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Abstract
Objective: To investigate whether high-intensity focused ultrasound (HIFU)
combined with microbubbles enhances the therapeutic effects of chemotherapy.

Materials and Methods: A pancreatic cancer xenograft model was established
using BALB/c nude mice and luciferase-expressing human pancreatic cancer cells
(PANC-1). Mice were randomly assigned to five groups according to treatment:
control (n = 10), gemcitabine alone (GEM, n = 12), HIFU with microbubbles
(HIFU+MB, n = 11), combined HIFU and gemcitabine (HIGEM, n = 12), and
HIGEM+MB (n = 13). After three weekly treatments, apoptosis rates were
evaluated using the TUNEL assay in two mice per group. Tumor volume and
bioluminescence were monitored using high-resolution 3D ultrasound imaging and
in vivo bioluminescence imaging for eight weeks in the remaining mice.

Results: The HIGEM+MB group showed significantly higher apoptosis rates than
the other groups (p < 0.05) and exhibited the slowest tumor growth. From week 5,
the tumor-volume-ratio relative to the baseline tumor volume was significantly
lower in the HIGEM+MB group than in the control, GEM, and HIFU+MB groups
(p < 0.05). Despite visible distinction, the HIGEM and HIGEM+MB groups
showed no significant differences.

Conclusion: HIFU combined with microbubbles enhances the therapeutic effects
of gemcitabine chemotherapy in a pancreatic cancer xenograft model.
---------------------------------------------------------------------------------------------------i
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INTRODUCTION
Pancreatic cancer has poor prognosis since the majority are not treatable by
surgery at the time of diagnosis because the cancer is often locally advanced or
metastatic (1, 2). Therefore, many patients with untreatable pancreatic cancer
undergo palliative systemic chemotherapy or concurrent chemoradiotherapy (3). To
date, many first-line chemotherapeutic agents, including gemcitabine, have been
used to increase the overall survival of patients with advanced pancreatic cancer (46). However, the results of chemotherapy are still disappointing, showing < 10% 5year overall survival rate over the last decade (7). Therefore, there is a clinical need
to enhance chemotherapeutic results in pancreatic cancer.
High-intensity focused ultrasound (HIFU) is an emerging therapeutic
technique that uses ultrasound waves as carriers of energy. It permits non-invasive
treatment of benign and malignant solid tumors, including pancreatic cancer (8-10).
In the past decade, several preclinical and clinical studies demonstrated that HIFU
is safe and effective for local tumor control and palliative pain control in advanced
pancreatic cancer (9-14). Moreover, concurrent treatment with HIFU and
gemcitabine shows promising results in advanced pancreatic cancer (15, 16).
Microbubbles are a widely used ultrasound contrast agent that has recently
received widespread attention for sonoporation. Sonoporation is a transient
increase in cell membrane permeability by the use of ultrasound alone or
ultrasound with microbubbles (17-19). It enhances intracellular uptake of drugs and
genes (20-22). When microbubbles are exposed to ultrasound in a vessel, they
oscillate and act as cavitation nuclei; and these oscillations lead to an increase in
the membrane permeability of surrounding epithelial cells (21-23). Ultrasound
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alone increases cell membrane permeability (24), however, the presence of
microbubbles augments membrane permeability to a greater extent (25-27). Recent
in vitro studies demonstrated that ultrasound with microbubbles can increase cell
permeability to chemotherapeutic drugs, decrease cell viability, and consequently
increase chemotherapeutic efficacy against tumor cells (28, 29).
Kotopoulis et al. (30, 31) suggested combining ultrasound with microbubbles
and gemcitabine as a novel modality for enhanced drug delivery in pancreatic
cancer. Ultrasound combined with microbubbles and gemcitabine extends the
treatment period in pancreatic cancer patients compared with control patients (30)
and improves inhibition of tumors in a pancreatic xenograft model, as compared
with gemcitabine alone (31). Only three groups (control, gemcitabine, and
ultrasound combined with microbubbles and gemcitabine) were compared in the
study, and thus, there was no comparative data related to the additional therapeutic
effect of microbubbles on the combination of ultrasound and gemcitabine. In this
study, we compared the difference between HIFU combined with microbubbles and
chemotherapy versus HIFU combined with chemotherapy alone using a pancreatic
cancer animal model.
Therefore, the purpose of this study was to investigate whether HIFU
combined with microbubbles enhances the effects of chemotherapy in a pancreatic
cancer xenograft model.
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MATERIALS AND METHODS
This animal study was approved by our Institutional Animal Care Use
Committee (IACUC No. 13-0254).

Pancreatic cancer cell preparation and mouse xenograft model
development
Human pancreatic cancer cells (PANC-1) infected with lentivirus and the
luciferase gene were cultured for bioluminescence imaging. High luciferaseexpressing cells were selected with puromycin (2.5 μg/ml) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% penicillin. After digestion with 0.25% trypsin at 37 ºC, the pancreas
cancer cell lines were mixed (1:1) with Matrigel (Becton Dickinson, Frankling
Lakes, NJ, USA), and the cell concentration was adjusted to 5 x 106 /mL with
normal saline.
For development of a xenograft model, BALB/c male nude mice weighing
between 25 and 35 g were used. The BALB/c nude mice were inoculated with 0.2
mL cell suspension in the subcutaneous layer at the same level of the unilateral
flank using a sterile syringe for ease and precise HIFU targeting (Fig. 1). Three
weeks after inoculation, the grown tumors were observed and they were also
confirmed using both high-resolution 3D ultrasound (Vevo 2100®, VisualSonics
Inc., Ontario, Canada) and bioluminescence imaging (IVIS® LuminaⅡ,
PerkinElmer Inc., Waltham, MA, USA).
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Figure 1. Pancreatic cancer xenograft model development
(a) The BALB/c nude mice were inoculated with 0.2 mL cell suspension in the
subcutaneous layer at the same level (marked as a dot) of the unilateral flank using
a sterile syringe for ease and precise HIFU targeting.
(b) Three weeks after inoculation, the grown tumors were observed and they were
also confirmed using both high-resolution 3D and bioluminescence imaging.
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HIFU equipment and treatment parameters
A pre-clinical HIFU system (VIFU 2000®, Alpinion Medical Systems, Seoul,
Korea) was used for ultrasound treatment (32) (Fig. 2a). The therapeutic transducer
is a 1.1-MHz single element spherical-focused transducer with a central circular
opening of 40 mm in diameter. HIFU exposure was performed in a tank that was
filled with degassed water (Fig. 2b), which was controlled at a degassing level of ≤
4 ppm and a temperature of 36.0 ºC. Prior to HIFU treatment, intraperitoneal
general anesthesia was administered using a mixture of 30 mg/kg zolazepam
(Zoletil®, Virbac, Carros, France) and 10 mg/kg xylazine hydrochloride (Rompun®
2%, Bayer Korea, Seoul, Korea). The tumor-bearing mice were set in an animal
holder, and the target tumor was positioned at the center of the therapeutic
transducer’s focal zone according to ultrasound guidance (E-CUBE 9®, Alpinion
Medical Systems) using a 7-MHz center frequency transducer (Fig. 2c). The
diameter and natural focus of the annular were both 63.2 mm. The focal zone was
1.3 x 1.3 mm x 9.2 with a center frequency of 1.1 MHz at -6 dB. For precise
targeting, the HIFU system was equipped with 3D target position control (x-, y-,
and z-axis) with a precision of 0.01 mm and travel speed of 12.5 mm/s. Pulsed
HIFU beams insonated the tumor and moved automatically at 2 mm space intervals
to cover the entire tumor (Fig. 2d). The following acoustic parameters used to treat
the pancreatic tumors were determined by reference to a prior study (33) on
concurrent HIFU and gemcitabine treatment using a pancreatic xenograft model:
frequency, 1.1 MHz; peak negative pressure, 3.2 MPa (Mechanical index [MI] =
3.05); pulse repetition frequency, 40 Hz; duty cycle, 50%; treatment duration, 20 s.
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Figure 2. The pre-clinical high-intensity focused ultrasound (HIFU) system
(a) The pre-clinical HIFU system includes a transducer, water degasser/heater
system, and HIFU main control unit.
(b) HIFU treatment was performed in a tank filled with degassed water maintained
at a temperature of 36.0 ºC, with a tumor-bearing mouse set in an animal holder.
Microbubbles were injected via a tail vein catheter (arrow) before HIFU treatment.
(c) The target tumor was positioned at the center of the therapeutic transducer’s
focal zone according to ultrasound guidance.
(d) For precise targeting, the HIFU system is equipped with 3D target position
control (x-, y-, and z-axis). Pulsed HIFU beams are insonated into the tumor and
cover the entire tumor with 2 mm spacing between sonication spots.
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Treatment groups
The following five treatment groups were established according to the
treatment protocol: control group (no treatment), gemcitabine alone (GEM), HIFU
with microbubbles (HIFU+MB), combined HIFU and gemcitabine (HIGEM), and
combined HIFU and gemcitabine with microbubbles (HIGEM+MB). Treatment
was performed weekly for three weeks except for the mice in the control group.
In the groups that were treated with a chemotherapeutic drug (i.e., GEM,
HIGEM, and HIGEM+MB groups), 200 mg/kg of gemcitabine (Gemzar®, Eli Lilly
Co., Indianapolis, IN, USA) was administered into each mouse intraperitoneally
immediately prior to HIFU treatment to maximize the therapeutic effect (33).
In the groups that were treated with microbubbles (i.e., HIFU+MB,
HIGEM+MB groups), an ultrasound contrast agent (SonoVue®, Bracco Imaging,
S.p.A, Milan, Italy) was used according to the manufacturer’s instructions. The
microbubbles were prepared immediately prior to the treatment of the first mouse,
and the vial was agitated prior to each HIFU treatment to ensure a homogeneous
concentration between 1 x 108 - 5 x 108 microbubbles per milliliter (34). A fine
cannula was inserted into the tail vein of the mouse using a 31G fine needle to
accurately inject the microbubbles into the vessels of a mouse (Fig. 2b). Based on
previous studies (31, 35, 36), 0.05 mL of microbubbles was injected immediately
before HIFU via the tail vein cannula. In the HIGEM+MB group, intraperitoneal
injection of gemcitabine, administration of microbubbles, and HIFU treatment
were performed in order.

Experimental protocol
10

This animal study consisted of two subgroup studies to evaluate the short-term
and long-term persistent therapeutic effects after treatment. A flow chart
summarizing the study design was presented in Figure 3.
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Figure 3. Flow chart of the study design.
Note—Vevo = high-resolution 3D ultrasound for tumor volume measurement, IVIS = in vivo bioluminescence imaging
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Short-term follow-up study—Two mice were assigned to each treatment group.
The mice were sacrificed for histopathologic evaluation after 48 hrs at the end of
the last treatment (Fig. 3), as described for identification of cell apoptosis (37).
After euthanizing the mice, representative specimens were obtained, and tissue
sections (4 μm) were prepared using a microtome, placed on glass slides and
stained with Harris’ hematoxylin solution and eosin Y (H&E) (Sigma, St. Louis,
MO, USA). Subsequently, the terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) assay was performed to quantify the apoptotic
cells using an ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Millipore,
Bedford, MA, USA). Two researchers (Y.M.H. and K.B.R) calculated the apoptotic
rate as the fraction of total number of apoptotic cells among the total number of
cancer cells. Each researcher independently counted TUNEL-positive neoplastic
cells, defined as brown-stained nuclear or cytoplasmic staining in five randomly
selected high-power fields (x 200 magnification) using Image J software (National
Institutes of Health, Bethesda, MD, USA). The resulting 10 values were averaged.

Long-term follow-up study—A total of 48 mice were randomly allocated into
the following five groups: control (n = 8), GEM (n = 10), HIFU+MB (n = 9),
HIGEM (n = 10), and HIGEM+MB (n = 11). As in the short-term follow-up study,
a total of 3 cycles of treatment were administered to the mice, with the exception of
the control mice, weekly for three weeks, followed by a five-week observation
period without treatment (Fig. 3). We used high-resolution 3D ultrasound imaging
(Vevo 2100®, VisualSonics Inc.) to monitor tumor growth and bioluminescence
imaging (IVIS® Lumina II) for in vivo cell imaging. Serial tumor volumes of the
13

mice were measured weekly using a Vevo 2100 ultrasound scanner with a MS250
probe (13–24 MHz) for 8 consecutive weeks starting at the beginning of the
treatment. Each tumor was scanned using B-mode and 3D mode; and to capture 3D
images, the scan was performed under respiratory gating. Then, the 3D images of
the tumor were manually contoured along the tumor margin throughout the 3D
stack. The tumor volume was automatically measured using parallel segmentation
in the Vevo 2100 software (version1.3.0, VisualSonics Inc.) (Fig. 4). The mean
volume of the tumors before treatment was 69.5 mm3 (± 30.6 mm3). In vivo
bioluminescence imaging was performed every two weeks for eight weeks (pretreatment, week 2, week 4, week 6 and week 8). The mice were anesthetized with 2%
isoflurane and intraperitoneally injected with 15 mg/ml D-luciferin solution
(VivoGlo®, Luciferin, Promega, WI, USA) 10 min prior to imaging. The
bioluminescence signals were measured as the total photonic count detected within
a manual region of interest in the tumor using Living Image software (version 2.50,
In Vivo Imaging Systems).
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Figure 4. Tumor volume measurement using high-resolution 3D ultrasound
Tumors were scanned using the 3D mode under respiratory gating. The tumors in
the captured 3D images were manually contoured along the tumor margin. Then,
the tumor volume was automatically calculated using parallel segmentation in the
Vevo 2100 software.
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Statistical Analysis
In the short-term follow-up study, the apoptosis rate was compared among the
treatment groups. The results of the long-term follow-up study were reported as the
mean values ± standard error of mean. To minimize the influence of differences in
initial tumor volume among the mice, the tumor-volume-ratio (i.e., the tumor
volume on a specific day divided by the baseline tumor volume) was compared
among the groups. Statistical analysis was performed using the Kruskal-Wallis test
and the Mann-Whitney test with SPSS (Version 17.0, SPSS Inc., Chicago, IL,
USA). A p value < 0.05 was considered as statistically significant difference.
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RESULTS
Short-term follow-up study
On histologic evaluation using H&E stained slides, coagulative necrosis with
surrounding congestion, hemorrhage, or inflammatory cell infiltration suggestive of
thermal ablation was not observed in any tumors treated with HIFU (Fig. 5).
The TUNEL assay and apoptosis rate in each of the study groups were
presented in Table 1 and Figure 6. The HIGEM+MB group showed significantly
higher tumor apoptosis rate (26.69 ± 6.58%), as compared to the other groups (p <
0.05). The control group showed a significantly lower apoptosis rate (12.68 ±
4.02%) than the other groups (p < 0.05). Apoptosis rate showed no significant
differences between the GEM, HIFU+MB, and HIGEM groups.
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(a) Control

(b) GEM
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(c) HIFU+MB

(d) HIGEM

19

(e) HIGEM+MB

Figure 5. Harris’ hematoxylin solution and eosin Y (H&E) staining in the treatment
groups.
Mice were sacrificed after 48 hrs at the end of the last treatment and tissue sections
were stained with H&E. Pancreatic cancer cells are visualized under a high-power
field (x 100 magnification) in each treatment group (a-e), but coagulative necrosis
with surrounding congestion, hemorrhage, or inflammatory cell infiltration
suggestive of thermal ablation was not observed in any tumors treated with HIFU
(c-e).
Note—Control = no treatment, GEM = gemcitabine treatment, HIFU = highintensity focused ultrasound, HIFU+MB = HIFU with microbubbles treatment,
HIGEM = combined HIFU and gemcitabine treatment, HIGEM+MB = combined
HIFU and gemcitabine with microbubbles treatment.
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Table 1. Tumor apoptosis rate according to treatment group.

Apoptosis
(% mean ± SD)

Control

GEM

HIFU+MB

HIGEM

HIGEM+MB

12.68 ± 4.02

18.19 ± 2.44

20.17 ± 4.32

19.90 ± 3.15

26.69 ± 6.58

Note—Values are expressed as the mean ± SD.
Control = no treatment, GEM = gemcitabine treatment, HIFU = high-intensity focused ultrasound, HIFU+MB = HIFU with microbubbles
treatment, HIGEM = combined HIFU and gemcitabine treatment, HIGEM+MB = combined HIFU and gemcitabine with microbubbles
treatment.
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(a) Control

(b) GEM
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(c) HIFU+MB

(d) HIGEM
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(e) HIGEM+MB

(f)
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Figure 6. TUNEL assay results and apoptosis rates according to treatment group.
(a-e) Apoptotic cells were quantified using the TUNEL assay. TUNEL-positive,
brown-stained apoptotic cells were visualized under a high-power field (x 200
magnification) in each treatment group: (a) control, (b) GEM, (c) HIFU+MB, (d),
HIGEM, and (e) HIGEM+MB.
(f) Box and whisker plots of tumor apoptosis in each group. There were significant
differences in tumor apoptosis between the HIGEM+MB group and the control,
GEM, HIFU+MB, and HIGEM groups (p < 0.05).
* indicates a significant difference (p < 0.05).
Note—Control = no treatment, GEM = gemcitabine treatment alone, HIFU = highintensity focused ultrasound, HIFU+MB = HIFU with microbubbles treatment,
HIGEM = combined HIFU and gemcitabine treatment, HIGEM+MB = combined
HIFU and gemcitabine with microbubbles treatment, TUNEL = terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling.
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Long-term follow-up study
Overall, tumor size increased with time in all five treatment groups (Fig. 7).
The tumors gradually increased from the beginning in the control group; whereas,
the tumors in the other groups were relatively suppressed during the first three
weeks (treatment period). Among these groups, the HIGEM+MB group showed the
most delayed tumor growth with initiation of rapid tumor growth at the 4th week in
the GEM and HIFU+MB groups, at the 5th week in the HIGEM group, and at the
6th week in the HIGEM+MB group.
In addition, tumors in the HIGEM+MB group showed the slowest growth rate
among the five groups. Starting in the 5th week, the tumor-volume-ratio in the
HIGEM+MB group was significantly lower than those in the control, GEM, and
HIFU+MB groups (p < 0.05, asterisks in Fig. 7). The HIGEM+MB group was also
lower than the HIGEM group in tumor-volume-ratio, without significance (p >
0.05). When compared with the control group, the tumor-volume-ratio in the
HIGEM+MB group was significantly lower during weeks 3 through 8 (all p <
0.05). Meanwhile, the HIGEM group showed a significantly lower tumor-volumeratio only in the 3rd week (p = 0.09).
Through in vivo bioluminescence imaging, the total photonic flux after the
start of treatment indicated that the HIGEM+MB group tended to have lower
bioluminescence than the other groups (Fig. 8). However, a significant difference
was not found. During weeks 6 through 8, gross tumor necrosis was observed in
several mice with large tumors (control, n = 4; GEM, n = 3; HIFU+MB, n = 2) (Fig.
9). However, gross tumor necrosis was not observed in the HIGEM and
HIGEM+MB groups.
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Figure 7. Tumor volume ratio according to treatment group
Line graphs demonstrating the serial change in tumor-volume-ratio (i.e., the tumor
volume on a specific day divided by the baseline tumor volume) in each treatment
group. The black arrows indicate treatment days. The HIGEM+MB group shows
the slowest growth rate and most delayed growth spurt among the study groups.
Significant differences were observed starting in the 5th week between the
HIGEM+MB group and the control, GEM, and HIFU+MB groups, respectively.
* indicates a significant difference (p < 0.05).
Note—Control = no treatment, GEM = gemcitabine treatment alone, HIFU = highintensity focused ultrasound, HIFU+MB = HIFU with microbubbles treatment,
HIGEM = combined HIFU and gemcitabine treatment, HIGEM+MB = combined
HIFU and gemcitabine with microbubbles treatment.
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(a)
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(b)

Figure 8. In vivo bioluminescence imaging in the treatment groups
(a) In vivo bioluminescence imaging of a representative mouse from each
treatment group. The HIGEM+MB group shows a much lower total photonic flux
during the 8th week.
(b) The black arrows indicate treatment days. Despite no significant difference
between the treatment groups, the HIGEM+MB group shows lower total photonic
flux than the other groups.
Note—Control = no treatment, GEM = gemcitabine treatment alone, HIFU = highintensity focused ultrasound, HIFU+MB = HIFU with microbubbles treatment,
HIGEM = combined HIFU and gemcitabine treatment, HIGEM+MB = combined
HIFU and gemcitabine with microbubbles treatment.
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(b)
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Figure 9. Gross tumor necrosis in the control group.
(a) During weeks 6 through 8, gross tumor necrosis was observed at several mice
with large tumors in the control and GEM treatment groups. Large tumor with
central gross necrosis (arrow) is seen in a control mouse at 8 week follow-up.
(b) Gross tumor necrosis appears as signal void and it causes decreased photon
count on in vivo bioluminescence imaging.
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DISCUSSION
Our study results demonstrated that the addition of microbubbles to HIFU had
synergistic therapeutic effects with gemcitabine in a pancreatic cancer xenograft
model by increasing the apoptosis of tumor cells and likely inhibiting tumor growth.
The HIGEM+MB group showed significantly higher apoptosis rate than the
HIGEM group. The HIGEM+MB group exhibited slower tumor growth than the
HIGEM group during the 8-week study period.
The basic concept and experimental protocol of our study were similar to that
of Kotopoulis et al.(31). However, there were several differences between the
studies. We used PANC-1 cells as human pancreatic cancer cell line and a
subcutaneous xenograft model; whereas, they used the MIA PaCa-2 cell line and an
orthotopic xenograft model. Most importantly, they included only three groups
(control,

gemcitabine,

microbubbles)

without

and

combined

combined

ultrasound

ultrasound

and

and

gemcitabine

gemcitabine

with

treatment.

Consequentially, it is unclear whether the enhanced therapeutic effect in their study
is due to the addition of the microbubbles or due merely to a synergistic effect of
ultrasound and gemcitabine regardless of the microbubbles. In contrast, we found a
higher apoptosis rate and more delayed and slower tumor growth rate in the
HIGEM+MB group than in the HIGEM group (Figs. 6 and 7).
The synergistic therapeutic effects of microbubbles with combined HIFU and
chemotherapeutic drugs corroborate the results of prior in vitro studies using
retinoblastoma cells, colon carcinoma, and murine mammary carcinoma (28, 29).
We applied the concept of additional effects of microbubbles to a pancreatic cancer
animal model using a relatively large number of mice and a long follow-up period
32

of eight weeks. The tumor growth pattern observed in this study also agrees with a
prior study by Lee et al. (33). Tumor growth was relatively suppressed during
treatment, followed by a subsequent rapid increase after treatment termination. The
five treatment groups revealed different growth curves. The HIGEM+MB group
showed the most delayed tumor growth and the slowest tumor growth rate among
the five groups. It is likely that differences in tumor-volume-ratio between the
HIGEM and HIGEM+MB groups would have been more evident on 8 cycles of
continued treatments, as in the study by Kotopoulis et al. (31).
Microbubbles reportedly improve the thermal and cavitation effects of HIFU
in several previous animal studies (35, 36, 38-41). However, most of the prior
studies performed a single HIFU treatment without use of chemotherapeutic drugs
and evaluated only the immediate therapeutic effects (i.e., coagulating volume and
cavitary necrosis). In this study, although the HIFU+MB group showed a
significantly higher apoptosis rate than the control group, the tumors in the
HIFU+MB group showed rapid growth starting in the 4th week, after three cycles
of treatment, with a tumor-volume-ratio similar to that of the control group since
the 5th week (Fig. 7). Based on our study results, the combination of HIFU and
microbubbles in the absence of a chemotherapeutic drug is not therapeutically
effective in the long-term. This result also suggests that the enhanced therapeutic
effects of the HIGEM+MB treatment mainly results from the enhancement of drug
delivery by sonoporation caused by addition of microbubbles and not from the
concurrent therapeutic effects of HIFU and microbubbles.
In this study, we used HIFU parameters with pulse repetition frequency, 40 Hz;
duty cycle, 50%; peak negative pressure, 3.2 MPa; treatment duration, 20 s. These
33

parameters have potential to cause thermal ablation. However, the areas of thermal
ablation were not observed in any tumors treated with HIFU on histologic
evaluation, even though we did not measure the temperature during the HIFU
treatment in this study. While it may have thermal effects (42), the mechanical
effects of ultrasound were mainly considered in the HIFU conditions of this study
(MI = 3.05). Thermal exposure near the ablation threshold (50~60 °C) in HIFU can
cause cell apoptosis (42-44), hence, the enhanced therapeutic effects of the
HIGEM+MB treatment might be partly due to subthreshold thermal exposure, as
well as sonoporation.
As a basic study, our study shows the feasibility of HIFU combined with
microbubbles to enhance the effects of chemotherapy for pancreatic cancer.
However, there are several limitations. Firstly, although the subcutaneous xenograft
model is an established animal model (32, 33, 45, 46), this animal model may have
some demerits. Pancreatic cancer is a well-known for a hypovascular tumor with
abundant fibrotic stroma. However, the tumor vascularity in the subcutaneous
model of this study is likely to be different from the hypovascularity of pancreatic
cancer. Since advanced hypovascular tumors are more sensitive to heat shock due
to no vascularity recovery after thermal injury (47), further studies using an
orthotopic animal model or transgenic mouse are needed. In addition, there are
differences between the animal model and human pancreatic cancer, such as the
degree of penetration of the abdominal wall and the possibility of interference from
abdominal gas in humans because the human pancreas is located in the deep
portion and surrounded with adjacent organs and bowel. Therefore, further basic
and clinical research is required for the re-optimization of HIFU parameters prior
34

to clinical study. Third, the bioluminescence values in the control group were
considerably lower in this study. This can be explained by the hypoxic core in the
tumor and tumor necrosis, because they decrease bioluminescence signals. Mice in
the control group experienced more hypoxic core and tumor necrosis due to their
larger tumor volumes, which resulted in decreased bioluminescence starting in
week 4, in contrast to the other groups, which experienced an increase in
bioluminescence starting in week 4. Moreover, half of the mice in the control group
showed visible tumor necrosis during weeks 6 through 8.
Despite the need for further studies, our study demonstrates promising results
in a relatively large number of mice and a long-term follow-up period of eight
weeks. In conclusion, the addition of microbubbles may enhance the therapeutic
effects of combined HIFU and chemotherapy by increasing cell apoptosis and
inhibiting tumor growth, and has potential as an alternative pancreatic cancer
treatment in clinics.
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국문 초록
서론: 췌장암 동물 모델에서 고강도 집속 초음파 (high-intensity focused
ultrasound, HIFU)와 항암제 gemcitabine 의 병용 요법에 마이크로버블
(microbubble, MB)을 더했을 때 치료 효과가 증대되는지 여부를 알아보고
자 한다.

방법: BALB/c 누드 마우스의 피하 조직에 인간 췌장암 세포 (PANC-1)을
이식하여 췌장암 동물 모델을 만들었다. 이 마우스들을 다섯 개의 치료
군으로 무작위로 나누었다; 대조군 (control, n = 10), gemcitabine 치료만 받
은 군 (GEM, n = 12), HIFU 와 microbubble 로 치료받은 군 (HIFU+MB, n =
11), HIFU 와 gemcitabine 의 병용 치료를 받은 군 (HIGEM, n = 12), HIFU
와 gemcitabine 의 병용치료에 microbubble 을 더한 군 (HIGEM+MB, n =
13).

각 치료군당 2 마리씩은 3 주간의 치료가 끝난 후에 48 시간 이내에

안락사 시켜서 병리조직을 얻은 후 TUNEL 염색을 통해 세포자멸사
(apoptosis) 정도를 측정하였다.

나머지 마우스들은 소동물용 고해상도 3

차원 초음파를 이용하여 8 주차까지 매주 정기적으로 종양 부피를 측정
하고, 2 주마다 in vivo bioluminescence imaging 을 시행하여 살아있는 종양
세포 신호를 측정하였다.
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결과: HIGEM+MB 치료군에서 다른 군들과 비교 시 유의하게 높은 세포
자멸사 정도를 보였고 (p < 0.05), 가장 느린 종양 성장 속도를 보였다.
HIGEM+MB 치료군에서의 종양 부피 비율 (측정한 종양 부피/치료 전 종
양 부피)은 실험 5 주차에서부터 control, GEM, HIFU+MB 군들보다 유의
하게 낮았다 (p < 0.05). 그러나, 눈에 띄는 차이에도 불구하고 HIGEM 군
과 HIGEM +MB 군 사이에 통계적 유의성은 없었다 (p > 0.05).

결론: 췌장암 동물모델에서 HIFU 에 더해진 마이크로버블은 세포자멸사
를 증가시키고 종양의 성장을 저해하는 방식으로 항암제의 병용 치료 효
과를 증대시킨다.
---------------------------------------------------------------------------------------------------주요어: 췌장암, 항암제, 고강도 집속 초음파 (HIFU), 초음파 조영제, 초음
파 천공법 (sonoporation)
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