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Abstract

PURPOSE—To evaluate the feasibility of using diffusion-weighted MRI to monitor the early
response of pancreatic cancers to radiofrequency heat (RFH)-enhanced chemotherapy.

MATERIALS AND METHODS—Human pancreatic carcinoma cells (PANC-1) in different
groups and twenty four mice with pancreatic cancer xenografts in four groups were treated by
phosphate buffered saline (PBS) as a control, RFH at 42 °C, gemcitabine and gemcitabine plus
RFH at 42°C. One day before and 1, 7, and 14 days after the treatment, diffusion-weighted MR
imaging and T2 weighted imaging were applied to monitor the apparent diffusion coefficients
(ADCs) of tumors and tumors growth. MRI findings were correlated with results of tumors
apoptosis analysis.

RESULTS—Of the in vitro experiments, quantitative viability assay showed lower relative cell
viabilities treated by gemcitabine plus RFH at 42°C, compared to those by RFH only and
gemcitabine only (37% + 5% vs 65% + 4% and 58% = 8%, p < 0.05). Of the in vivo experiments,
the combination therapy resulted in smaller relative tumor volume than RFH-only and
chemotherapy-only (0.82 £ 0.17 vs 2.23 + 0.90 and 1.64 + 0.44, p = 0.003). In vivo 14T MRI
demonstrated a remarkable decrease of ADCs at day 1 and increased ADCs at days 7 and 14 in the
combination therapy group. The apoptosis index in the combination therapy group was
significantly higher than those in the groups of chemotherapy-only, RFH-only and PBS treatments
(37% % 6% vs 20% + 5%, 8% + 2%, and 3% * 1%, p < 0.05).

CONCLUSION—This study confirms that it is feasible to use MRI to monitor RFH-enhanced
chemotherapy on pancreatic cancers, which may present new options for efficient treatment of
pancreatic malignancies using MR/RF-integrated local chemotherapy.
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Introduction

In spite of enormous efforts of research in the past decade, pancreatic carcinoma is still one
of the leading causes of cancer deaths in the world, and most pancreatic cancer patients died
within one year after the diagnosis (1). Surgical eradication is the only curative treatment
approach for pancreatic cancers. However, most patients are not candidates for surgery due
to either metastasis or the presence of locally advanced disease, and thus the palliative
treatment with chemotherapy has been the first choice for the majority of such patients.

Gemcitabine is currently the standard first-line chemotherapeutic drug in the treatment of
advanced pancreatic cancer (2). However, clinical data shows that gemcitabine alone or
gemcitabine-based combination chemotherapy is not likely to achieve the goal of tumor
control due to the high intrinsic resistance of pancreatic cancers to gemcitabine (3).
Therefore, it is essential to explore alternative approaches for efficiently treating pancreatic
carcinomas. A recent study shows that a combination therapy of regional hyperthermia with
gemcitabine and cisplatin can improve the time to progression, the overall survival and the
disease control rate for patients with gemcitabine-refractory advanced pancreatic cancer (4).
Protein denaturation of cancer cells is the main molecular event underlying the biological
effects of hyperthermia when applying a temperature range of 39 — 45 °C (5). This
phenomenon motivated us to combine hyperthermia with chemotherapy, to achieve
synergistic therapeutic effect on pancreatic carcinomas. A MR imaging/radiofrequency (RF)
heating system, with its key component being an FDA-approved MR-imaging-heating-
guidewire (MRIHG) has previously been used to deliver external RF heat energy to enhance
gene expression (6). We may use the heat generated by the MRIHG to treat pancreatic
cancers.

Conventional imaging criteria for the clinical evaluation of therapeutic response in cancer
are based on the Response Evaluation Criteria in Solid Tumors guidelines (RECIST).
However, RECIST lacks the ability to predict the early response of cancers to treatments (7).
Diffusion-weighted magnetic resonance imaging (DWI) is one of preferentially used
imaging modalities in evaluating the early response of cancers to anti-cancer therapies (8-
10). Preceding the change of tumor morphology and size after the therapy, DWI can
demonstrate the biological and physiological changes of cancers at the cellular and
molecular level (10-12). The aim of this study was to investigate the capability of using
MRIHG-created RF heat to enhance chemotherapy for pancreatic cancers, which was
monitored by 14T MRI.

Materials and Methods

Study Design

This study was divided into two phases: (a) in vitro experiments using pancreatic cancer
cells to confirm RFH-enhanced chemotherapeutic efficacy on pancreatic malignancies; and
(b) in vivo experiments on mice to validate the feasibility of using diffusion-weighted MRI
to monitor the response of pancreatic cancers to RFH-enhanced chemotherapy.

In Vitro Experiments

Cell lines and cell culture

Human pancreatic cancer cells (PANC-1) (ATCC, Manassas, VA) were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum
(Mediatech Inc., Manassas, VA). 1x10° cells were seeded and cultured in each chamber of
the four-chamber cell culture plates (NalgeNunc International, Rochester, NY). When the
cells confluence reached 80%, experiments were initiated. Cells in chambers were divided
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into different groups: group 1 was treated by 50 nM gemcitabine for 24 hours plus RFH at
different temperatures (38°C, 40°C and 42°C for 20 minutes); group 2 received gemcitabine
only for 24 hours; group 3 received RF (38°C, 40°C and 42°C for 20 minutes); and group 4
without treatment as a control.

MRIHG-mediated RF heating

For the cell groups with MRIHG-mediated RF heating, the cell culture plate was placed in a
37 °C water bath. The hot spot of the MRIHG was attached under the central bottom of
chamber 4 of the cell culture plate and then connected to the custom RF generator for
heating (Figure 1 A). During heating, a 1.1-mm temperature sensing probe (Photon Control
Inc, Burnaby BC, Canada) was placed under the bottom of each of the four chambers to
record the temperature. Cells in chamber 4 were heated to approximately 42 °C for 20
minutes by adjusting the output power at 15 watts. After heating, cells were kept in the
incubator for 24 hours.

Cell viability Assay

Cells were rinsed with phosphate-buffered saline (PBS) and trypsinized by 0.05% trypsin.
The viable cells were counted by trypan blue exclusion using an automatic cell counter
(TC10, Bio-Rad Laboratories Inc, CA).

In Vivo Experiments

Creation of animal models with pancreatic cancer xenografts

RF heating

The animal protocol was approved by the Institutional Animal Care and Use Committee.
Female nu/nu mice at 4-6 weeks age (Charles River Laboratories, Wilmington, MA) were
used to create the tumor model. A suspension of 5 x 108 PANC-1 cells in 50 L of PBS was
injected subcutaneously and unilaterally in the back of each mouse to create pancreatic
cancer mass. Within 3—-4 weeks, the tumor mass grew to approximately 5 mm in diameter.
Tumor-bearing mice were then randomized to four groups: group 1 (6 mice) received
intratumoral injection of PBS to serve as a control; group 2 (6 mice) was treated by RFH
only; group 3 (6 mice) received intratumoral injection of 20 mg/kg gemcitabine; and group 4
(6 mice) was treated by intratumoral injection of gemcitabine plus RFH via the MRIHG.

Mice were anesthetized by means of inhalation of 1%-3% isoflurane in oxygen. The hot spot
of the MRIHG and a 400-pum temperature sensor were positioned, side-by-side, into the
tumor mass. By adjusting the output power according to the temperature reading on the
temperature sensor, the temperature was kept at 42°C in each mass for 20 minutes.

14T MRI and imaging analysis

Anesthesia was maintained by delivery of 1.5%-2% isoflurane in oxygen throughout the
entire MRI period. MR imaging was performed using 14T vertical wide bore Magnetic
Resonance Spectrometer (Bruker Corporation, Billerica, MA). T2 weighted imaging (T2W1)
and DWI were used to image the tumors 1 day prior and 1, 7, and 14 days after the
treatment. Animals were placed in a 25-mm-diameter micro-imaging coil (Bruker
Corporation, Billerica, MA) for imaging acquisition. T2 weighted images were acquired
using the rapid acquisition with relaxation enhancement (RARE) sequence: repetition time
(TR)/echo time (TE) =890 msec /4.5 msec; field of view = 2.56 cm; matrix = 128% 128;
section thickness = 1mm; intersection gap = 0 mm; number of averages = 4; rare factor = 8;
refocusing flip angle = 180°; 4 averages; fat suppression with a Gaussian pulse, pulse length
= 1.6 ms and bandwidth = 1750 Hz; 10-15 slices; and a total scan time of 57 sec. Two-
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dimensional (2D) spin-echo diffusion-weighted MR images were then acquired with
diffusion factors (b factor) of 0, 500 and 1000 s/mm?2: TR /TE = 3000 msec/27.5 msec; field
of view = 25.6x25.6 mm; matrix size = 128x128; and a total scan time of 19 min and 12 sec.

For ADC measurements, the image section with the largest tumor diameter was selected for
generating the ADC map and ADC was measured using ImageJ (National Institute of
Health). The region of interest (ROI) for calculating ADC values was manually delineated
encompassing the entire tumor using the same section of the T2W image as a reference.
Tumor volume measurements and segmentation of tumors were made using ImageJ. Due to
the variation of tumor sizes at the initial stage of the treatment, we used relative tumor
volume (RTV) for tumor growth comparison, which is expressed as a ratio relative to tumor
volume at baseline and calculated according to the following equation: RTV =TV,/TV,
where TV, is the tumor volume at day n and TV was the tumor volume at day 0 (13).

After achieving satisfactory MRI, all mice were euthanized by CO, respiration for 5
minutes. Each tumor mass was harvested, cryosectioned at 8-um slices and then stained for
histopathologic examination. Apoptosis of tumor masses was evaluated by terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) using an in situ
apoptosis detection TUNEL kit (Trevigen, Gaithersburg, MD) following the protocol
provided by the manufacturer. Cells with dark blue dots in the cytoplasm were recognized as
apoptotic cells. Six fields were randomly pictured using an Olympus DP72 digital camera
(Olympus, Tokyo, Japan) on one slide, which accounted for approximately 500-700 cells
for each tumor. Results are expressed as the apoptotic index: Apoptotic Index% (Al) = (the
number of positive cells/the total number of cells in the field)x100%.

analysis

The statistical software (SPSS, version 19.0; SPSS Chicago, Ill) was used for all data
analyses. All data were presented as mean + standard deviation. A non-parametric Mann-
Whitney U test was used to compare: relative viability between cell groups; and ADCs and
relative tumor volumes at different time points between mouse groups. £ < 0.05 was
considered as the significant difference.

In the /n vitro experiments, when chamber 4 was heated up to 42°C from 37°C, a
temperature gradient was achieved through the four chambers: 42°C at chamber 4; 40°C at
chamber 3; 38°C at chamber 2 and no temperature increase at chamber 1 (37°C) (Figure
1A). Gemcitabine plus RFH at 42°C resulted in the lowest relative cell viability in
comparison to gemcitabine-only (37% + 5% vs 58%zx8, p < 0.05) and RFH-only (37% * 5%
Vs 65% + 6%, p < 0.05) (Figure 1B). The relative cell viability is the lowest for the cell
group receiving the chemotherapy at 42°C than those at 40°C (37% = 5% vs 45% + 4%, p <
0.05) and at 38°C (37% + 5% vs 54% = 3%, p < 0.05) (Figure 1B). In addition, in the cell
group with RFH-only at 42°C also demonstrated hyperthermia-induced cell killing effect in
comparison to the lower temperatures of 38°C and 40°C (65% =+ 6% vs 77% + 4% and 65%
+ 6% vs 90% + 6%, p < 0.05) (Figure 1B).

For in-vivo experiments, all mice survived the procedures throughout the entire experiments.
Figure 2 shows representative MR T2-weighted images of different study groups. The
average tumor volume of tumors before treatment in the PBS group, RFH-only group,
chemotherapy-only group and combination therapy group is 1.28 £0.22cm3, 1.79+0.21cm?,
2.01+0.20cm?3 and 2.07+0.11cm3. The relative tumor volume was smaller in the group
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receiving gemcitabine plus RFH as compared to those of the animal groups receiving
gemcitabine-only (0.82 £ 0.17 vs 1.64 + 0.44, £< 0.05) and RFH-only (0.82 £ 0.17 vs 2.23
+0.90, p < 0.05) (Figure 3). Regarding ADCs at day 1, the average ADC of the
chemotherapy plus RFH group remarkably decreased 1 day after the treatment, and
increased 7 and 14 days after the treatment (Figure 4). The apoptosis index in group 4 was
significantly higher than those in other three groups treated by gemcitabine-only (37% = 6%
Vs 20% = 5%, p < 0.05), RFH-only (37% + 6% vs 8% = 2%, p < 0.05) and control (37% *
6% vs 3% + 1%, p < 0.05), indicating the enhanced cell killing effects when combining
gemcitabine with RF-heating (Figure 5).

Discussion

Pancreatic cancer is one of the most difficult malignancies to treat and has a very high
mortality rate. Once diagnosed, most patients with pancreatic cancers are usually at the late
stages of disease, often with metastatic spread. For the small proportion of patients at the
early stage, surgical resection is an option for the treatment, but the majority of the patients
suffering from pancreatic cancers have no chance to receive surgery (14). Thus, the
management of pancreatic cancer is still a major medical challenge worldwide.

In the past decade, the primary chemotherapeutic drug for advanced pancreatic cancers has
been the deoxycitidine analogue, gemcitabine (9). However, the outcome of gemcitabine-
based chemotherapy is dismal, due to inefficient drug delivery into tumor tissues and the
high resistance of cancer cells to gemcitabine (15). Thus, it is essential to explore new
approaches to effectively manage this life-threatening malignancy.

Recent studies have confirmed that hyperthermia can enhance the killing efficacy of
chemotherapy on cancer cells, via the potential mechanisms of increasing chemotherapeutic
drug entry to cancer cells, enhancing chemotherapeutic cytotoxicity, and thereby inducing
cellular death and necrosis (5). The positive results of randomized clinical trials confirmed
hyperthermia combined with chemotherapy as a novel clinical approach for the treatment of
cancers (16-19). Some studies have demonstrated that the thermal enhancement of
cytotoxicity of chemotherapeutic agents can be reached at hyperthermia temperatures
between 40.5°C and 43.0°C (20, 21).

For the generation of hyperthermia in the body, it is critical to create localized heat at the
target tumor mass only, and avoid injuring the surrounding organs and tissues. In this study,
we specifically used MR-imaging-heating-guidewire (MRIHG) to deliver external RF
energy into the targeted tumor area only. The 0.022-inch MRIHG is made of a coaxial cable
with extension of its inner conductor (6). When external RF thermal energy is delivered, the
MRIHG can create a very localized and controlled heat spot, with the heating core at the
junction of the inner conductor and outer conductor of the MRIHG (22). The RF power
distribution is homogeneous within a distance of 0.5cm around the heating spot of the
MRIHG (23). We placed the fiber optical temperature probe at the margin of the tumor to
ensure the essential creation of RF heating within the tumor at a temperature of 42°C. In the
current study, via serial in vitro and in vivo experiments, we have successfully validated the
feasibility of combining the MRIHG-mediated heating at 40-42°C with the application of
gemcitabine, resulting in significant inhibition of the pancreatic tumor growth.

For the future application of this new approach, the advantages of using the MRIHG as a
local heating source include: 1) the thin MRIHG can be easily positioned by any
interventional device, via naturally existing lumens of the body (such as the biliary duct or
vessels), closing to a target tumor area; 2) the MRIHG can be used as a multifunctional
device, to simultaneously generate imaging and heating at the target area; 3) the MRIHG
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technique may be combined with MR thermal mapping techniques to instantly monitor and
control the location, distribution, and extent of the delivered therapeutic heat at the target
tumor area during MR imaging (23).

It is known that diffusion magnetic resonance imaging can measure the mobility of water
within tissues and, therefore, can serve as a surrogate bio-marker for both tissue cellularity
and assessment of the treatment that occurs earlier than usual measures for assessing the
tumor response (24). In the current study, a temporary decrease of ADC value occurred
immediately in the animal group with RFH plus gemcitabine, at day 1 post-treatment. This
phenomenon can be explained as a reflection of tumor intracellular edema induced by RFH
(24, 25), demonstrating a prompt tumor response to the treatment. At days 7 and 14 after the
treatment, the mean ADC value of the animal group with gemcitabine plus RFH increased
and was significantly higher than those of other groups receiving different treatments. The
ADC increase can be explained by more freedom for the water molecules due to overall cell
loss, a reduction in cell density and an associated increase in the extracellular space (26). For
the tumors in the RFH-only groups, the ADC is higher than that of pretreatment which
correlates with the increased apoptosis index. The findings in ADC measurements represent
the evidence that the change of ADC value is a sensitive biomarker of physiological
response to hyperthermia-mediated chemotherapy of pancreatic cancers.

In conclusion, this study confirms that MRIHG-mediated localized RF heating can enhance
the therapeutic effects of gemcitabine on pancreatic cancers, which can be efficiently
monitored by DWI in-vivo. This study creates a potential groundwork for the efficient
management of pancreatic malignancies using MR/RF-integrated local chemotherapy.
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Abbreviations

RFH Radiofrequency heat

MRIHG MR-imaging-heating-guidewire

DMEM Dulbecco's Modified Eagle Medium

PBS Phosphate-buffered saline

T2WI T2 weighted imaging

DWI Diffusion-weighted imaging

RARE Rapid acquisition with relaxation enhancement
ADC Apparent diffusion coefficients

ROI Region of interest

RTV Relative tumor volume

TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
Al Apoptotic Index
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Fig. 1.

(A) The in vitro experimental setup of RF heating (RFH) on cells. A 0.56-mm MR imaging-
heating-guidewire (MRIHG) was positioned under the bottom of chamber 4, keeping the
hotspot of the MRIHG at the center of chamber 4 (arrow). (B) Quantitative cells viability
assay demonstrates that the relative cell viability is significantly decreased in chemotherapy
+RFH group than in RFH-only and chemotherapy-only groups at all four temperature levels
(p<0.05).
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Fig. 2.

Axial RARE T2-weighted images of mice pancreatic cancer xenografts in four groups
receiving different treatments, showing homogeneous hyperintense tumor masses on the
unilateral back of mice (arrows). Follow-up of tumor growths at different time points shows
that, compared with the PBS (A-D), chemotherapy-only (I-L) and RFH-only (E-H) groups,
the tumor size in the group treated by RFH-enhanced chemotherapy (M-P) was significantly
decreased.
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o Comparison of relative tumor volumes (RTV) between four groups receiving different
%- treatments, shows that RFH-enhanced chemotherapy significantly inhibited the tumor
- growth with the lowest RTV at day 14 (0.82+0.17) than chemotherapy-only (1.64+0.44) and

RFH- only (2.23£0.90) groups (#<0.05).
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Fig. 4.

ADCs of four animal groups with various treatments. The RFH-enhanced chemotherapy
group demonstrated an immediate ADC decrease at day 1 and a following increase at day 7
and day 14, compared with the ADC at day 0 (P=0.007,0.01 and 0.002). For the groups with
chemotherapy-only, RFH-only and PBS (control), ADCs have no significant change.
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Fig. 5.

Apoptosis analysis of tumors in four groups at day 14, demonstrates that more apoptotic
cells (as blue spots in cells) in the cell group with chemotherapy + RFH (D) compared to
those in other control groups with PBS (A), RFH-only (B), and chemotherapy-only (C). (E)
Quantitative analysis of apoptosis shows the RFH-enhanced chemotherapy group has higher
apoptotic index (37%x6%) than PBS (3%+1%), RFH-only (8%+2%) and chemotherapy-
only(20%+5%) groups (p<0.05).
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