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Abstract
Clinical-grade Doxorubicin encapsulated low temperature sensitive liposomes (LTSLs) were
combined with a clinical magnetic resonance-guided high intensity focused ultrasound (MR-
HIFU) platform to investigate in-vivo image-guided drug delivery. Plasma pharmacokinetics were
determined in 3 rabbits. Fifteen rabbits with Vx2 tumors within superficial thigh muscle were
randomly assigned into three treatment groups: 1) free doxorubicin, 2) LTSL and 3) LTSL+MR-
HIFU. For the LTSL+MR-HIFU group, mild hyperthermia (40–41°C) was applied to the tumors
using an MR-HIFU system. Image-guided non-invasive hyperthermia was applied for a total of 30
min, completed within 1 hour after LTSL infusion. High-pressure liquid chromatography (HPLC)
analysis of the harvested tumor and organ/tissue homogenates was performed to determine
doxorubicin concentration. Fluorescence microscopy was performed to determine doxorubicin
spatial distribution in the tumors. Sonication of Vx2 tumors resulted in accurate
(mean=40.5±0.1°C) and spatially homogenous (SD=1.0°C) temperature control in the target
region. LTSL+MR-HIFU resulted in significantly higher tumor doxorubicin concentrations (7.6-
and 3.4-fold greater compared to free doxorubicin and LTSL respectively, p<0.05, Newman-
Keuls). This improved tumor concentration was achieved despite heating <25% of the tumor
volume. Free doxorubicin and LTSL treatments appeared to deliver more drug in the tumor
periphery as compared to the tumor core. In contrast, LTSL+MR-HIFU treatment suggested an
improved distribution with doxorubicin found in both the tumor periphery and core. Doxorubicin
bio-distribution in non-tumor organs/tissues was fairly similar between treatment groups. This
technique has potential for clinical translation as an image-guided method to deliver drug to a
solid tumor.
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1. INTRODUCTION
Current treatment with chemotherapeutic agents in cancer therapy usually relies on systemic
delivery with limited tumor specificity, and therefore may result in adverse side effects in
normal tissues and insufficient drug delivery to the target tumor [1, 2]. Drug delivery
systems (DDS) such as liposomes have been developed to address these challenges,
resulting in a number of FDA approved formulations [3]. Encapsulation of a
chemotherapeutic agent, such as doxorubicin, into liposomes has the potential to reduce
systemic toxicity and enhance drug delivery compared with free drug [4]. In fact, the FDA
approval of Doxil (a PEGylated liposomal formulation containing doxorubicin) for the
indications of refractory ovarian cancer, AIDS-related Kaposi’s Sarcoma, and multiple
myeloma was based on equivalent efficacy as standard of care, yet reduced side effects [5].

In contrast to stealth liposomes such as Doxil, which circulate for days and release their drug
over weeks, this study focused on temperature sensitive liposomes (TSLs) that release their
contents in response to temperature elevations greater than the melting temperature of the
lipid formulation [6, 7]. Specifically, we use low temperature sensitive liposomes (LTSLs),
which contain a lysolecithin lipid and rapidly release encapsulated doxorubicin upon being
heated to mild hyperthermic temperatures (40–42°C) [8]. Previous studies combining LTSLs
with local hyperthermia have demonstrated significant reduction in tumor volume in mouse
tumor models compared with conventional free drug or non-thermally sensitive liposome
therapy [8–11]. Furthermore, mild hyperthermia has been shown to assist drug delivery with
liposomes by increasing vascular permeability, resulting in enhanced drug levels in solid
tumors [12], and increasing the sensitivity of cancer cells to chemotherapeutics [13].
Therefore, the combination of regionally targeted, image-guided mild hyperthermia (40–
42°C) and LTSLs is an attractive and potentially clinically feasible strategy for targeted
delivery of doxorubicin to solid tumors.

A variety of methodologies have been developed to achieve local, mild hyperthermia in a
solid tumor for combination with TSLs. For example, a warm water bath (~43°C) can
achieve mild hyperthermia and drug release in tumor-bearing murine legs [11, 14].
However, in addition to heating a tumor, the water bath approach heats adjoining muscle
and skin, as it is not specifically focused on the tumor. Other approaches have been used to
circumvent this problem. More tumor specific hyperthermia-mediated drug release has been
achieved in canine solid tumors using a clinically relevant scanning annular phased-array
microwave applicator [15]. Additionally, LTSLs combined with ultrasound guided, pulsed
high intensity focused ultrasound (pulsed-HIFU) resulted in mild hyperthermia and
enhanced doxorubicin delivery and antitumor effects in a murine solid tumor model [16].
The complex bio-effects of ultrasound include heat generation, acoustic cavitation, and
radiation forces [17], all of which may theoretically be employed to improve drug delivery
[18–20].

Despite many technological advances, current hyperthermia applicators are often limited in
their ability to provide a spatially accurate or deep thermal therapy to a solid tumor. To
address these challenges, HIFU has been combined with magnetic resonance imaging (MRI)
in an integrated MR-guided high intensity focused ultrasound (MR-HIFU) system [21, 22].
This approach uses MRI to acquire images of anatomy and targets for treatment planning,
and to perform temperature imaging for treatment monitoring and control. This control may
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provide a more consistent HIFU treatment whose bio-effects are intimately related to time
and temperature exposures. MR-HIFU has more commonly been used as an ablative therapy
(>60 °C), but more recently, the MR-HIFU systems have been developed or modified to
target mild hyperthermia to deep tissue, for potential combination with TSLs [23–25].

The objective of this study was to investigate the combination of a clinical MR-HIFU
system with an LTSL that is currently in phase III clinical trials [26] in a Vx2 rabbit tumor
model. This is an important step to translate this image-guided drug delivery approach to the
clinic. Image-guided drug delivery is an exciting and emerging field [19, 27] that may
provide the advantage of better tumor specificity or spatial targeting, when compared with
more traditional drug delivery strategies.

2. MATERIALS AND METHODS
2.1. Chemicals

A lyso-lecithin containing LTSL formulation (ThermoDox®, Celsion Corp., USA) was
provided through a Collaborative Research and Development Agreement at a concentration
of 1.8 mg doxorubicin/mL. 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). Similarly, HPLC-grade acetonitrile and
daunurobicin hydrochloride (DNR) for internal standard (IS) were obtained from VWR
international (Swedesboro, NJ, USA). For Vx2 (kind gift from Dr. Jeff Geschwind, Johns
Hopkins University) cell preparation, PEB buffer was obtained from Miltenyl Biotech
(Auburn, CA, USA). For histopathology, prolong Gold with DAPI mounting medium was
obtained from Invitrogen (Carlsbad, CA, USA).

2.2. Animal and Tumor Model
All animal-related procedures were approved and carried out under the guidelines of the
National Institutes of Health (NIH) Animal Care and Use Committee. All image guided drug
delivery studies were performed in New Zealand White Rabbit with Vx2 tumor in hind limb.

2.2.1. Preparation of Vx2 Single Cell Suspension—The Vx2 tumor cell solution was
prepared with the following technique. The donor animal bearing a tumor > 1cm in size was
anesthetized with a mixture of pre-anesthetics (28.6 mg/kg ketamin.e HCl [Bioniche
Teoranta, Inverin, Co. Galway, Ireland], 4.8 mg/kg xylazine [Lloyd laboratory, Shenandoah,
Iowa, USA], intramuscular [I.M.]). Following onset of anesthesia, both hind limbs were
shaved and underwent aseptic preparation in a BSL-2 hood. Midline and horizontal incisions
were made through the skin where the tumor was implanted, and the skin flap was pulled
back exposing the tumor mass. The tumor was freed from surrounding muscle by careful
dissection and transferred to a sterile petri dish containing 10–15 mL of PEB buffer. Once
both tumors were excised, the animal was immediately euthanized by intravenous injection
of Euthanasia III (dose = 0.2 mL/kg, Pentobarbital Sodium 390 mg/ml and Phenytoin
Sodium 50 mg/ml, Med-Pharmax, inc., Pomona, CA, USA). Later, the harvested Vx2 tumor
fragment was cut free of normal fascia and any necrotic material, minced into approximately
2 × 2 × 2 mm cubes, immediately transferred into a gentleMACS C Tube and dissociated
according to the mouse tumor protocol (m_impTumor_01 protocol, Miltenyi Biotec, CA,
USA). The resulting cell suspension was counted and evaluated using Trypan blue exclusion
test before being separated into 1.5-mL vials in 150-μL aliquots of cells in PBS or PEB. The
vials were immediately placed on ice and transported to the animal facility for inoculation.

Ranjan et al. Page 3

J Control Release. Author manuscript; available in PMC 2013 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2.2. Inoculation and Monitoring—For inoculations, the hind limb was shaved and
cleaned with 70% isopropyl alcohol. For donor rabbit, Vx2 tumor cells (150–200 μL, ~2–3
million cells) were propagated and maintained by bilateral hind limb inoculation. For the
drug delivery experiments, ~ 2–3 million Vx2 cells were injected into the superficial thigh
muscle of right hind limb under ultrasound guidance (Sonosite M Turbo, Bothell, WA,
USA). Tumor growth was monitored with ultrasound for 2–3 weeks and experiments were
performed when the tumor was greater than 1 cm in any dimension.

2.3. Tumor Drug Delivery Study design
15 New Zealand White Rabbits, with Vx2 tumors, were randomly assigned into three
treatment groups (5 rabbits/group): 1) free doxorubicin, 2) LTSL and 3) LTSL+ MR-HIFU
hyperthermia. In all groups, 5 mg doxorubicin/kg body weight was administered
intravenously.

2.4. Image Guided Hyperthermia
2.4.1. In-vivo Experiment Setup—For image-guided MR-HIFU hyperthermia, the
rabbit was anesthetized with a mixture of ketamine and xylazine (28.6 mg/kg ketamine, 4.8
mg/kg xylazine, I.M.). Marginal ear vein was catheterized, and the tumor bearing leg was
shaved and treated with Nair™ (Church & Dwight Co., NJ, USA). Once positioned in the
MR scanner (Achieva 1.5 T, Philips Healthcare, Best, the Netherlands), anesthesia was
maintained with 1–3% isoflurane using a mask. Body (rectal) and water bath temperatures
were monitored using fiber optic probes (T1 Fiber Optic Temperature Sensor and Reflex™

Signal Conditioner, Neoptix, Québec City, Québec, Canada). A third optical temperature
probe (diameter = 0.56 mm, Luxtron 3100, LumaSense Technologies, Santa Clara, CA,
USA) was placed in the thigh muscle near the tumor and used as a baseline temperature for
MR thermometry, prior to each sonication. Vital signs were monitored with an MR-
compatible patient monitoring system (Precess, In-vivo, Orlando, FL, USA) using a fiber
optic cuff placed around the shaved area of the animal’s front paw.

2.4.2. Treatment Planning and Schedule—An integrated MR-HIFU clinical platform
(Sonalleve 1.5T, Philips Medical Systems, Vantaa, Finland) was used for tumor
identification, sonications with MR guidance, and treatment characterization. The tumor-
bearing limb was partly submerged in a bath of degassed water to provide acoustic coupling,
and sonications were targeted to the center of tumor using custom modified commercial
treatment planning software (Fig. 1).

A high resolution 3D turbo spin echo pulse sequence was used for treatment planning
(TR=1600ms, TE=30ms, slice thickness = 2mm, 120 slices, FOV = 20×20cm, matrix =
640×640, NEX=1). LTSL solution (5 mg doxorubicin/kg) was slowly administered over a
span of 3 min, followed by a 1 mL saline flush. Subsequently, 10 min MR-HIFU
hyperthermia treatment blocks were performed, each followed by a 5 min cooling period,
allowing temperature in the heated region to return to baseline, as verified with MR
thermometry. A total of 30 min of heating was completed within 1 hour of drug infusion
(Fig. 2). Some of the heating sessions were prematurely aborted due to animal movement
(MR thermometry’s accuracy is very sensitive to movement). In such cases, the aborted 10
min treatment was completed following a 5 min cooling period, always within 60 min of
drug infusion. Three separate 10 min. hyperthermia treatments were used to obtain a new
baseline image for temperature imaging, limiting the potential influence of magnetic drift or
motion.
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2.4.3. Control of Mild Hyperthermia with MR-HIFU—HIFU beam was electronically
steered in a circular trajectory to heat a 4 mm region in the tumor (Fig. 3) of each rabbit for
up to 10 minute blocks [22].

Temperature maps were obtained in coronal and sagittal planes using the proton resonance
frequency shift (PRFS) method [28] and a 2D echo planar fast field echo (FFE-EPI) pulse
sequence (TR=54 ms, TE=30 ms, flip angle=19°, slice thickness=7 mm, in-plane
resolution=1.39×1.39 mm, temporal resolution=2.5 s, EPI factor =7, number of slices =2).
An unheated region in the flank muscle was monitored to correct for magnetic drift. Core
body temperature was maintained between 34 and 37°C (described below in section 2.5).
Mean temperature in the target region within the coronal slice was maintained using a binary
feedback algorithm. This algorithm triggered heating when the mean temperature was
≤40°C, and did not heat when mean temperature was ≥41°C in the prescribed region.
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)) from the point when the mean temperature reached 39°C to the
end of sonication.

2.4.4. Post-Treatment Procedures—Following treatment, the rabbit was removed from
the bore of the magnet and transferred to an animal procedure room. An additional dose of
ketamine and xylazine (28.6 mg/kg ketamine, 4.8 mg/kg xylazine, I.M.) was administered to
keep the animal anesthetized during transfer. The animal was then maintained on 1–2 %
isofluorane anesthesia and monitored until 4 hours post LTSL infusion. The animal was then
euthanized using Euthanasia III (dose = 0.2 ml/kg, Pentobarbital Sodium 390 mg/ml and
Phenytoin Sodium 50 mg/ml). The tumor and tissues samples from liver, spleen, lung, heart,
kidney, skin and muscle both adjacent and contra-lateral to the heated tumor were excised,
weighed, snap frozen over liquid nitrogen, and then stored at −80°C until histopathology
and HPLC analysis.

2.5. Non-Hyperthermia Drug Delivery Procedures
Animal experiments with free doxorubicin and LTSL without hyperthermia were performed
outside of the MRI magnet. Following onset of anesthesia, the core-body temperature was
maintained between 34 and 37°C through the use of a heating blanket (on the side of non-
tumor-bearing leg) or ice for cooling. Doxorubicin (5 mg doxorubicin/kg) was infused via
the marginal ear vein over the course of 3 min followed by a 1 mL saline flush. Body
temperature, breathing and heart rates were monitored.

2.6. Plasma Pharmacokinetics of LTSL
For pharmacokinetic evaluations, 3 healthy rabbits under experimental conditions similar to
non-hyperthermia procedure were infused with LTSLs at a Doxorubicin dosage of 5 mg/kg
body weight. One mL of blood from the central ear artery was withdrawn into an EDTA-
containing vacutainer tube (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ,
USA) at time 0 (before infusion), immediately after completion of the infusion, and at 15,
30, 60, 90, 120, 180 and 240 min after LTSL infusion. Immediately after blood collection,
the tube was placed on ice, blood was centrifuged at 2000 × g for 10 min at 4°C, 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 using the trapezoidal rule in GraphPad. Total systemic clearance was calculated
as dose/AUC.
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2.7. Quantification of Doxorubicin by HPLC
Tissue homogenization and sample preparation for HPLC was carried out as previously
reported [29] with slight modifications. Briefly, samples were homogenized, doxorubicin
extracted and quantified with HPLC using an internal standard DNR. Additional information
may be found in supplemental information.

2.8. Histological and Fluorescent Microscopy Analysis
Vx2 tumors from rabbits treated either with free doxorubicin, LTSL alone, or LTSL+MR-
HIFU were harvested within 15 min of euthanasia (4 hours after administration), flash
frozen in liquid nitrogen, and stored at −80°C until further processing. Serial sections of 8
μm 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 [30]. Whole section digital histological scans were acquired with a 20X
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. Image
acquisition and display parameters were constant for doxorubicin imaging to allow for
qualitative comparison (n=1). All imaging was performed with 5X and 10X objectives on a
upright microscope (Zeiss, Axio Imager.M1, Thornwood, NY) equipped with a color CCD
camera, cooled monochrome CCD camera, motorized scanning stage, and mosaic stitching
software (Axiovision, Zeiss).

3.0 STATISTICAL ANALYSIS
Treatment groups were compared for differences in mean tumor doxorubicin concentration
using analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison
post-hoc test. All analyses were performed using GraphPad Prism 5.0 (GraphPad Software
Inc.). 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. RESULTS
4.1 Image-Guided Hyperthermia

The mild hyperthermia heating algorithm resulted in an accurate (40.5 ± 0.1 °C, target = 40
– 41 °C) and homogeneous (SD = 1.0 °C) temperature within the targeted region of interest
(ROI), with a mean 3D spatial offset of 1.1 ± 0.1 mm (n=5). The T10 and T90 within the
ROI were 41.8 ± 0.1 °C and 39.2 ± 0.2 °C, respectively, demonstrating tight temperature
control. Fig. 4 shows a representative example of mean temperature elevation during a
sonication together with T10 and T90, and mean spatial temperature distribution. It took
approximately 15–20 seconds to achieve the target temperature range of 40–41 °C, after
which the temperature was maintained consistently by the binary feedback controller (Fig
4A). Also, the mean spatial temperature distribution was very uniform and corresponded
with the desired treatment region, as indicated by the dotted circle (Fig. 4B).

4.2 Pharmacokinetics and Biodistribution of Doxorubicin
Plasma pharmacokinetics of doxorubicin in an LTSL formulation was evaluated with
reverse phase HPLC from plasma after intravenous administration. Plasma doxorubicin
concentration was highest (Cmax) at the completion of infusion and slowly decreased
thereafter (Fig. 5). In contrast to doxorubicin which demonstrates a rapid initial clearance of
>95% in ~5min [31], an LTSL formulation decreased 88% over a 4 hour time period. Most
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importantly, the plasma concentration was >75% of Cmax over the first hour, corresponding
to the prescribed MR-HIFU treatment duration. The initial volume of distribution 58 ± 12
mL/kg was nearly similar to the predicted plasma volume of a rabbit of this body weight
37.3 ± 4.4 mL/kg [32]. Such findings are consistent with the apparent volume of distribution
reported previously for non-thermosensitive liposomes (Doxil) [33].

Doxorubicin biodistribution was determined in liver, kidney, spleen, heart, tissues (muscle
and skin) adjoining and contra-lateral to tumor in all treatment groups (n=5). Doxorubicin
levels were similar in the kidney, heart, spleen, muscle and skin adjoining and contra-lateral
to the tumor for various treatment groups (p>0.05, Newman-Keuls) (Fig.6).

Treatment with LTSL alone resulted in significantly higher accumulation (1.8-fold) (p<0.05,
Newman-Keuls) in liver compared to free doxorubicin. LTSL+MR-HIFU treatment resulted
in significantly greater doxorubicin delivery to lung compared to free doxorubicin (1.4-fold)
or LTSL alone (1.5-fold) treatments (p<0.05, Newman-Keuls). All other pair-wise
comparisons in liver and lung were not significant (p>0.05, Newman-Keuls). For exact
doxorubicin concentration values and %ID/g, please see supplemental table 1.

4.3 Tumor Drug Delivery
Tumor doxorubicin concentrations were 4.0 ± 1.0, 8.8 ± 1.4, 30 ± 9 μg doxorubicin/g tissue
for free doxorubicin, LTSL and LTSL+MR-HIFU, respectively (Fig 7). LTSL+MR-HIFU
resulted in a 7.6-fold greater tumor drug delivery compared to free doxorubicin (p<0.05,
Newman-Keuls) and 3.4-fold greater delivery compared to LTSL alone (p<0.05, Newman-
Keuls) (Fig. 7). In terms of specificity of drug delivery to a tumor compared to muscle
(tumor: adjoining muscle), the relative doxorubicin concentrations were 4.3-, 12.5-, and
43.5-fold greater for free doxorubicin, LTSL, and LTSL+MR-HIFU groups, respectively
(Fig. 8). The specificity of LTSL+MR-HIFU was significantly greater than the other
treatments (p<0.05, Newman-Keuls).

4.4 Histopathology Analysis
H&E staining demonstrated tumor encased in hind limb muscle mass (Fig. 9a–c) consisting
of both viable and necrotic tumor tissue and a well-defined tumor border adjacent to normal
muscle tissue (n=1). To better identify viable tumor tissue, NADH viability staining was
used to differentiate the viable (blue regions) and nonviable (white/clear regions) tumor
tissue (Fig. 9d–f). Viability staining indicated that the extent of tumor necrosis was similar
in the various treatment groups (n=1). The fluorescence images of doxorubicin illustrated
heterogeneous drug distribution (n=1; Fig 9i & l). The intensity of doxorubicin in tumor
(red), appeared to be greatest in the LTSL+MR-HIFU group. Doxorubicin appeared to
preferentially accumulate in tumor periphery following free doxorubicin and LTSL
treatments. In contrast, an LTSL+MR-HIFU treatment appeared to increase doxorubicin
fluorescence intensity in the periphery as well as tumor core, suggesting improved intra-
tumoral distribution. A comparison of the viability stain (Fig. 9a–f) to the fluorescence
microscopy images on serial sections suggests greatest doxorubicin fluorescence intensity in
viable areas. Drug distribution in tumors appeared spatially inhomogeneous in all groups
(Fig. 9g–l).

5. DISCUSSION
The objective of this study was to investigate the feasibility of combining a clinical MR-
HIFU system with a clinical-grade LTSL formulation in a relevant tumor model that
reproduces the geometries and scales of typical cancer patients (e.g., tumor encased in
normal tissue). This study could potentially aid in translation of this image-guided focal
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drug delivery paradigm to the clinic. These findings provide background and preliminary
foundation for future clinical trial design.

5.1 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 [23] as well as TSLs and a clinical MR-HIFU system in a rat tumor model [24].
Results from these studies [23, 24] 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 spatio-temporal 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 tissue (spatial offset = 1.1 ± 0.1 mm) and delivering
the desired temperature elevations (40.5 ± 0.1°C) and homogeneity of heating (SD = 1.0
°C). As shown in Fig 3, the desired region was heated, yet this did not correspond to the
entire tumor volume. 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.

A clinical-grade LTSL formulation, which contains a lysolecithin lipid, was used herein [8,
10], yet there are numerous TSL formulations being investigated. More recently, TSL
formulations have been reported that may provide for longer circulation, albeit with possibly
slower release rates [34, 35]. Additionally, image-able TSL formulations are being
developed for image-guided drug delivery with potential for real-time monitoring. Dewhirst
and colleagues have demonstrated the ability to image drug delivery with MRI using
manganese-loaded LTSLs [36, 37]. More recently, LTSLs loaded with gadolinium-based
MR contrast agents and Doxorubicin have been demonstrated in-vivo in combination with
MR-HIFU [24, 25]. These gadolinium-based formulations have a better chance of clinical
translation than manganese, due to toxicity concerns, and therefore should be explored
further. Further optimization of image-guided hyperthermia and long circulating liposomes
could potentially improve local drug delivery and limit systemic side effects.

5.2 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 [38]. The
combination of rapid release 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 [13, 39, 40]. 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 occured on the timescale comparable to the mean tumor
transit time, highlighting the importance (if not requirement) of fast release in order for an
intravascular mechanism to function effectively [13]. A comparison of the pharmacokinetic
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profile (Fig. 5) and the treatment scheme (Fig. 2) suggests that delivery occurred while the
plasma concentration was near its Cmax. Liposomes that exhibit slower release and longer
plasma half-life may first accumulate in a tumor through the EPR effect, followed by
extravascular release upon heating [35]. Both strategies have merits, but further
investigation may be required to determine the benefits or the optimal balance of each
strategy.

Fluorescence microscopy demonstrated that doxorubicin was heterogeneously distributed
within the tumor for all treatment groups. Much greater doxorubicin signal was observed in
the LTSL+MR-HIFU group, consistent with the quantitative and statistically significant
HPLC analysis (P<0.05). Enhanced localization to the tumor periphery was seen, possibly
related to the fact that tumor periphery is often locally well perfused. This preference for
tumor periphery was particularly evident in the tumors treated with free doxorubicin and
LTSL alone. Interestingly, tumors heated with LTSL+MR-HIFU showed greater
doxorubicin fluorescence in the tumor core (Fig. 9i&l), which is often a difficult location to
deliver drugs, given its tendency to be less perfused and exhibit high interstitial pressures
(IFP). Although the fluorescence in general corresponded to the heated location, a precise
spatial correlation was not performed. Since the evaluation of doxorubicin distribution was
done in a single tumor treated in each group, these observations are thus inconclusive. One
possible explanation is that hyperthermia reduced IFP [41] and improved tumor perfusion
[42]. The combination therapy of LTSL+MR-HIFU may have increased perfusion to the
tumor core and established a high intravascular drug concentration leading to the improved
drug coverage observed in the tumor core.

5.3 Specificity of Drug Delivery
The underlying motivation for conducting a doxorubicin biodistribution in the present study
was to evaluate both potential tumor therapy and normal tissue side effects. LTSL+MR-
HIFU resulted in 3.5- to 7.6-fold more tumor doxorubicin delivery than LTSL and
doxorubicin groups, respectively. In addition, following LTSL+ MR-HIFU we observed
~43-fold higher doxorubicin concentration in tumor, compared to adjoining muscle (Fig. 8).
This suggests that the drug delivery was highly target-specific, which could have important
implications and advantages for this treatment paradigm. Also, doxorubicin concentration in
normal tissues was largely similar between the treatment groups (within 20–80%).
Presumably, the safety profile of LTSL+MR-HIFU 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 [5]. Additional studies
are warranted to characterize and evaluate strategies for both decreasing systemic exposure
and maintaining a high level of tumor drug delivery. Long circulating TSLs formulations
may limit systemic toxicity, similar to Doxil [5], while improving tumor drug delivery.

This LTSL + MR-HIFU drug delivery strategy has ample room for improvement.
Importantly, only a fractional portion of the entire tumor volume (<25%) was heated due to
limitations of the current MR-HIFU system. Despite this shortcoming, significantly greater
drug delivery to tumor was achieved with MR-HIFU (7.6-fold greater compared to free
doxorubicin). Segmental analysis of one 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 entire tumor may further improve drug delivery but this approach
would require further hardware and software development that is currently in progress.

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 [43] may be used to quantify tumor biological, physiologic, and
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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 [24, 25] 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 [19, 27, 44, 45].

6. CONCLUSION
This work demonstrated the feasibility of combining a clinical MR-HIFU and a clinical-
grade LTSL in a relevant Vx2 rabbit tumor model. Stable and spatially accurate mild
hyperthermia with MR-HIFU significantly improved delivery of doxorubicin to tumor tissue
while sparing adjacent normal tissue. This image-guided drug delivery technique combines
drug and device in a rational approach that has potential for clinical translation.
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Fig.1.
Experimental setup for image-guided hyperthermia. Tumor-bearing right hind limb was
submerged in degassed water and sonications were targeted (indicated by green ellipse) in
the center of tumor. Reference temperature was obtained using an optical probe
approximately displayed on the image.
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Fig.2.
Schematic representation of MR-HIFU experimental time line for image guided
hyperthermia: Following acquisition of planning images and a slow infusion of LTSL,
hyperthermia (10 min) was interleaved with 5-min cooling periods. This was repeated for a
total of 3 treatments or until 30 min of heating was achieved within 1 hour after drug
infusion. Rabbits were euthanized 4 hours after LTSL infusion and tissues were harvested
for HPLC or histological analysis.
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Fig.3. Planning and temperature mapping for image-guided hyperthermia
A) The Vx2 tumor was clearly identified on the planning images and a treatment target
(diameter = 4 mm) was placed in the middle of the tumor (green circle), avoiding bone,
vessels and fascial planes when possible. B) Real-time temperature monitoring using the
proton resonance frequency shift method shown in color overlaid on the planning image
(grayscale).
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Fig.4. Image guided hyperthermia
Representative examples of temperature elevation and spatial distribution during a
sonication. A) Following a short heat-up period (~20s), stable mild hyperthermia was
achieved in the target region through binary feedback control. B) Time averaged spatial
distribution of temperature in the target region (black circle) and the surrounding tissue,
showing a uniformity of elevated temperature in the target region.
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Fig. 5.
Pharmacokinetic profile in rabbits, following slow intravenous infusion of LTSL for 3 min.
at a dose of 5 mg/kg doxorubicin. Data are shown as mean doxorubicin concentration in
plasma with standard error of mean (n=3). Pharmacokinetic parameters were determined
with a standard non-linear regression analysis assuming one compartment.
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Fig. 6.
Biodistribution of doxorubicin in rabbits 4 h following treatment with doxorubicin alone,
LTSL or LTSL+MR-HIFU at a dose of 5 mg/kg doxorubicin. Data are shown as mean
doxorubicin concentration in the indicated tissues with standard error of mean (n=5). *Free
Dox & LTSL vs LTSL + MR-HIFU; ** Free Dox vs LTSL, p<0.05
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Fig. 7.
Doxorubicin detected in rabbit tumor following treatment either with free doxorubicin,
LTSL or LTSL+MR-HIFU at a dose of 5 mg/kg doxorubicin. Data are shown as mean
doxorubicin concentration in the tumor with standard error of mean (n=5). * p<0.05.
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Fig. 8.
Specificity of drug delivery shown by relative doxorubicin concentration in rabbit tumor as
compared to adjacent muscle following treatment either with free doxorubicin, LTSL or
LTSL+MR-HIFU at a dose of 5 mg/kg doxorubicin. Data are shown as mean doxorubicin
concentration in the tumor with standard error of mean (n=5). * p<0.05.
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Fig. 9.
Histological and fluorescence analysis of Vx2 hindlimb tumors following treatment. A-c)
H&E staining of tumor encased in muscle; d-f) NBT viability staining of tumors (viable =
blue/purple, clear/white = cellular death); g–l) Fluorescence images of doxorubicin
distribution with location of higher magnification shown by the box (nuclei:blue and
Doxorubicin: red).
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