

comparable to volumes commonly ablated with MR-HIFU (≥2x7 mm spheroids). 

Together with the ability to predict drug distribution with alternative imaging 

approaches, this observation could be used to most effectively tailor treatment to 

different sub-volumes within cancerous tissue. For example, regions that are 

predicted to have receive little drug may be more effectively treated with 

ablation while areas of disease in proximity to critical structures such as motor 

nerves and blood vessels may be treated with the combination of mild 

hyperthermia and drug delivered with LTSL. 
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5.2 Large-scale heterogeneity of solid tumors: implications for drug 
dose painting 

Most research into the effect and delivery of drugs has used small rodent tumors 

and variations of window chamber models. As discussed in Chapter 1, these have 

shown a remarkable amount of spatial heterogeneity of drug delivery, in part due to 

their documented spatial variations in cellular viability and density, hypoxia, IFP and 

other factors. In clinical practice, however, solid tumors are detected at larger sizes, 

which adds a further layer of macroscopic complexity to their heterogeneity. In such 

cases, volumes bigger than entire rat tumors may be necrotic, poorly perfused, or both. 

Unlike the microscopic structure studied in pre-clinical models, such larger-scale 

features can be imaged using conventional non-invasive imaging, such as MRI, CT and 

PET. 

The large size of features in clinical tumors also makes them potentially 

amenable to treatments that would be tailored specifically for each distinct region of a 

tumor. Ability of MR-HIFU to provide mild as well as ablative heating in addition to 

mechanical disruption of tissue under spatially precise image guidance appears to 

optimally position this technology for treatments that incorporate ablation, mild 

hyperthermia and drug or radiation, and mechanical effects. Possible benefits of such 

combinations of various HIFU effects may include reduction in treatment time (through 

use of rapid ablation wherever possible), and increased drug delivery (areas designated 

for ablation may be excluded from mild hyperthermia, allowing for more controlled 
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heating, especially in large lesions). Ablation (complete as well as partial) may also be 

used to increase tissue exposure to drug delivered with LTSL by shutting down 

perfusion and thus preventing drug washout [252].  

5.3 Spatial control of therapy to address tumor heterogeneity 

This thesis underscores the comparable scales of spatial precision of MR-HIFU 

heating and the size of MRI-visible regions that differ in terms of drug delivery of 

variable perfusion. In Chapter 2, the large volume heating algorithm was used not only 

to conformably prescribe and maintain temperature in large volumes, but also to ablate 

such volumes and to heat more than one volume simultaneously. Spatial precision and a 

variety of heating options provide a set of noninvasive tools that appear ripe to be 

combined. Recent mathematical modeling work points to possible benefit from such 

combinations, showing that ablation after an LTSL+mild hyperthermia treatment would 

result in a significant drug depot effect [252]. In addition, much of the clinical literature 

as well as data presented in Chapter 4 suggests that large portions of tumors are poorly 

perfused and would receive very little drug, even with a treatment that has been shown 

to increase drug uptake several fold, such as the combination of LTSL and mild 

hyperthermia [90]. 
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5.3.1 Possibilities for spatially precise treatment with MR-HIFU and 
LTSL 

This thesis shows that delivery of mild hyperthermia with MR-HIFU is well-

defined within a targeted region and drug delivery with iLTSL is mostly confined to 

perfused regions of the tumor. These observations suggest that maintaining necrotic or 

poorly-perfused areas at mild hyperthermia during and following iLTSL infusion is 

unlikely to positively affect drug delivery due to lack of iLTSL supply to such areas via 

vasculature. Our measurements demonstrate that the heated region is so well-defined 

spatially that transfer of heat from the target to the surrounding area results in 

temperatures insufficient for drug release only a few millimeters from the boundary of 

the target. This ability to clearly delineate a target volume may be beneficial for 

treatment that requires careful sculpting around a vulnerable structure with a 

combination of liposomal drug and heat – an approach that could be used in 

combination with precise ablation where possible. 

5.3.2 Tumor heterogeneity requires flexible treatment 

Macroscopic necrosis was suggested by ADC maps and appeared non-enhancing 

on DCE-MRI images. Location of necrosis on the macroscopic scale qualitatively agrees 

with its appearance on MR images. However, examination of histology in Chapter 4 

revealed that some of the examined tumors exhibited islands of live tissue along well-

perfused vessels in otherwise necrotic areas (Figures 60 and 62). Examination of 
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histological sections confirmed bright doxorubicin fluorescence in the immediate 

vicinity of blood vessels found in these areas, with relatively little apparent penetration 

away from the vessel, compared to better-perfused tumor regions. As discussed in 

Chapter 1, such areas are known to foster a microenvironment that induces a variety of 

stress responses in surviving cells. Cancer cells in these areas are thought to be resistant 

to chemo and radiotherapy, and therefore, it is likely best to ablate them, if possible, to 

ensure a lethal treatment. 

The MR imaging sequences and equipment used in this thesis did not provide a 

clear and reliable indication that small viable portions exist within necrotic zones as the 

entire necrotic regions appeared mostly non-enhancing in with these MRI methods. 

Despite histological evidence for this, however, both DCE-MRI and DWI showed few 

discernible textural features within mostly necrotic regions. The contrast obtained with 

iLTSL did not make such features more apparent either. High resolution T1-weighted 

images that followed treatment as well as those taken before and after DCE-MRI show 

some textural features in necrotic regions, but these observations would be challenging 

to use in the clinic. Lack of ability to detect small islands of viable tissue is not surprising 

given the relatively small fraction of volume that these viable regions occupied within 

much larger necrotic areas and the ratio of size of these features to MRI voxel size. 

Relative lack of drug delivery to these areas and their possible resistance to non-ablative 

therapy suggest that it is perhaps most logical to thermally ablate necrotic regions. 
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Provided that off-target heating in the intervening tissues along the beam path does not 

cause significant off-target drug release, ablation could be performed non-invasively at 

the end of the LTSL + mild hyperthermia treatment with MR-HIFU. Studies are ongoing 

to address the question of whether near-field heating would pose a significant risk in 

that scenario. 

While iLTSL does not appear to be especially useful the necrotic and poorly 

perfused regions, high resolution T1-weighted scans obtained after iLTSL treatment 

showed more detail in outlining vascular structures than any of the other methods. As 

noted with other “intravascular” contrast agents, likely due to the still significant 

concentration of intravascular contrast agent at the end of the treatment.  

In the context of liver cancer, catheter-directed injections could be used to confine 

highest concentrations of drug to the targeted portion of the liver. If the rate of infusion 

from the catheter is sufficient to raise liposomal drug concentration to greater levels than 

systemic infusion, such an approach could bear fruit. Furthermore, balloon catheters 

may be used to decrease the transit rate of LTSL or iLTSL through the heated zone – an 

effect that could increase release at the target, according to mathematical modeling [252]. 

Such blocking of flow could also decrease the intra-arterial pressure to the extent that 

movement of fluid from the targeted artery is adversely affected. This could limit 

convective drug delivery. The extent to which such methods may improve upon 
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systemic administration of temperature-sensitive liposomes is not clear and is the 

subject of current modeling as well as experimental work. 

5.3.3 Advancing towards optimal combination therapy with MR-HIFU 

Recent development of flexible MR-HIFU equipment by major medical device 

manufacturers has shined a light on its possible value in treatment of a variety of 

diseases, as discussed in Chapter 1. The noninvasive nature and high precision of MR-

HIFU positions it well as a possible non-invasive alternative to percutaneous ablation 

and surgical resection of liver, pancreatic, kidney, and other masses. If proven in these 

capacities, MR-HIFU could be especially useful in incurable patients for whom such a 

treatment could provide valuable time with limited side-effects compared to surgery 

and/or chemotherapy. Ultimately, wherever the anatomy allows it, both mild 

hyperthermia and ablative MR-HIFU could be used in the same treatment or as a part of 

a follow up, in combination with radiation, chemotherapy or other treatments where 

appropriate. 

 Despite recent progress, several challenges remain, and they center on: 

1) Treatment of highly perfused and deep regions (liver, kidney lesions) 

2) Avoidance of off-target heating, particularly at the skin, in areas 

thermally insulated by adipose tissue, motor or sensory nerves, bone, 

and gas-tissue interfaces in the abdomen. 
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3) Poor performance of standard implementations of PRFS thermometry 

due to motion, drift in magnetic field (B0), lack of sufficient signal (e.g. 

in bone), various susceptibility-related effects, presence of adipose 

tissue where temperature must be measured or controlled, and other 

issues.  

5.3.3.1 Treatment of highly perfused and deep regions 

To address cooling due to perfusion, HIFU may be used to mechanically disrupt 

tissue, as discussed in Chapter 1. A variety of methods, with and without the use of 

exogenous US contrast agents have been proposed for this purpose by Sokka et al., 

Farny et al., and others [405, 406], and if employed correctly, such methods can greatly 

enhance absorption of US energy at the target by inducing formation of hot vapor 

bubbles. This may be especially important for treatment of lesions in highly perfused 

organs, such as liver or kidney. Heat loss from the target due to perfusion may result in 

excessive near field heating in such cases, as a treatment control algorithm attempts to 

compensate for such heat loss by raising sonication power. Sokka et al. and Farny et al. 

used cavitation to enhance ablation, but knowledge of heterogeneity of tumors could 

allow for identification of regions where cavitation would only disrupt necrotic tissue in 

order to use cavitation-associated US scattering to more efficiently provide mild 

hyperthermia to the surrounding viable tumor tissue and thus limit off-site heating. 

Where access to feeding vessels is available, catheter-directed embolization or 
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deployment of balloon catheters (also mentioned in section 5.3.2 may provide further 

alternatives to reduce perfusion at or close to the target, thus reducing the energy 

required at the target and decreasing near-field heating. 

5.3.3.2 Avoiding off-target heating and drug delivery 

The challenge posed by deep and well-perfused organs discussed in the previous 

section is directly connected to the possibility that external application of HIFU would 

cause off-target heating. Such scenarios may cause rapid cooling and significant 

attenuation of HIFU power at the focus, which would necessitate selection of higher 

HIFU power and further heat accumulation along the entire HIFU beam path. 

Addressing these challenges has proven difficult, but MR-HIFU treatment in deep and 

well-perfused locations such as liver may bring the greatest benefit due to the 

noninvasive nature of this technology. 

To prevent unwanted heating at the bone, research mainly focused aiming the 

transducer around bone. For example, by blocking or turning off some of the elements of 

the HIFU transducer, heating of ribs can be avoided [407]. Our experience with heating 

at the bone-soft tissue interface suggests that the higher-absorbing bone could be used to 

heat nearby tissues. Gas-tissue interfaces present a challenge that has impeded non-

invasive, externally focused HIFU use in the abdomen. Because these interfaces are 

found throughout the intestine, they can interfere along a large volume of the HIFU 

beam, meaning that it would be difficult to turn off specific elements to avoid such areas 
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while still retaining enough active transducer elements to sufficiently treat the target. In 

addition, unlike the ribs that have a definite structure that remains constant throughout 

treatment, movement of the intestine and the gasses within it would introduce errors 

into PRFS as well as bring previously undetected bubbles of gas into the path of the 

HIFU beam, invalidating treatment planning. As the technology matures and moves 

through clinical trials, various improvements in the software and procedure have 

already allowed for easier and more rapid treatment planning. 

5.3.3.3 MR thermometry challenges 

The classical implementation of the PRFS technique relies on images acquired at 

a baseline temperature, and therefore changes in the shape and position of objects 

within as well as outside the field of view may introduce errors into thermometry. These 

effects have been studied in order to learn to compensate for periodic motion such as 

breathing as well as sudden motion that could occur due to local spasms, pain or neural 

stimulation. 

Non-temperature-related PRFS artifacts (magnetic susceptibility changes, patient 

as well as transducer motion, magnetic drift) and other aspects of MR thermometry have 

been investigated, and in some ways, addressed by a number of groups. Susceptibility 

changes may be highly non-linear and local, though they also have long-distance effects 

on PRFS. Some of these effects may be effectively avoided by not using contrast agents 

[371], as discussed throughout the thesis. MR thermometry sequences may also be 
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modified to decrease their sensitivity to local susceptibility changes that arise from 

temperature changes, for instance [408, 409].  

A variety of solutions have been proposed to reconcile motion-related errors 

with the need for baseline measurements in PRFS-based MR thermometry. Reference-

less PRFS thermometry has been used, for example, to account for random motion 

during treatment as well as for magnetic field drift by using a surface polynomial fit of 

phase data outside the heated region [334]. More recently, these same problems were 

addressed through reconstruction of the background noise [410], multibaseline PRFS 

[335] and various variations of these ideas [411]. Most of these methods concentrate on 

providing sufficient corrections to ensure reliable ablation. However, the far greater 

length of mild hyperthermia treatments poses additional problems for MR thermometry. 

One of the challenges posed by long mild hyperthermia treatments is the extent 

to which relatively small changes in magnetic field (B0) during treatment can result in a 

difference between the baseline and dynamically-acquired PRFS that are not due to local 

temperature changes. Drift of B0, if not accounted for, can result in insufficient heating, 

off-target heating, or other issues that may compromise safety and efficacy. While this is 

certainly the case for ablation, the issue is potentially greater for mild hyperthermia due 

to its narrow 40 - 45 °C target temperature range and its much longer treatment times 

(<15 min for RF ablation compared to the commonly used 30 – 60 min mild 

hyperthermia treatments). 
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5.4 MR Thermometry: current shortcomings and future directions 

MR thermometry provides a vitally important aspect of the MR-HIFU device, 

allowing the temperature distribution to be rapidly evaluated, with the goal of ensuring 

adequate heating and minimizing the possibility of off-target tissue damage. The main 

technique used for MR thermometry, PRFS, has been used to acquire multi-slice thermal 

maps with sub-second temporal resolution. However, this technique suffers from a 

number of weaknesses, such as sensitivity to temperature and contrast agent-induced 

magnetic susceptibility changes, sensitivity to motion and field drift, and inability to 

rapidly acquire absolute temperature [409, 412, 413]. 

Variations of the basic PRFS technique have provided ways to compensate for at 

least some of these shortcomings. The relative independence of the fat proton frequency 

from temperature has allowed oil to be used to correct for magnetic drift [414].  Another 

exciting development has been demonstration of absolute MR thermometry through 

time-domain analysis of multi-gradient-echo imaging by Sprinkhuizen et al. [409]. 

Though this concept was not yet tested extensively, this methodology allows for 

absolute MR thermometry that is not affected by field drift and disturbances. Other 

spectroscopy-based techniques have also demonstrated absolute thermometry [415], but 

none have approximated the temporal resolution of PRFS. T1 and T2-based techniques 

suffer from drift and are capable of worse temperature resolution than PRFS, though 
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creative application of relaxation-based methods has allowed for MR thermometry in 

fatty tissues such as breast, where PRFS cannot be used effectively [416]. 

So far, no magic bullet was found to address susceptibility effects that arise from 

the use of contrast agents. It should be noted that relative independence of diffusion 

weighted imaging (DWI) from effect of contrast agent could provide a comparatively 

slow measurement of relative temperature. However, more rapid, lower b-value DWI 

may be dominated by local changes in microperfusion. Since mild hyperthermia as well 

as ablation have significant effects on perfusion at all size scales, higher b-values would 

have to be used for this approach. In addition, DWI is sensitive to structural effects on 

tissue, which in the case of HIFU could involve mechanical destruction of tissue as well 

as heating-induced apoptosis and necrosis. While structural changes during treatment 

due to mild hyperthermia itself are unlikely, they could arise at sufficiently high drug 

concentrations for the LTSL+MR-HIFU drug-device combination. A more in-depth 

examination of DWI as a supplemental technique may allow its use in this context, 

provided that the abovementioned issues are addressed. 

While rapid real-time mapping of absolute temperature is not yet possible, 

availability of a spatial map of absolute temperature at the beginning of treatment 

would go a long way to ensuring an even temperature distribution across the target. 

This would allow the treatment to compensate for any pre-existing spatial gradients of 

temperature in and around the target. Since near-field cooling us usually provided via 
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gel or circulating water pads, such gradients could be significant especially in and 

around superficial and extremity targets. In our studies, a thin fiberoptic probe was used 

to obtain the leg temperature at approximately the same depth in tissue as the tumor or 

muscle sonication, but with the targeted lesion or area spanning several centimeters in 

any direction and sonications being aimed only 1-2cm into the tissue, it is not only 

plausible but likely that temperature variations existed across the target region prior to 

sonication. If these were indeed significant, as some mathematical modeling results 

suggest [417], then the target could have been actually heated unevenly. 

The study presented in Chapter 4 relied on a long mild hyperthermia treatment 

performed under PRFS thermometry feedback. We noted a very long equilibration 

period prior to heating during which baseline PRFS changed by 1-2 °C over the course of 

~5 min while using a drift reference on the temperature controlled water bath, which did 

not observe a notable temperature change. To ensure that the system equilibrates and 

reaches a steady state baseline temperature, a 20-min baseline had to be added. Such 

long baseline imaging sessions are likely infeasible for human use. A drift of 0.2-0.4 

°C/min drift would not greatly affect an ablation due to the large difference in baseline 

and target temperature in such treatments and the short durations of each sonication. 

However, for mild hyperthermia, such drift could result in significant over- or under-

treatment, since over the course of even a relatively short mild hyperthermia treatment 
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of 30 min, drift of the magnitude discussed above would result in 6-12 °C difference 

from true temperature. 

To summarize, further development of MR-HIFU mild hyperthermia and the 

combination of MR-HIFU and LTSLs would benefit from the use of an MR spectroscopic 

method for absolute measurement of temperature, followed by or interleaved with faster 

imaging using PRFS, or another rapid technique capable of real-time heating. The 

pattern heating technique employed in Chapter 4 could then be used to interleave the 

two sequences during steady-state heating allowing for assessment of absolute 

temperature throughout the experiment.  

5.5 Drug dose painting: MR image-able drug delivery vs. image-able 
tissue transport parameters 

In this thesis, addition of an MR contrast agent to the temperature-sensitive 

liposome had the intention of providing a surrogate marker of liposomal drug release. 

Initial experiments indicated that the rates of release of doxorubicin and the MR contrast 

agent were similar both in buffer and in plasma (Chapter 3). Early studies also showed 

that the release of contrast agent from these liposomes could be triggered with HIFU 

and visualized with MRI (Chapters 3 and 4).  

Despite its initial promise, however, the introduction of iLTSL into a treatment 

that relies on PRFS thermometry made post-injection temperature control far more 

difficult. Some features of our large volume heating algorithm, and of systems at steady 
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state more generally, allowed us to circumvent this issue in the pre-clinical study 

described in Chapter 4. However, in our case, obtaining steady-state heating was a time-

consuming process, requiring as long as 30 min after beginning of sonication to be ready 

for iLTSL infusion. The process of maintaining mild hyperthermia with the “learned 

steady state heating” approach could not be easily adjusted for patient motion or 

adequately restarted after iLTSL injection if PRFS alone is used for thermometry. In 

addition, use of mild HT in highly perfused, deep organs would require monitoring of 

near-field heating, where PRFS thermometry may not be possible due to insufficient 

signal. Currently, relaxation-based methods, such as T1 and T2 mapping are being 

investigated for MR thermometry in fatty tissues, but these would both be affected if a 

contrast agent is introduced. 

The nonlinear nature and unpredictability of effects of contrast agents and 

contrast agent-loaded liposomes, combined with the long treatment times that the 

pattern/steady state heating approach requires, suggest that further research of MR 

thermometry techniques would be required for translation of the iLTSL+MR-HIFU 

concept to the clinic. These results do not invalidate or jeopardize the concept of drug 

dose painting. Instead, they motivate two paths forward for future research: 1) 

development of more robust MR thermometry approaches and 2) use of clinically 

available MR imaging approaches to achieve optimal treatment planning. 
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Technical problems posed by the effect of iLTSL on MR thermometry naturally 

lead to a pursuit of another source of information that could provide pre-procedural and 

intraprocedural feedback about the location and amount of delivered drug. This thesis 

explored the degree to which alternatives to iLTSL, such as MR image-able indicators of 

tissue transport, could be used to provide any of the information afforded by iLTSL 

without greatly complicating therapy. 

From the work presented in this thesis, it appears that DCE-MRI, DWI, and even 

simple injections of ProHance® and post-contrast imaging that is used in the clinic to 

examine perfused areas may be enough to determine whether a region of a tumor would 

be treatable with the combination of MR-HIFU mild hyperthermia and LTSL, or with a 

different approach such as ablation. Importantly, the fact that such imaging is already a 

part of typical clinical workflow means that imaging datasets appropriate for MR-HIFU 

treatment planning could be acquired in advance to aid in treatment planning. 

5.6 Future directions: rethinking dose painting 

Given the current momentum behind the development of minimally invasive 

and noninvasive therapies as well as image-guidance, the future appears bright for 

research into ways to optimize and apply such therapies in the clinic. Our current 

understanding of cancer has firmly adjusted the course of intervention towards 

combination therapy in hopes of most effectively attacking the diversity and spatial 

heterogeneity of cancer. Noninvasive and minimally invasive treatments are well-
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positioned to be combined with drugs and drug delivery vehicles, as together drugs and 

devices may adequately compensate for each other’s weaknesses as well as act in 

synergy. 

Just as the concept of dose painting in radiotherapy is limited by patient 

anatomy, the parallel concept of drug dose painting in pre-clinical oncology appears 

limited by tumor heterogeneity. Thus, rather than a canvas on which the optimal dose 

can be painted, many tumors are more akin to a coloring books in which sufficient drug 

dose cannot be painted outside of barely perceptible, blurry lines. The dose painting 

concept must therefore be re-examined in the context of our current understanding of 

tumor heterogeneity and the limited ability of any one treatment to address it.  

The possibility that image guidance will provide enough information to 

optimally sub-divide the target into areas that could be treated using different strategies 

is especially alluring, since it addresses the reality of tumor heterogeneity and the 

problems it poses head-on. The planning and execution of such a multi-approach 

treatments stands to benefit from MR-HIFU, since this device is capable of multiple 

therapeutic approaches. The LTSL can also play a dominant role in this strategy, since 

wherever drug delivery is possible, intravascular drug release from LTSL provides a 

way to deliver large quantities of drug to a location specified by MR-HIFU heating. This 

may prove especially important in cases that are not amenable to surgery either due to 

proximity to vulnerable anatomy or due to lesion size and local invasion. In such cases, 
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it may be possible to ablate portions of the tumor while treating areas where ablation is 

not possible with drug released from temperature-sensitive liposomes or other carriers. 

Furthermore, large lesions typically have many poorly vascularized regions where a 

sufficient quantity of drug cannot be delivered. In that scenario, all ablate-able portions 

of the tumor would be ablated, either before, during, or after delivery of drug to regions 

that are likely to be exposed to sufficient drug. With further technological development, 

similar strategies could be employed to take advantage of the beneficial enhancement of 

radiotherapy with mild hyperthermia. 

 

Figure 70: Integration of image guidance with many therapeutic approaches will 
continue to aid in development of rational treatment of solid cancer. 
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Many aspects of MR-HIFU, such as the detail in planning, spatial precision of 

energy delivery, and real-time monitoring capabilities are attractive for clinical 

application. At this stage, in order to build further momentum, this field of research is 

concentrating on “the low hanging fruit” – the easier-to-treat malignancies and targets 

like bone and extremity lesions – as development to enable more complex treatments, 

such as treatment of moving and highly perfused organs and lesions shielded by bone 

proceeds mostly in pre-clinical work. The complexity of using MR-HIFU for such 

purposes certainly drives innovation, but many of these applications may simply not be 

possible with an external transducer due to interfering structures such as bowel and 

bone. Such difficult cases may instead require rationally designed and personalized 

combinations of targeted or systemic drug delivery, embolization, percutaneous 

ablation, surgery, radiation or other approaches to ensure complete treatment of local 

disease (Figure 70). The concept at the center of this thesis – drug dose painting – is only 

a part of what must be a comprehensive approach to cancer therapy that optimally 

leverages the strengths of all available methods.  
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6. Appendices 

6.1 Experimental protocols 

6.1.1 Image-able LTSL release assay (09/08/2009) 

Objective: Determine the Dox and Gd release kinetics as well as the MR signal intensity 

with time as a function of temperature. 

Procedure: 

1. Prepare the liposome solution for testing: 

a. Prepare 25 mL of ProHance-Dox-LTSL, using a previously optimized protocol (50 

mg scale). 

b. Pre-heat 1.05 mL of stock LTSL solution to 25 deg. C in a waterbath. 

c. Add 1 mL the above to 14 mL of HEPES buffer preheated to one of the following 

temperatures: 37, 38, 39, 40, 41, 41.3, and 42 °C. We used 37, 40.5 and 41.3 °C. 

d. At each time point (8, 16, 24, 32, 40, 48, 60 s, 2 min, 3 min, 4 min, 5 min, 10 min 

and after addition of Triton-X100 (33 μL Triton X-100/mL solution) 

e. Withdraw 500 μL from the flask and add this to pre-chilled 500 μL of HEPES. This 

should result in a solution temperature <25 °C, and a volume of 1 mL for each 

time point. 

f. To make “0 s”, “0 s No column” and “Triton-treated” samples, prepare a stock 

LTSL solution using 0.13 mL LTSL and 1.87 mL HEPES. Add 0.5 mL of this stock 

to 0.5 mL HEPES to make the 0 s sample. Add 0.5 mL of this stock to 0.5 mL 
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HEPES to make the “0 s No Column” sample. Add 0.5 mL of this stock to 0.467 

mL HEPES and 0.33 μL Triton X-100 to make the “Triton-treated” sample. 

2. Measuring Gd/P ratio 

a. 800 μL of each of the samples from 1c above will be added to a spin column (5 mL 

or 1 mL) that will trap released Gd. 

b. The eluate will be analyzed for Gd and P content first using relaxometer and later 

using ICPAES. The approximate concentrations of Gd and P in the elutant are 60 

mM and 40 mM, respectively, based on previous experiments. For relaxometry, 

the elutant will be placed into 1-cm glass tubes and measured, them 0.33 μL of 

Triton will be added and the sample will be measured again. The same sample 

will later be analyzed by ICPAES. 

c. %Gd release at each time point will be determined as 100*[1-([Gd/P] at each time 

point)/([Gd/P] of the 0 s time point)] after the samples are run through the column 

above. 

3. Dox release 

a. 30 μL of the samples from 1c will be diluted to 300μL and deposited into a 96-well 

plate for fluorimetry analysis of Dox. 3 wells will be used per sample, so that 6 μL 

of each sample are used and 140 will remain in case measurements need to be 

repeated. 

Additional Information: 
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Thus we will have used 860 μL of each of the 1 mL samples from 1f. The remaining may 

be lost in pipettes. 

● Endpoints: 1) Dox release through time as f(T), 2) T1-weighted signal intensity 

through time as f(T), and Gd release through time as f(T).  

The temperature in the flask usually differs significantly from water bath temperature 

and therefore it must be calibrated. In our case: 

Target flask temperature Set water bath temperature 

41 41.7 

40.5 41 

40 40.5 

37 37.5 

 

6.1.2 Inductively-coupled plasma atomic emission spectrometry 

Note: protocol developed by Jackie Stonehuerner, Rm 424, Environmental Protection 

Agency, Chapel Hill, NC 

1. Check Argon tank (by weight) to see if empty 

2. Open Winlab32 program → Spectrometer → pump wash solution, then stop pumping 

to change tubing 

 * F11 = stop/start pumping 

 * F10 = choose sample location 

4. Check wash solution (2% nitric acid + 0.1% TritonX)  
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 - should be at least half full 

 - 2% nitric fill tank is at left under AES 

 - add ~100 uL ultrapure TritonX (in 15 mL tube) using “not autoclaved”   

    new pipette tips, check for foam when swirled 

5. Change tubing 

 - red/red tube goes from yellow connector to nitric waste tank 

 - red/orange small bore tube goes from yttrium (med square bottle, internal  

    standard 6 ppm) to mixing block, fits inside connectors 

 - black/black tube goes from sample line to mixing block, fits over    

    connector and sample line 

 - stretch all tubes lightly 

 - roll tubes around peristaltic pump: 

  - pump rolls clockwise 

  - roll waste line going out of AES 

  - roll yttrium and sample lines going into AES 

  - make sure sample line is in the outer slot 

6. Settings 

 → Plasma button → Plasma Control → Neb 0.5 → RF power 1500  

 → Flow 1.0 (mL/min) → check Override → Apply → Pump 

7. Let pump run for a few sec before closing tubing clamps 
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8. Place ultrapure water (sm square bottle) into plastic tube in position 1 

 - ultrapure water tap in room 245 

 - let water run for ~ 1 min before filling 

 - rinse bottle a few times first 

9. Hit F10 to choose sample location 1  

 - check for smooth flow of bubbles through sample line into neb chamber 

10. Start plasma flame  

 → Plasma Control window → toggle “On”  

 - wait ~1 min 

 - check for argon plasma flame (red panic button should be lit) 

 * don’t leave arm up for more than a few min after flame is started 

11. Run quality control (QC) standard #1 (manganese 1 ppm) 

 - place QC #1 in position 2 

 → File → Open → Method → Browse  

 → C://Old sw/pe/Administrator/Methods/MnBEC → Open 

 → Manual button → Analyze Blank  (wait ~1 min) 

  → F10 to location 2 → wait 2 min to let std get into neb chamber 

  → Analyze Standard (wait ~1 min) 

 → Results button → check Mn RSD < 1.0% 

  - if > 1.0%, repeat Analyze Standard 
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  - if still > 1.0%, lift arm to get air bubble, increase tension (clockwise) on  

  tube screw until smooth flow 

  - if still > 1.0%, decrease tension until no flow, then turn 3/4 clockwise 

  - record RSD and Slope (intensity) in red notebook  

 → Tools → Spectrometer Control → shutter closed → Apply → Analyze Sample  

 → Results →  record Sample001 Mean Data Conc (BEC)  

 → shutter auto  →  Apply → close spec control window and manual window 

12. Run calibration curve (while setting up samples and warming up machine) 

→ File → Open → Method → Open →  

C://pe/LaJStonehu/Methods/Methods.mdb 

 - choose P, Pt, Gd or relevant calibration method – use the one from 3/9/06 

  - P 213.617, 214.914 

  - Gd 342.247, 336.223 

  - Pt 265.945, 214.423 

  - Y 371.029 (internal std) 

 → Auto button → Sample Info → Open, say ‘No” → select 110306.sif 

Results Data Set Name → enter new filename (use current date and elements 

analyzed) → OK 

→ Analyze → Rebuild List → Analyze All (will run all samples after calibration) 

→ OK, when asked if you’re alright with the change in settings 
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  - will run blank first 

  - meanwhile, place calibration standards in locations 2-5 (mix first) 

 → Results – check calibration results 

- At the end of the calibration, the R2 should be equal to or greater than 

0.999 

  - RSD < 1% 

  - Calibration Blank 1 Intensity < 200 – Doesn’t really matter 

  - Two wavelength for each element should result in similar   

     concentrations, or one should be consistently higher 

 *If the above conditions are not satisfied (repeat up to 3 times, and then kill 

yourself, unless it’s just one of the calibration solutions… then only hurt yourself): 

 - Click analyze all -> stop immediately -> wait for at least 2 minutes (it will 

automatically wash right after you hit “stop immediately” 

- Click “Analyze all” again -> “Restart current series or something like that” 

-“OK” when asked if you’re ok with changing the settings. 

13. Set up sample info file (or just write down the sample positions on a sheet of paper) 

 → File → New → Sample Info File  → samples w/ qc 

  - enter sample IDs 

  - copy and paste locations 6-8 (QC standards) intermittently 

  - run QC standards and water (x 4) at end of file 
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 → Save As  → Sample Info File  → date 

14. Run samples 

 - Vortex the samples while the calibration is running 

 - Place samples in locations and take off all lids 

 - Close calibration standard lids after cal is done (to keep clean) 

15. Results 

 - check for consistency between two wavelengths 

 - check for small RSD (esp for yttrium) 

- if high RSD, dilute to 3 mL and run again or adjust tension knob on the pump, 

dilute, and run again (adjusting the pump may result in death) 

- If >3% error, redilute up to 3 mL and place in sample holder at the end. 

16. Shutdown 

- when all samples are finished, hit “Analyze All” and choose stop immediately. 

It will auto rinse with wash solution (for 3 minutes). 

 - switch to rinsing with water (F10) 

 → Results → check Auto save data (done automatically)→ close window 

 → Auto → Setup → Set → Shutdown  

 → immediately on OK → no wash → turn off plasma/pump → OK 

* if Friday, put on standby for weekend, click on “startup” and keep the 

automatically generated date, hit OK 
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  * If Monday, uncheck “put on standby” 

- Close all windows 

  *click OK through the error. 

 - Cap H2O and loosen the tube clamp (on the pump) 

 - Dump all samples, trash tubes  

 → File → Utilities → Data Manager → find file (by date) → Export 

 - toggle through export menu 

  - using existing design (‘P report’ or ‘Pt export to c’ or ‘Gd report’) 

  - export each element separately (only one wavelength) 

   - P 213.617 

   - Gd 342.247 

   - Pt 265.945 

-Click next 3 times, write new file name (date and element.csv), click next, 

click finish 

  - Click ‘Export Data’ to export to Desktop (C://ExportedData/030906P.csv) 

  - Close window and close Winlab32 

*If the machine is set on standby, an error will pop up when you close 

winlab32, click OK to shut down the program. 
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6.1.3 MR-HIFU experimental procedures 

MR-HIFU experiments performed for this thesis differed in terms of complexity. 

To cover all possible nuances of the less complicated experiments, the protocol used in 

Chapter 4 is included. As set-up for such an experiment is in itself complex, we provide 

an overview of tasks, where we found that it was initially important to assign 

responsibilities for each task to lab members. After the key personnel are intimately 

familiar with the procedure, the number of participating researchers can be reduced to 

1-2 (two people are recommended): 

Prepare MR-HIFU 

 Procedure: 

1. Switch into HIFU mode 

2. De-gas 5L of water 

3. Load Rabbit MR-HIFU exam card and test on phantom 

Prepare MR-HIFU suite for rabbit experiment 

 Procedure: 

1. Stretch tubing/probes through the wave guide: 

a. Anesthesia tubing 

b. 4 optical temperature probes 

2. Hang curtain 
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Get rabbit and prepare for transport to MR-suite (30 min) 

1. Transport rabbit to MIL animal procedure room 

3. Weigh animal, prepare correct amount of injectable (Ket/xyl, liposome 

solution, Prohance®) 

i. Ket/xyl: 100 mg/mL in vial, dose:28.6 mg/kg ketamine and 4.8 mg/kg 

xylazine 

ii. Liposome solution: 2 mg/mL in vial (ThermoDox® and Gd-LTSL-

Dox), dose: 5 mg/kg 

iii. Prohance®: Dose: 0.2 mL/kg 

Get confirmation that MR/HIFU is ready before anesthetizing the rabbit 

4. Inject Ketamine/Xylazine to anesthetize. 

5. Apply eye lubricant 

6. Shave tumor-bearing leg and abdomen very thoroughly 

7. Put a 24-gauge catheter into a marginal ear vein on the opposite side of the 

animal from the tumor. 

8. Put ear plugs into the rabbit’s ears and apply eye lubricant. 

9. Transfer rabbit to MR suite, transfer to isoflurane anesthesia. 

i. Follow SOP for animal transport (spray the cart wheels) 

ii. Gas Anesthesia: 100% oxygen and isoflurane (0.5-2% to maintain) 
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MR-HIFU experimental protocol 

1. Add degassed water 

2. Add 2 gel pads and pre-made 1:5 ultrasound gel-to-water dilution to prevent 

water streaming MR artifacts 

3. Place rabbit in cradle 

4. Place Prohance® dilutions in the field of view 

i. Tilt the rabbit back out of the water bath and place an optical 

temperature probe in tumor-bearing leg at the same depth as the target 

of sonication using a 19 gauge needle to introduce, pull the needle 

back over the probe and secure with tape. 

5. Acquire HIFU planning images (<15 min) 

6. Make sure SNR is acceptable and the animal position is satisfactory (target is 

within reach of the HIFU beam). 

7. Plan treatment while animal’s leg temperature equilibrates at approximately 

33-35 °C. 

8. Once the leg is at target temperature, acquire ADC maps. 

9. Acquire B1 map, T1 map, T2 map 

10. Perform DCE-MRI (25 minutes) 
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a. At Dynamic 100, inject Prohance® (0.2 mL/s) while scanning and 

continue scanning to protocol completion. 

11. Perform MRI-HIFU (<60 min) 

12. Fill anesthesia syringes 

13. Sacrifice rabbit (Beuthanasia-D (Pentobarbital Sodium 390 mg/ml and 

Phenytoin Sodium 50 mg/ml) i.v. Dose: 1 ml/10 pounds), perfuse the animal 

with saline: 

In order to accurately assess the amount of doxorubicin delivered to a 

targeted tissue (for both low level hyperthermia and ablations) when using 

the systemic administration of LTSLs, the vasculature needs to be cleared of 

the liposomes so that the assay will only report only the extravascular and not 

the intravascular drug concentration. In our murine studies, we have 

perfused with saline in mice immediately following cervical dislocation for 

assaying Doxorubicin, Doxil® and LTSLs in tumors [418, 419] and in muscle 

[420]. Heparin will be administered by intravenous injection at 0.5 ml of 1% 

heparin per kg body weight. After 5 min the rabbits will be euthanized as 

described in the ASP by intravenous administration of Beuthanasia-D 

(Section I (Anesthesia, analgesia, tranquilization) of the ASP). Once 

euthanasia procedure has been deemed successful, perfusions will be carried 
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out as described in Arras et al [384]. The perfusion procedure involves 

opening the chest cavity and exposing the heart. The abdominal aorta is then 

cannulated with a 12-16 gauge cannula, and an incision is made in the right 

atrium for drainage. Saline solution is perfused at a rate of 20-100 ml/min 

using a peristaltic pump until the vasculature is cleared. 

14. Remove scan and snap-freeze the tumor and surrounding muscle, noting the 

position of the knee on the top of the muscle with a marker. (30-45 min): 

Scan the excised tumor with the planning and 3D T1-weighted high resolution 

sequences and freeze over liquid nitrogen. 

15. Clean up and re-stock supplies (1 hr) 

 

6.2 Matlab and IDL routines 

The full suite of software developed for these and other projects is available upon 

request. Some relevant excerpts of code, specific to the thesis work are provided below. 

6.2.1 Notes on data input and output 

For prolonged dynamic studies, all data were saved in real-time at each dynamic 

time point. A variety of formats for data output are available, but since several systems 

were used here to collect data, different formats were used initially and later combined 

into single datasets for each experiment. On the MR console, images were saved in a 
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DICOM directory, which was later parsed using a custom MatLab algorithm. On the 

RealTI Linux workstation, dynamic data was saved in the native IDL format in real time, 

which allowed for rapid saving of complex data structures. Different data were saved 

from “transducer movement” module and from a “heating” module which work in sync 

in the large volume heating algorithm. The heating module only saved data pertaining 

to sonication, only when sonication took place, so in order to unite these datasets for 

analysis, a separate piece of IDL code was used, followed by yet another IDL function 

that calculated statistics on all of the image data. 

 

6.2.2 Matlab scripts 

6.2.2.1 Image correlation analysis 

This script takes overlay struct (im_struct_ovrlay) and cross-correlates all of the 

images in it after resizing them to the lowest resolution 

function [corr_tbl, struct_of_overlays] = create_corr_tbl(struct_of_overlays, 
name_of_lowest_res_im, name_of_mask_for_cor,names_of_binary_masks, 
names_for_nearest_method) 
%Takes overlay struct (im_struct_ovrlay) and cross-correlates all of the images in it after resizing 
them to the lowest resolution 
% Sample of required inputs: 
% orig_lowest_res = [64 64 1]; %Lowest resolution used by any data set – this is our target 
resolution. 
% struct_of_overlays=im_struct_ovrlay; 
% name_of_mask_for_cor = 'labeled_target_mask'; 
% name_of_lowest_res_im = 'labeled_target_mask'; 
% names_of_binary_masks = {'labeled_target_mask',... 
%     'wholevol_edge',... 
%     'subvol_edges', ... 
%     'dilated_around_target_mask', ... 
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%     'masks_dce_mri_tumor_10sl'}; 
% names_for_nearest_method = {'labeled_target_mask'}; 
  
%% CODE: 
names = fieldnames(struct_of_overlays); 
num_names = length(names); 
  
%% Figure out how best to crop 
orig_lowest_res = struct_of_overlays.(name_of_lowest_res_im).im_sz; %The original dimensions, 
in voxels of the smallest dataset 
sz_final_im=size(struct_of_overlays.(name_of_lowest_res_im).weighted_avg); %part of im that 
encompasses all data 
sz_lowestres_im_after_ovrlay=size(struct_of_overlays.(name_of_lowest_res_im).img_resized);    
%part of im that encompasses all data 
dwn_samp_fact = orig_lowest_res(1:2)./sz_lowestres_im_after_ovrlay; 
  
xmin_ymin = (sz_final_im-sz_lowestres_im_after_ovrlay)./2; 
xmin = xmin_ymin(1); 
ymin = xmin_ymin(2); 
width = sz_lowestres_im_after_ovrlay(1)-1; 
height = sz_lowestres_im_after_ovrlay(2)-1; 
  
%% Downsize the mask for correlation 
mask_vol = struct_of_overlays.(name_of_mask_for_cor).weighted_avg>0; 
cropped_mask = imcrop(mask_vol,[xmin ymin width height]); 
dwns_cropped_mask=imresize(cropped_mask,dwn_samp_fact(1),'nearest'); 
  
%% Initialize results arrays 
corr_tbl = zeros(num_names); 
corr_tbl_masks_correlated = zeros(num_names); 
corr_tbl_pvals = zeros(num_names); 
fit_tbl_confint_low = zeros(num_names); 
fit_tbl_confint_hi = zeros(num_names); 
fit_tbl_coeffvalues_slope = zeros(num_names); 
fit_tbl_coeffvalues_intercept = zeros(num_names); 
fit_tbl_gof = cell(num_names); 
fit_tbl_output = cell(num_names); 
  
%Fill the cross-correlation matrix 
for curr_field_im_1 = 1:length(names) 
    for curr_field_im_2 = 1:length(names) 
        %% Isolate the images we are analyzing 
        im_1=struct_of_overlays.(names{curr_field_im_1}).weighted_avg; 
        im_2=struct_of_overlays.(names{curr_field_im_2}).weighted_avg; 
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        %% Check if they're masks, if so, make sure they're binary 

im_1_is_a_mask = ~isempty(find(strcmp(names_of_binary_masks, 
names{curr_field_im_1}),1)); 
im_2_is_a_mask = ~isempty(find(strcmp(names_of_binary_masks, 
names{curr_field_im_2}),1)); 

        if im_1_is_a_mask; 
            im_1 = im_1>0; 
        end 
        if im_2_is_a_mask; 
            im_2 = im_2>0; 
        end 
         
        %% Check if using nearest 
        im_1_nearest_check = ... 
            find(strcmp(names_for_nearest_method, names{curr_field_im_1}),1); 
        im_2_nearest_check = ... 
            find(strcmp(names_for_nearest_method, names{curr_field_im_2}),1); 
        if ~isempty(im_1_nearest_check); 
            im_1_resize_method = 'nearest'; 
        else 
            im_1_resize_method = 'bilinear'; 
        end 
        if ~isempty(im_2_nearest_check); 
            im_2_resize_method = 'nearest'; 
        else 
            im_2_resize_method = 'bilinear'; 
        end 
         
        %% Crop 
        cropped_im_1 = imcrop(im_1,[xmin ymin width height]); 
        cropped_im_2 = imcrop(im_2,[xmin ymin width height]); 
         
        dwns_cropped_im_1=imresize(cropped_im_1,dwn_samp_fact(1),im_1_resize_method); 
        dwns_cropped_im_2=imresize(cropped_im_2,dwn_samp_fact(1),im_2_resize_method); 
         
        %% Pull vectors for corr 
        in_mask_vect_im_1 = dwns_cropped_im_1(dwns_cropped_mask>0); 
        in_mask_vect_im_2 = dwns_cropped_im_2(dwns_cropped_mask>0); 
         
        R_im1_im2 = corr2(in_mask_vect_im_1,in_mask_vect_im_2); 
         
        %% If there's a mask, don't calc 
        if or(im_1_is_a_mask, im_2_is_a_mask) 
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            R_im1_im2 = NaN; 
        end 
         
        %No masks, so calc correlations: 
        if ~isnan(R_im1_im2) 
            corrcoef(in_mask_vect_im_1,in_mask_vect_im_2); 
             
            [R_im1_im2_,p_im1_im2_] = corrcoef(in_mask_vect_im_1,in_mask_vect_im_2); 
            [f,gof,output] = fit(in_mask_vect_im_1,in_mask_vect_im_2,'poly1', 'Robust', 'LAR' ); 
             
            corr_tbl_pvals(curr_field_im_1,curr_field_im_2) = p_im1_im2_(1,2); 
            confint_f = confint(f,0.95); 
            coeff_f = coeffvalues(f); 
            fit_tbl_confint_low(curr_field_im_1,curr_field_im_2) = confint_f(1); 
            fit_tbl_confint_hi(curr_field_im_1,curr_field_im_2) = confint_f(2); 
            fit_tbl_coeffvalues_slope(curr_field_im_1,curr_field_im_2) = coeff_f(1); 
            fit_tbl_coeffvalues_intercept(curr_field_im_1,curr_field_im_2) = coeff_f(2); 
            fit_tbl_gof{curr_field_im_1,curr_field_im_2} = gof; 
            fit_tbl_output{curr_field_im_1,curr_field_im_2} = output; 
        end 
         
        corr_tbl(curr_field_im_1,curr_field_im_2)=R_im1_im2; 
        corr_tbl_filt(curr_field_im_1,curr_field_im_2)=R_im1_im2; 
         
    end 
    fprintf('Performing %d of %d x-corrs... \n',curr_field_im_1*curr_field_im_2, 
length(names)*length(names)); 
end 
  
====================================================================== 

6.2.3 Algorithms for large volume mild hyperthermia (written in IDL)  

6.2.3.1 Function that looks for the next sub-volume 

======= MECHANICAL STEERING RELATED FUNCTIONS ======= 
FUNCTION tt_thermo_control::mech_steering_look_for_next_region 
  COMMON shared_classes 
  where_mean_lt_current_region = WHERE((*self.regionmonitor_struct_ptr).meanT LT 
(*self.regionmonitor_struct_ptr).meanT[my_mech_control.num_curr_loc], count) 
  where_mean_lowest = $ 

WHERE((*self.regionmonitor_struct_ptr).meanT EQ 
MIN((*self.regionmonitor_struct_ptr).meanT)) 
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IF where_mean_lt_current_region[0] EQ -1 THEN RETURN, -1 

   
IF ((*self.regionmonitor_struct_ptr).meanT[where_mean_lowest] GE (self.target_temp - 
self.arterial_temp)) THEN RETURN, -1 

   
IF count GE 1 THEN RETURN, where_mean_lowest                 ;Move if there are only 2 
locations 

  RETURN, where_mean_lowest 
END 
====================================================================== 

6.2.3.2 Function that looks for the next sub-volume if an overshoot is detected 

FUNCTION tt_thermo_control::mech_steering_look_for_next_region_on_overshoot 
  COMMON shared_classes 
  where_mean_lt_current_region = $ 

WHERE((*self.regionmonitor_struct_ptr).meanT LT 
(*self.regionmonitor_struct_ptr).meanT[my_mech_control.num_curr_loc], count) 

  where_mean_lowest = $ 
WHERE((*self.regionmonitor_struct_ptr).meanT EQ 
MIN((*self.regionmonitor_struct_ptr).meanT)) 

   
  ;IF there are more than 1 such regions, take the first one (in the future, take the closest) 
  IF size(where_mean_lowest,/dimensions) GT 0 THEN 
where_mean_lowest=where_mean_lowest[0] 
   
  IF where_mean_lt_current_region[0] EQ -1 THEN BEGIN 
    higher_mean_regions = $ 

WHERE((*self.regionmonitor_struct_ptr).meanT GT 
(*self.regionmonitor_struct_ptr).meanT[my_mech_control.num_curr_loc]) 

next_lowest_region = MIN((*self.regionmonitor_struct_ptr).meanT[higher_mean_regions], 
count) 
next_lowest_location = $ WHERE((*self.regionmonitor_struct_ptr).meanT EQ 
next_lowest_region) 

    RETURN, next_lowest_location 
  ENDIF 
  IF ((*self.regionmonitor_struct_ptr).meanT[where_mean_lowest] GE (self.target_temp - 
self.arterial_temp)) THEN RETURN, -1 
  IF count GE 1 THEN RETURN, where_mean_lowest                  
;Move if there are only 2 locations 
  RETURN, where_mean_lowest 
END 
;;===================================================================== 
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6.2.3.3 Function that evaluates temperature in the current sub-volume 

FUNCTION tt_thermo_control::mech_steering_regionmonitor_check 
  COMMON shared_classes 
   
  IF (my_mech_control.sonicate_on EQ 1) THEN BEGIN 
    ;This function can make a decision on which of the regions should be moved to next 
    ;Look into taking the nearest region that has not yet reached target temperature (or another 
condition) 
    IF my_mech_control.mech_steering_dyn_short_or_long EQ 0 THEN BEGIN 
      ;In case of short dynamics use the decision tree below 
      IF my_mech_control.num_of_loc GT 1 THEN BEGIN 
        ;Multiple locations: start pruning decision tree ;D         
         
        ;Output some statistics for the user 
        self->rest_text_output, 'slice_and_subvol_stats' 
 
        IF (*conformal_ht_mechorbin_ptr EQ 'mech steering on') THEN BEGIN 
          curr_dyn_temp_img = my_mech_control 
->data_get_curr_dyn_temp_img() 
          self->calc_temp_ranges, curr_dyn_temp_img 
        ENDIF ELSE BEGIN 
          self->calc_temp_ranges, (*self.dynamic_temp_diff_imgs)[*,*,*,self.curr_feedback_cycle] 
        ENDELSE 
        self->rest_text_output, 'text_histogram' 
        ;Check if we should move 
        cond_move_max = ((*self.regionmonitor_struct_ptr).maxT[my_mech_control.num_curr_loc] 
GE (self.target_temp - self.arterial_temp + self.temp_error)) 
 
        IF cond_move_max THEN BEGIN 
          PRINT, 'Overshoot of MaxT>(Target+error), looking for a region to move...' 
          ;Look for next location 
          next_loc= self 
->mech_steering_look_for_next_region_on_overshoot() 
          IF next_loc NE -1 THEN BEGIN 
            self.next_best_loc = next_loc 
            ;Set flag to notify that the next img will be corrupted by movement 
            self.moved_during_img_collection = 1 
            my_mech_control.last_uncorrupted_feedback_cycle = self.curr_feedback_cycle 
            ;Move here: 
            PRINT, 'Made a decision to move to location: ', self.next_best_loc 
            RETURN, 0 
          ENDIF ELSE BEGIN 
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            PRINT, 'After checking other regions we decided to stay, despite initially thinking we 
might have to move (All regions have Tmean>Ttarget)' 
            self.moved_during_img_collection = 0 
            RETURN, 1 
          ENDELSE 
        ENDIF 
        ; + self.temp_error 
        cond_move = ((*self.regionmonitor_struct_ptr).meanT[my_mech_control.num_curr_loc] GE 
(self.target_temp - self.arterial_temp)) 
        IF cond_move THEN BEGIN 
          PRINT, 'Initial check for having to move (1 if we might have to move): ', cond_move 
          ;Look for next location 
          next_loc= self->mech_steering_look_for_next_region() 
          IF next_loc NE -1 THEN BEGIN 
            self.next_best_loc = next_loc 
            ;Set flag to notify that the next img will be corrupted by movement 
            self.moved_during_img_collection = 1 
            my_mech_control.last_uncorrupted_feedback_cycle = self.curr_feedback_cycle 
            ;Move here: 
            PRINT, 'Made a decision to move to location: ', self.next_best_loc 
            RETURN, 0 
          ENDIF ELSE BEGIN 
            PRINT, 'After checking other regions we decided to stay, despite initially thinking we 
might have to move' 
            self.moved_during_img_collection = 0 
            RETURN, 1 
          ENDELSE 
        ENDIF ELSE BEGIN 
          PRINT, 'Initial check says we dont have to move' 
          ;Set flag to notify that the next img will not be corrupted by movement 
          self.moved_during_img_collection = 0 
          RETURN, 1 
        ENDELSE    
      ENDIF ELSE BEGIN 
        ;Only 1 location, don't move 
        PRINT, 'Only one location... staying' 
        ;Set flag to notify that the next img will not be corrupted by movement (because we are 
heating same region again) 
        self.moved_during_img_collection = 0 
        RETURN, 1 
      ENDELSE 
    ENDIF ELSE BEGIN 
      ;In case of long dynamics 
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      ;Set flag to notify that the next img will not be corrupted by movement (because of using 
chunks for 3D imaging) 
      self.moved_during_img_collection = 0 
      RETURN, 0 
    ENDELSE 
  ENDIF ELSE BEGIN 
    PRINT, 'Sonication disabled' 
  ENDELSE 
END 
;;===================================================================== 

6.2.4 Algorithms for data analysis and output (IDL) 

6.2.4.1 Function that calculated statistics in masked 3D data 

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
FUNCTION calc_stats_in_masked_3d_data, currently_analyzed_3d, mask, threshold, 
uncertainty 
 
;Called for in the following way 
;ACTION: Cycle through regions to collect stats 
;    FOR reg=0, num_regions-1 DO BEGIN 
;      mask_of_curr_region = labeled_array EQ (reg+1) 
;region_stats_in_masked_3d_data_struct = 
;calc_stats_in_masked_3d_data(currently_analyzed_3d, ;mask_of_curr_region, 
t_rise_to_monitor, uncertainty) 
;assembled_vars_struct = ;update_region_assembled_vars(assembled_vars_struct, 
;region_stats_in_masked_3d_data_struct, i, reg) 
;    ENDFOR 
 
 
  data_masked = currently_analyzed_3d * mask 
  curr_non_zero_ind = $ 

WHERE(mask NE 0, total_vox_in_mask) 
   
  ;Grab a vector of data in the mask 
  data_inside_mask_vector = data_masked[curr_non_zero_ind] 
   
  ;Calculate percentiles: 
  ;Sort 
  sorted_T_ind=SORT(data_inside_mask_vector) 
  sorted_T = data_inside_mask_vector[sorted_T_ind] 
  ;Figure out values where percentiles will be calculated/interpolated 
  size_of_region=size(sorted_T, /dimensions) 
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  T10_val=0.5+(size_of_region*10)/100 
  T90_val=0.5+(size_of_region*90)/100 
  ;Interpolate (if not integer using X_int=(1-f)x_(k) + f*x_(k+1) where f=fractional part of i) 
  T10_val_floor = floor(T10_val) 
  T90_val_floor = floor(T90_val) 
  IF (T10_val_floor NE T10_val) THEN BEGIN 
    T10_val_fract = T10_val - T10_val_floor 
    T10_val = (1-T10_val_fract)*sorted_T[T10_val_floor]+T10_val_fract*sorted_T[T10_val_floor+1] 
  ENDIF 
  IF (T90_val_floor NE T90_val) THEN BEGIN 
    T90_val_fract = T90_val - T90_val_floor 
    T90_val = (1-T90_val_fract)*sorted_T[T90_val_floor]+T90_val_fract*sorted_T[T90_val_floor+1] 
  ENDIF 
   
  ;(size(data_inside_mask_vector, /dimensions))[0] 
  ind_over_threshold = where(data_inside_mask_vector GE (threshold - uncertainty), 
count_adequately_heated) 
  volumetric_efficiency = count_adequately_heated;/total_vox_in_mask 
   
  ;Sum of everything 
  sum_all = total(data_inside_mask_vector) 
   
  stats_in_masked_3d_data_struct = {minT:MIN(data_inside_mask_vector),$ 
    maxT:MAX(data_inside_mask_vector),$ 
    meanT:MEAN(data_inside_mask_vector),$ 
    stdevT:STDDEV(data_inside_mask_vector),$ 
    num_of_voxels:total_vox_in_mask,$ 
    stderrorT: STDDEV(data_inside_mask_vector) / sqrt(total_vox_in_mask),$ 
    T10:T10_val,$ 
    T90:T90_val,$ 
    volumetric_efficiency:volumetric_efficiency,$ 
    sum_all:sum_all} 
     
  RETURN, stats_in_masked_3d_data_struct 
END 

6.2.4.2 Function that determines sonication parameters during treatment. 

The function combines code from many routines to demonstrate how sonication 

parameters were determined in real time during treatment. 

FUNCTION power_opt, curreg_2d, power_3d,ind_2d_currloc 
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  ;Use: 
  ;padj = power_opt(curreg_3d, power_3d,IMG_CURR_TRANSD_LOC) 
 
  ;Init 
  sz_3d = size(power_3d, /dimensions) 
  curreg_3d = intarr(sz_3d) 
  padj = dblarr(sz_3d) 
  curreg_3d(*,*,1) = curreg_2d 
   
  dyn_scan_time = 1.6 
  extra_delay = 0.100 
  curr_son_dur = 0.06 
  delay_after_son = 1.5*curr_son_dur 
  max_allowed_power = 30.0 
  pixel_size_x = 0.00163 
  pixel_size_y = 0.00163 
   
  ;universalfeedback_get_heated_indices() 
  filtered_ind = $ 

WHERE((curreg_3d EQ 1) AND (power_3d GT 0.0), filteredcount) 
  IF (filtered_ind[0] NE -1) THEN BEGIN 
    nb_of_points_in_traj=filteredcount 
    max_num_of_sonicated_pts = FLOOR((dyn_scan_time-extra_delay)/curr_son_dur) ;Max # we 
can heat 
     
    ;universalfeedback_get_heated_indices_adj(filtered_ind) 
    ;nb_of_points_in_traj 
    ;Sort in descending order 
    filtered_ind = reverse(filtered_ind[SORT(power_3d[filtered_ind])]) 
    toheat_shuffled_roi_ind = 
filtered_ind[0:MIN([max_num_of_sonicated_pts,nb_of_points_in_traj])-1] 
    toheat_shuffled_roi_ind = rest_shuffle(toheat_shuffled_roi_ind) 
    nb_of_points_in_traj = MIN([max_num_of_sonicated_pts,nb_of_points_in_traj]) 
     
    ;universalfeedback_get_sonication_dur 
    ;Get correct sonication duration 
    traj_npasses_in_fdb_loop = $ 
      FLOOR(FLOAT(dyn_scan_time-extra_delay)/(curr_son_dur*nb_of_points_in_traj)) 
    current_total_traj_dur =  $ 
      FLOAT(curr_son_dur*nb_of_points_in_traj*traj_npasses_in_fdb_loop + delay_after_son) 
       
       
    ;Limit P 
    points_to_heat = PTR_NEW(dblarr(sz_3d)) 
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    (*points_to_heat)[toheat_shuffled_roi_ind] = 1 
    power_3d = power_3d*(*points_to_heat) 
    too_powerful_ind = WHERE(power_3d GT (max_allowed_power*traj_npasses_in_fdb_loop)) 
    IF (too_powerful_ind[0] NE -1) THEN BEGIN 
      too_powerful = ARRAY_INDICES(power_3d,too_powerful_ind) 
      
(*Power_3D)[too_powerful[0,*],too_powerful[1,*],too_powerful[2,*]]=max_allowed_power*traj_n
passes_in_fdb_loop 
    ENDIF 
        
    ;Convert to 3D indices 
    ind_pt = ARRAY_INDICES(curreg_3d, toheat_shuffled_roi_ind) 
     
    ;Fill in coords (XYZ=HIFU coords) 
    TrajX_filtered_centered = (ind_pt[0,*] - ind_2d_currloc[0])*pixel_size_x 
    TrajY_filtered_centered = (ind_pt[1,*] - ind_2d_currloc[1])*pixel_size_y 
     
    DEFLECTION_XY  = FLTARR(nb_of_points_in_traj+1) 
    POWER_multiplier = DEFLECTION_XY 
     
    FOR pt = 0, nb_of_points_in_traj -1 DO BEGIN 
      DEFLECTION_XY[pt] = SQRT(TrajX_filtered_centered[0,pt]^2 + 
TrajY_filtered_centered[0,pt]^2) 
      POWER_multiplier[pt] = universalfeedback_deflection_power_adj(DEFLECTION_XY[pt]) 
      padj[ind_pt[0,pt], ind_pt[1,pt], ind_pt[2,pt]] =  MIN([power_3d[ind_pt[0,pt], ind_pt[1,pt], 
ind_pt[2,pt]], max_allowed_power]) * POWER_multiplier[pt] 
    ENDFOR 
     
    e_multiplier = traj_npasses_in_fdb_loop*curr_son_dur 
     
    padj_struct = {power:dblarr(sz_3d),$ 
      e_multiplier:0.0} 
       
    padj_struct.power = padj 
    padj_struct.e_multiplier = e_multiplier 
     
  ENDIF ELSE BEGIN 
    padj_struct = {power:dblarr(sz_3d),$ 
      e_multiplier:0.0} 
  ENDELSE 
   
  RETURN, padj_struct 
END 
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6.2.4.3 Function that combines data acquired during movement with that acquired 
during heating. 

Some data processing code was included to demonstrate how phase, 

temperature and thermal dose data are correctly processed to account for transducer 

movement. 

PRO comb_data_fill, baseline_temp_offset 
  COMMON shared_classes, img_out_struct 
   
  ;Total number of feedback cycles 
  tot_cyc_num = (size((*img_out_struct.htdata).feedback_num,/dimensions))[0] 
   
  ;Find where we sonicate 
  where_we_sonicate = $ 

where((*img_out_struct.htdata).feedback_num GT 0) 
   
  ;Baseline lasted until this feedback cycle 
  ;Find the smallest feedback_num in the HT dataset 
  (*img_out_struct.combdata).fb_num_at_ht_start = 
min((*img_out_struct.htdata).feedback_num(where_we_sonicate)) 
  (*img_out_struct.combdata).fb_num_at_ht_end = max((*img_out_struct.htdata).feedback_num) 
  (*img_out_struct.combdata).fb_num_at_treat_end = tot_cyc_num-1 
===============================================' 
   
  ;Info 
  (*img_out_struct.combdata).dyn_time=(*img_out_struct.htdata).dyn_scan_time 
  (*img_out_struct.combdata).dyn_number_ht=(*img_out_struct.htdata).dyn_number 
  (*img_out_struct.combdata).feedback_num_ht=(*img_out_struct.htdata).feedback_num 
  (*img_out_struct.combdata).time_stamp_ht=(*img_out_struct.htdata).time_stamp 
  (*img_out_struct.combdata).dyn_number_mech=(*img_out_struct.mechdata).dyn_number 
  (*img_out_struct.combdata).feedback_num_mech=(*img_out_struct.mechdata).feedback_num 
  (*img_out_struct.combdata).time_stamp_mech=(*img_out_struct.mechdata).time_stamp 
  (*img_out_struct.combdata).curr_transd_loc=(*img_out_struct.mechdata).curr_transd_loc 
  (*img_out_struct.combdata).transd_loc_ordered=(*img_out_struct.mechdata).transd_loc_ordered 
   
    ;If struc of trajectory was recorded, then save 
    (*img_out_struct.combdata).traj_npasses_in_fdb_loop = 
(*img_out_struct.htdata).traj_npasses_in_fdb_loop 
    (*img_out_struct.combdata).toheat_shuffled_roi_ind = 
(*img_out_struct.htdata).toheat_shuffled_roi_ind 
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    (*img_out_struct.combdata).traj_struct_dur = (*img_out_struct.htdata).traj_struct_dur 
    (*img_out_struct.combdata).traj_struct_power = (*img_out_struct.htdata).traj_struct_power 
    (*img_out_struct.combdata).traj_struct_total_traj_dur = 
(*img_out_struct.htdata).traj_struct_total_traj_dur 
    (*img_out_struct.combdata).traj_structure_nb_of_points_in_traj = 
(*img_out_struct.htdata).traj_structure_nb_of_points_in_traj 
   
  ;Go through the t_arterial array and fill it up so we have no 0s but account for changes during 
the experiment 
  nonzero_t_arterial = 
(*img_out_struct.htdata).t_arterial[(*img_out_struct.combdata).fb_num_at_ht_start] 
   
  ;Add offset to t_arterial (if the heating was done relative to some arbitrary temperature, this 
keeps CEM43 and other calculations correct 
  nonzero_t_arterial = nonzero_t_arterial + baseline_temp_offset 
  t_target_not_zero = $ 

where((*img_out_struct.combdata).t_target GT 0) 
  (*img_out_struct.combdata).t_target(t_target_not_zero) = 
(*img_out_struct.combdata).t_target(t_target_not_zero) + baseline_temp_offset 
   
  ;  PRINT, "Found an arterial temperature at 1st HT: ", nonzero_t_arterial, " deg.C" 
  FOR i=0, (size((*img_out_struct.htdata).t_arterial, /dimensions))[0]-1 DO BEGIN 
    IF ((*img_out_struct.htdata).t_arterial[i] EQ 0) THEN BEGIN 
      (*img_out_struct.htdata).t_arterial[i] = nonzero_t_arterial 
    ;      PRINT, "Filled in the correct body temperature: ", nonzero_t_arterial, " at FB# ", i 
    ENDIF ELSE BEGIN 
      (*img_out_struct.htdata).t_arterial[i] = (*img_out_struct.htdata).t_arterial[i] + 
baseline_temp_offset 
    ENDELSE 
  ENDFOR 
   
  ;Update body temp in the combined structure 
  (*img_out_struct.combdata).t_arterial=(*img_out_struct.htdata).t_arterial 
   
  ;Magnitude 
  (*img_out_struct.combdata).mag_4d=(*img_out_struct.mechdata).mag_4d 
   
  ;3D grid 
  (*img_out_struct.combdata).labeled_array[*,*,(*img_out_struct.combdata).sonicated_slice] = 
(*img_out_struct.mechdata).labeled_array 
   
  ;Magnitude-based mask 
  ;get the mean in the ht region 
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ht_reg = 
WHERE((*img_out_struct.combdata).labeled_array[*,*,(*img_out_struct.combdata).sonicate
d_slice] GT 0) 

  mag_for_thresh = 
(*img_out_struct.combdata).mag_4d[*,*,(*img_out_struct.combdata).sonicated_slice,5] 
  mag_thresh = 0.30*mean(mag_for_thresh[ht_reg]) 
  ;  PRINT, "New mag_thresh ", mag_thresh 
  ;Threshold 
  (*img_out_struct.combdata).mag_mask = (*img_out_struct.combdata).mag_4d[*,*,*,5] GT 
mag_thresh 
   
  ;Temperature 
  ;Add offset to t_arterial (if the heating was done relative to some arbitrary temperature, this 
keeps CEM43 and other calculations correct 
  (*img_out_struct.mechdata).temp_4d = (*img_out_struct.mechdata).temp_4d 
  (*img_out_struct.htdata).temp_meas_4d = (*img_out_struct.htdata).temp_meas_4d 
  ; 
  ;Fill in baseline 
  
(*img_out_struct.combdata).combined_temp[*,*,*,0:((*img_out_struct.combdata).fb_num_at_ht_star
t-1)] = $ 
    (*img_out_struct.mechdata).temp_4d[*,*,*,0:((*img_out_struct.combdata).fb_num_at_ht_start-1)] 
  ;Fill in cooldown (if present) 
  IF ((*img_out_struct.combdata).fb_num_at_ht_end+1) LT 
((*img_out_struct.combdata).fb_num_at_treat_end) THEN BEGIN 
    
(*img_out_struct.combdata).combined_temp[*,*,*,((*img_out_struct.combdata).fb_num_at_ht_end+
1):((*img_out_struct.combdata).fb_num_at_treat_end)] = $ 
      
(*img_out_struct.mechdata).temp_4d[*,*,*,((*img_out_struct.combdata).fb_num_at_ht_end+1):((*im
g_out_struct.combdata).fb_num_at_treat_end)] 
  ENDIF 
   
  ;This is equal to the FB number only where images are not corrupted by movement (only during 
HT and the first dynamic of movement) 
  (*img_out_struct.combdata).uncorrupted_fb = (*img_out_struct.htdata).feedback_num 
  ;The following is equal to 1 only where HT begins (i.e. where you go from movement to heating) 
  (*img_out_struct.combdata).ht_starts = intarr(tot_cyc_num) 
  ;The following is equal to 1 only where HT begins (i.e. where you go from movement to heating) 
  (*img_out_struct.combdata).move_starts = intarr(tot_cyc_num) 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;Fill in the treatment - filtered temperature 
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  FOR i=(*img_out_struct.combdata).fb_num_at_ht_start, 
(*img_out_struct.combdata).fb_num_at_ht_end DO BEGIN 
    ;Update uncorrupted fb 
    IF i+1 LT tot_cyc_num THEN BEGIN 
      IF (((*img_out_struct.htdata).feedback_num)[i] NE 0) AND 
(((*img_out_struct.htdata).feedback_num)[i+1] EQ 0) THEN BEGIN 
        (*img_out_struct.combdata).uncorrupted_fb[i+1] = 
((*img_out_struct.htdata).feedback_num)[i]+1 
      ENDIF 
    ENDIF 
     
    ;Update where HT starts 
    IF (((*img_out_struct.htdata).feedback_num)[i] NE 0) AND 
(((*img_out_struct.htdata).feedback_num)[i-1] EQ 0) THEN BEGIN 
      (*img_out_struct.combdata).ht_starts[i] = ((*img_out_struct.htdata).feedback_num)[i] 
    ENDIF ELSE BEGIN 
      (*img_out_struct.combdata).ht_starts[i] = 0 
    ENDELSE 
     
    ;Update where MOVEMENT starts 
    IF (((*img_out_struct.htdata).feedback_num)[i] EQ 0) AND 
(((*img_out_struct.htdata).feedback_num)[i-1] NE 0) THEN BEGIN 
      (*img_out_struct.combdata).move_starts[i] = ((*img_out_struct.mechdata).feedback_num)[i] 
    ENDIF ELSE BEGIN 
      (*img_out_struct.combdata).move_starts[i] = 0 
    ENDELSE 
     
    ;Fill in the combined temperature array 
    ;NE 0 when sonicating 
    IF ((*img_out_struct.htdata).feedback_num)[i] NE 0 THEN BEGIN 
      ;Note that we take the next dynamic after the one over which sonication was performed 
      ;This is because the decision to move was made only once the next dynamic has been received 
      (*img_out_struct.combdata).combined_temp[*,*,*,i] = 
(*img_out_struct.htdata).temp_meas_4d[*,*,*,i] 
      IF i+1 LT tot_cyc_num THEN BEGIN 
        prev_uncorrupted_temp = (*img_out_struct.mechdata).temp_4d[*,*,*,i+1] 
      ENDIF 
    ENDIF 
     
    IF ((*img_out_struct.htdata).feedback_num)[i] EQ 0 THEN BEGIN 
      (*img_out_struct.combdata).combined_temp[*,*,*,i] = prev_uncorrupted_temp 
    ENDIF 
  ENDFOR 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
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  ;Phase 
  (*img_out_struct.combdata).phase=(*img_out_struct.mechdata).phase 
  (*img_out_struct.combdata).phase_interp=(*img_out_struct.mechdata).phase 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;Apply magnitude thresholding and noise limits 
  FOR i=0, (size((*img_out_struct.combdata).combined_temp,/dimensions))[3]-1 DO BEGIN 
    ;Get a noise mask 
    noise_mask = ((*img_out_struct.combdata).combined_temp[*,*,*,i] GE -10.0) * 
((*img_out_struct.combdata).combined_temp[*,*,*,i] LE 15.0) 
    ;Apply the mag and temp_noise masks 
    (*img_out_struct.combdata).combined_temp[*,*,*,i] = 
(*img_out_struct.combdata).combined_temp[*,*,*,i] * (*img_out_struct.combdata).mag_mask * 
noise_mask 
  ENDFOR 
   
  ;Init the interpolated temp dataset (This ensures that when we fill it a bit later, we only have to 
fill the interpolated values) 
  (*img_out_struct.combdata).comb_temp_interp = (*img_out_struct.combdata).combined_temp 
   
  ;Where the first movement started, the indices of the movement starts and the number of 
movements 
  ind_start_move = $ 

WHERE(((*img_out_struct.combdata).move_starts GT 0), count_of_movements) 
  (*img_out_struct.combdata).fb_num_at_first_movement = min(ind_start_move) 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;Fill in "dT_heating" (it's stored at the index of the movement that follows the heating) 
  FOR i=0, count_of_movements-1 DO BEGIN 
    ;Find the index where the heating just before this movement began 
    closest_ht_start_ind=ind_start_move[i] 
    WHILE ((*img_out_struct.combdata).ht_starts[closest_ht_start_ind] EQ 0) AND 
(closest_ht_start_ind GE (*img_out_struct.combdata).fb_num_at_ht_start)DO BEGIN 
      closest_ht_start_ind-- 
    ENDWHILE 
    ;    PRINT, "Movement #: ",i, "   Movement_start FB: ", ind_start_move[i], "    HT_start FB: ", 
closest_ht_start_ind 
    ;Fill in the array that tells us how much T rose during heating 
    (*img_out_struct.combdata).dT_heating[*,*,*,ind_start_move[i]] = 
(*img_out_struct.combdata).combined_temp[*,*,*,ind_start_move[i]] - 
(*img_out_struct.combdata).combined_temp[*,*,*,closest_ht_start_ind] 
    ;Fill in the array that tells us the number of dynamics the heating took 
    (*img_out_struct.combdata).num_heating_dyn[i] = ind_start_move[i]-closest_ht_start_ind 
    ;Fill in the array that tells us the length of time the heating took 
    (*img_out_struct.combdata).heating_time[i] = (*img_out_struct.combdata).dyn_time * 
(*img_out_struct.combdata).num_heating_dyn[i] 
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  ENDFOR 
   
  ;Where the heating started, the indices of where heating starts and the number of heatings 
(separated by movements) 
  ind_start_heat = $ 

WHERE(((*img_out_struct.combdata).ht_starts GT 0), count_of_heatings) 
  ;Fill in "dT_movement" (it's stored at the index of the heating that follows the movement) 
  FOR i=0, count_of_heatings-1 DO BEGIN 
    ;Find the index where the movement just before this movement began 
    closest_movement_start_ind=ind_start_heat[i] 
    WHILE ((*img_out_struct.combdata).move_starts[closest_movement_start_ind] EQ 0) AND 
(closest_movement_start_ind GE (*img_out_struct.combdata).fb_num_at_first_movement) DO 
BEGIN 
      closest_movement_start_ind-- 
    ENDWHILE 
    ;Fill in the array that tells us how much T rose during heating 
    (*img_out_struct.combdata).dT_movement[*,*,*,ind_start_heat[i]] = 
(*img_out_struct.combdata).combined_temp[*,*,*,ind_start_heat[i]] - 
(*img_out_struct.combdata).combined_temp[*,*,*,closest_movement_start_ind] 
    ;Fill in the array that tells us the number of dynamics the movement took 
    (*img_out_struct.combdata).num_movement_dyn[i] = ind_start_heat[i]-
closest_movement_start_ind 
    ;Fill in the array that tells us the length of time the movement took 
    (*img_out_struct.combdata).movement_time[i] = (*img_out_struct.combdata).dyn_time * 
(*img_out_struct.combdata).num_movement_dyn[i] 
     
    ;Do dT_movement for phase 
        (*img_out_struct.combdata).dPhase_movement[*,*,*,ind_start_heat[i]] = $ 
        (*img_out_struct.combdata).phase[*,*,*,ind_start_heat[i]] - 
(*img_out_struct.combdata).phase[*,*,*,closest_movement_start_ind] 
     
    ;Fill in comb_temp_interp (Linear cooling approximation during movement) 
    ;ATTN: Need to add a labels to the image "Moving - T interpolated" and "Heating - T 
measured" 
    curr_temp = (*img_out_struct.combdata).combined_temp[*,*,*,closest_movement_start_ind] 
    curr_phase = (*img_out_struct.combdata).phase[*,*,*,closest_movement_start_ind] 
    curr_fb = closest_movement_start_ind + 1 
    to_add_t = 
((*img_out_struct.combdata).dT_movement[*,*,*,ind_start_heat[i]])/(*img_out_struct.combdata).nu
m_movement_dyn[i] 
    to_add_p = 
((*img_out_struct.combdata).dPhase_movement[*,*,*,ind_start_heat[i]])/(*img_out_struct.combdata
).num_movement_dyn[i] 
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    ;    PRINT, "Avg added: ",mean(to_add), "# of movement dyn: ", 
(*img_out_struct.combdata).num_movement_dyn[i] 
    WHILE curr_fb LT ind_start_heat[i] DO BEGIN 
      curr_temp += to_add_t 
      curr_phase += to_add_p 
      (*img_out_struct.combdata).comb_temp_interp[*,*,*,curr_fb]= curr_temp 
            (*img_out_struct.combdata).pattern_phase_unsub_interp[*,*,*,curr_fb]= curr_phase 
      curr_fb++ 
    ENDWHILE 
  ENDFOR 
  ;For pattern heating, we also need to ignore T during movement and interpolate So we do the 
same thing: 
  ;Pattern heating 
  (*img_out_struct.combdata).pattern_mag_unsub=(*img_out_struct.mechdata).pattern_mag_unsub 
  
(*img_out_struct.combdata).pattern_phase_unsub=(*img_out_struct.mechdata).pattern_phase_uns
ub 
  
(*img_out_struct.combdata).pattern_temp_unsub=(*img_out_struct.mechdata).pattern_temp_unsub 
  ;Interpolated: 
  
(*img_out_struct.combdata).pattern_phase_unsub_interp=(*img_out_struct.mechdata).pattern_pha
se_unsub 
  
(*img_out_struct.combdata).pattern_temp_unsub_interp=(*img_out_struct.mechdata).pattern_temp
_unsub 
   
 
    ;Fill in "dT_movement" (it's stored at the index of the heating that follows the movement) 
  FOR i=0, count_of_heatings-1 DO BEGIN 
    ;Find the index where the movement just before this movement began 
    closest_movement_start_ind=ind_start_heat[i] 
    WHILE ((*img_out_struct.combdata).move_starts[closest_movement_start_ind] EQ 0) AND 
(closest_movement_start_ind GE (*img_out_struct.combdata).fb_num_at_first_movement) DO 
BEGIN 
      closest_movement_start_ind-- 
    ENDWHILE 
    ;    PRINT, "Heating #: ",i, "   Heating_start FB: ", ind_start_heat[i], "    Movement_start FB: ", 
closest_movement_start_ind 
    ;Fill in the array that tells us how much T rose during heating 
    (*img_out_struct.combdata).dT_movement_pattern_unsub[*,*,*,ind_start_heat[i]] = $ 
        (*img_out_struct.combdata).pattern_temp_unsub[*,*,*,ind_start_heat[i]] - 
(*img_out_struct.combdata).pattern_temp_unsub[*,*,*,closest_movement_start_ind] 
    (*img_out_struct.combdata).dPhase_movement_pattern_unsub[*,*,*,ind_start_heat[i]] = $ 
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        (*img_out_struct.combdata).pattern_phase_unsub_interp[*,*,*,ind_start_heat[i]] - 
(*img_out_struct.combdata).pattern_phase_unsub_interp[*,*,*,closest_movement_start_ind] 
 
    ;These are the same for pattern heating, so we use ones from above: num_movement_dyn, 
movement_time 
    ;Fill in comb_temp_interp (Linear cooling approximation during movement) 
    ;ATTN: Need to add a labels to the image "Moving - T interpolated" and "Heating - T 
measured" 
    curr_temp = (*img_out_struct.combdata).pattern_temp_unsub[*,*,*,closest_movement_start_ind] 
    curr_phase = 
(*img_out_struct.combdata).pattern_phase_unsub[*,*,*,closest_movement_start_ind] 
    curr_fb = closest_movement_start_ind + 1 
    to_add_t = 
((*img_out_struct.combdata).dT_movement_pattern_unsub[*,*,*,ind_start_heat[i]])/(*img_out_stru
ct.combdata).num_movement_dyn[i] 
    to_add_p = 
((*img_out_struct.combdata).dPhase_movement_pattern_unsub[*,*,*,ind_start_heat[i]])/(*img_out
_struct.combdata).num_movement_dyn[i] 
    ;    PRINT, "Avg added: ",mean(to_add), "# of movement dyn: ", 
(*img_out_struct.combdata).num_movement_dyn[i] 
    WHILE curr_fb LT ind_start_heat[i] DO BEGIN 
      curr_temp += to_add_t 
            curr_phase += to_add_p 
      (*img_out_struct.combdata).pattern_temp_unsub_interp[*,*,*,curr_fb]= curr_temp 
      (*img_out_struct.combdata).pattern_phase_unsub_interp[*,*,*,curr_fb]= curr_phase 
      curr_fb++ 
    ENDWHILE 
  ENDFOR 
 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;Where sonication occurred 
  ind_each_heat = $ 

WHERE(((*img_out_struct.combdata).feedback_num_ht GT 0), 
count_of_individ_heatings) 

   
  ;Power (dark when moving, put into each dynamic with a "sonication" command) 
  ;Fill in the power array 
  (*img_out_struct.combdata).power_im_4d = (*img_out_struct.htdata).power_im_4d 
      (*img_out_struct.combdata).power_im_4d_filtered = 
(*img_out_struct.htdata).power_im_4d_filtered 
      (*img_out_struct.combdata).energy_im_4d_filtered = 
(*img_out_struct.htdata).energy_im_4d_filtered 
   
  ;Init curr power 

327 

 



 

  size_currp_cumul = size((*img_out_struct.combdata).power_im_4d, /dimensions) 
  currp_cumul_p = dblarr([size_currp_cumul[0], size_currp_cumul[1], size_currp_cumul[2]]) 
  currp_cumul_p_filt = currp_cumul_p 
  currp_cumul_e_filt = currp_cumul_p 
   
  ;Fill in the cumulative power and energy arrays 
  FOR i=(*img_out_struct.combdata).fb_num_at_ht_start, size_currp_cumul[3]-1 DO BEGIN 
    ;Find the index where the movement just before this movement began 
    ;    PRINT, "Writing Cumulative Power for individ sonication #: ",i 
 
    ;First test if the data were saved using an updated GUI 
    IF ~(*img_out_struct.htdata).traj_struct_collected THEN BEGIN 
    ;If we're working on an old dataset and we don't have traj_structure saved, then we have to 
manually adj the power: 
    ind_2d_currloc = 
(*img_out_struct.combdata).transd_loc_ordered(*,(*img_out_struct.combdata).curr_transd_loc(i)) 
     curreg_2d = (*img_out_struct.combdata).labeled_array(*,*,1) EQ 
(*img_out_struct.combdata).curr_transd_loc(i)+1 
    padj_struct = power_opt(curreg_2d, 
(*img_out_struct.combdata).power_im_4d[*,*,*,i],ind_2d_currloc) 
    (*img_out_struct.combdata).power_im_4d_filtered[*,*,*,i] = padj_struct.power 
    (*img_out_struct.combdata).energy_im_4d_filtered[*,*,*,i] = 
padj_struct.power*padj_struct.e_multiplier 
    ENDIF 
   
    ;Accumulate power 
    currp_cumul_p += (*img_out_struct.combdata).power_im_4d[*,*,*,i] 
        currp_cumul_p_filt += (*img_out_struct.combdata).power_im_4d_filtered[*,*,*,i] 
            currp_cumul_e_filt += (*img_out_struct.combdata).energy_im_4d_filtered[*,*,*,i] 
     
    ;Fill in the cumulative power 
    (*img_out_struct.combdata).power_im_cumulative_4d[*,*,*,i] = currp_cumul_p 
    (*img_out_struct.combdata).power_im_cumulative_4d_filtered[*,*,*,i] = currp_cumul_p_filt 
    (*img_out_struct.combdata).energy_im_cumulative_4d_filtered[*,*,*,i] = currp_cumul_e_filt 
  ENDFOR 
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;Thermal dose (CEM43)... (sum(dtR^(43-T))) 
  curr_cem43_4d_uninterp = dblarr(size_currp_cumul) 
  curr_cem43_4d_interp = dblarr(size_currp_cumul) 
  ;Fill in the CEM43... 
  FOR i=(*img_out_struct.combdata).fb_num_at_ht_start, size_currp_cumul[3]-1 DO BEGIN 
    ;Calc a map of R (R=0.25 for T<43C and =0.5 for T>43C) 
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    mapR= 
0.5*(((*img_out_struct.combdata).combined_temp[*,*,*,i]+(*img_out_struct.htdata).t_arterial[i]) GE 
43.0)+ $ 
      0.25*(((*img_out_struct.combdata).combined_temp[*,*,*,i]+(*img_out_struct.htdata).t_arterial[i]) 
LT 43.0) 
       
    ;Plug in to the CEM43 calc for the current feedback 
    curr_cem43_4d_uninterp += (*img_out_struct.htdata).dyn_scan_time * $ 
      mapR^(43.0-
((*img_out_struct.combdata).combined_temp[*,*,*,i]+(*img_out_struct.htdata).t_arterial[i])) 
    ;Store 
    (*img_out_struct.combdata).cem43_4d_uninterp[*,*,*,i] = curr_cem43_4d_uninterp 
    ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
    ;Interpolated (based on linear cooling while moving) 
    ;Calc a map of R (R=0.25 for T<43C and =0.5 for T>43C) 
    mapR= 
0.5*(((*img_out_struct.combdata).comb_temp_interp[*,*,*,i]+(*img_out_struct.htdata).t_arterial[i]) 
GE 43.0)+ $ 
      
0.25*(((*img_out_struct.combdata).comb_temp_interp[*,*,*,i]+(*img_out_struct.htdata).t_arterial[i]) 
LT 43.0) 
       
    ;Plug in to the CEM43 calc for the current feedback 
    curr_cem43_4d_interp += (*img_out_struct.htdata).dyn_scan_time * $ 
      mapR^(43.0-
((*img_out_struct.combdata).comb_temp_interp[*,*,*,i]+(*img_out_struct.htdata).t_arterial[i])) 
    ;Store 
    (*img_out_struct.combdata).cem43_4d_interp[*,*,*,i] = curr_cem43_4d_interp 
  ENDFOR 
   
  ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
  ;T1 - fill it in from the mechdata 
  (*img_out_struct.combdata).t1map_saved=(*img_out_struct.mechdata).t1map_saved 
  (*img_out_struct.combdata).t1meas_3d=(*img_out_struct.mechdata).t1meas_3d 
  (*img_out_struct.combdata).t1_dyn=(*img_out_struct.mechdata).t1_dyn 
   
  ;Deflection boundary animated 
  ;Start with the deflection boundary without movement and fill it in with movement where it 
occurs 
  ;Use the same approach of interpolation where necessary, generate deflection boundary circle 
just as we did in RealTI 
  FOR i=0, count_of_heatings-1 DO BEGIN 
    ;Find the index where the movement just before this movement began 
    closest_movement_start_ind=ind_start_heat[i] 
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    WHILE ((*img_out_struct.combdata).move_starts[closest_movement_start_ind] EQ 0) AND 
(closest_movement_start_ind GE (*img_out_struct.combdata).fb_num_at_first_movement) DO 
BEGIN 
      closest_movement_start_ind-- ;Walk backwards from the start of heating to find the start of 
movement 
    ENDWHILE 
    ;Here: closest_movement_start_ind is fb cycle at start of movement, ind_start_heat[i] is fb cycle 
at start of heat 
     
    ;Fill in the array that tells us the total change in coordinates between the two positions 
(movement vector) 
    transd_loc_start_movement = 
(*img_out_struct.combdata).curr_transd_loc[closest_movement_start_ind] 
    transd_loc_end_movement = (*img_out_struct.combdata).curr_transd_loc[ind_start_heat[i]] 
    coord_start_movement = 
(*img_out_struct.combdata).transd_loc_ordered[*,transd_loc_start_movement] 
    coord_end_movement = 
(*img_out_struct.combdata).transd_loc_ordered[*,transd_loc_end_movement] 
    coords_diff = coord_end_movement - coord_start_movement 
    Dcoord_diff_Ddyn = coords_diff/(*img_out_struct.combdata).num_movement_dyn[i] 
     
    ;Fill in the position of transducer during movement 
    curr_pos = coord_start_movement 
    curr_fb = closest_movement_start_ind + 1 
    WHILE curr_fb LT ind_start_heat[i] DO BEGIN 
      curr_pos += Dcoord_diff_Ddyn 
      (*img_out_struct.combdata).transd_pos[*,curr_fb]= curr_pos 
      curr_fb++ 
    ENDWHILE 
  ENDFOR   
END 
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