저작자표시-비영리-변경금지 2.0 대한민국
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게
l

이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.

다음과 같은 조건을 따라야 합니다:

저작자표시. 귀하는 원저작자를 표시하여야 합니다.

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다.

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다.

l
l

귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.
저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다.
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.
Disclaimer

의학박사 학위논문

췌장암 동물 모델에서 고강도
집속 초음파와 Gemcitabine 병용
요법의 효과에 대한 연구

2013년 2월

서울대학교 대학원
의학과 영상의학 전공

이은선

췌장암 동물 모델에서 고강도 집속 초음파와
병용 요법의 효과에 대한 연구

2.5cm

↓

2
0
1
3
년

↑

↑

4cm

↓

↑

이

3cm

은

↓

선

e
n
i
b
a
t
i
c
m
e
G

의학박사 학위논문

췌장암 동물 모델에서 고강도
집속 초음파와 Gemcitabine 병용
요법의 효과에 대한 연구

2013년 2월

서울대학교 대학원
의학과 영상의학 전공

이 은 선

The Ph.D. thesis

Concurrent Pulsed High-Intensity
Focused Ultrasound and Gemcitabine
Treatment in Animal Models of
Pancreatic Cancer

February 2013

Seoul National University
College of Medicine, Radiology

LEE Eun Sun

췌장암 동물 모델에서 고강도
집속 초음파와 Gemcitabine 병용
요법의 효과에 대한 연구
지도 교수

이 재 영

이 논문을 의학박사 학위논문으로 제출함
2012년 10월

서울대학교 대학원
의학과 영상의학 전공

이 은 선
이은선의 의학박사 학위논문을 인준함
2012년 12월
위 원 장

최 병 인

(인)

부위원장

이 재 영

(인)

위

원

김 용 태

(인)

위

원

류 지 곤

(인)

위

원

김 영 선

(인)

학위논문 원문제공 서비스에 대한 동의서
본인의 학위논문에 대하여 서울대학교가 아래와 같이 학위논문
제공하는 것에 동의합니다.
1. 동의사항
① 본인의 논문을 보존이나 인터넷 등을 통한 온라인 서비스 목적으로
복제할 경우 저작물의 내용을 변경하지 않는 범위 내에서의 복제를
허용합니다.
② 본인의 논문을 디지털화하여 인터넷 등 정보통신망을 통한 논문의 일부
또는 전부의 복제․배포 및 전송 시 무료로 제공하는 것에 동의합니다.

2. 개인(저작자)의 의무
본 논문의 저작권을 타인에게 양도하거나 또는 출판을 허락하는 등 동의
내용을 변경하고자 할 때는 소속대학(원)에 공개의 유보 또는 해지를 즉시
통보하겠습니다.

3. 서울대학교의 의무
① 서울대학교는 본 논문을 외부에 제공할 경우 저작권 보호장치(DRM)를
사용하여야 합니다.
② 서울대학교는 본 논문에 대한 공개의 유보나 해지 신청 시 즉시
처리해야 합니다.

논문제목: 췌장암 동물 모델에서 고강도 집속 초음파와 Gemcitabine 병용
요법의 효과에 대한 연구
학위구분 : 석사 □ · 박사 □
학
과 : 의학과 영상의학
학
번 : 2011-30570
연 락 처 :
저 작 자 : 이 은 선
(인)
제 출 일 :

2013 년 2 월

서울대학교총장 귀하

일

샘플양식 (3)

ABSTRACT
Introduction: We sought to investigate whether concurrent exposure to
pulsed high-intensity focused ultrasound (HIFU) and the chemotherapeutic
drug gemcitabine could enhance apoptosis in pancreatic cancer.

Methods: A pancreatic cancer xenograft model was established using
BALB/c nude mice and human pancreatic cancer cells (PANC-1). In the first
study, mice were randomly allocated into one of the following four groups:
control (n = 4), HIFU alone (n = 4), gemcitabine alone (GEM) (n = 28), and
concurrent treatment of HIFU with gemcitabine (HIGEM) (n = 28). The GEM
and HIGEM groups were subdivided into four subgroups according to the
injected drug dose (50 - 200 mg/kg) in 16 mice and another four subgroups

i

according to the time interval between drug injection and HIFU treatment in
16 mice (each subgroup, n = 4). Apoptotic ratios were evaluated using the
terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL) assay and percentage of necrosis, as evaluated with Harris
hematoxylin solution and eosin Y (H & E) staining, three days after treatment.
The second study was performed to evaluate tumor growth rates of the four
groups. Each group was treated weekly for three weeks, and the tumor size
was periodically measured for up to four weeks from the beginning of
treatment.

Results: In the first study, the overall apoptotic ratios in the HIGEM group
were significantly higher than the GEM group (p = 0.02). In a subgroup
analysis, HIGEM was superior to GEM in generating apoptosis when 150-200
mg/kg gemcitabine and short-term intervals less than 2 hours were used (p =
0.01). In the second study, HIGEM treatment exhibited the slowest tumor
growth. However, despite a visible distinction, no statistically significant
difference was found between HIGEM and GEM groups (p > 0.05).

ii

Conclusion: Treatment with both HIFU and gemcitabine might enhance cell
apoptosis and reduce tumor growth in pancreatic carcinoma. For this
concurrent treatment, high dosage of gemcitabine with a short-term delay
would be recommended to maximize therapeutic effect.
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Introduction
Pancreatic cancer is the fourth most common cause of cancer-related
mortality worldwide, with incidence equaling mortality (1). The majority of
patients with pancreatic cancer present with locally advanced or metastatic
disease that is inoperable (2). Gemcitabine has been the first-line treatment for
advanced pancreatic cancer over the past decade and has significantly
improved the median overall survival (3, 4). However, the prognosis of
pancreatic cancer is still dismal, with less than 6% 5-year relative survival in
the United States for 2002-2008 (http://seer.cancer.gov/statfacts).
High-intensity focused ultrasound (HIFU) therapy is an emerging
therapeutic modality that uses ultrasound waves as carriers of energy. HIFU is
now being clinically used or investigated as a truly non-invasive local
treatment to treat solid tumors in various organs, such as the uterus, prostate,
bone, liver, and pancreas (5-13). Tissue damage by HIFU can be caused by
mechanical injury due to inertial cavitation, shear force and micro-streaming
in addition to thermal injury (10). HIFU is also well known for enhancing
drug delivery to targeted tumors with low energy by sonoporation (14-18).

1

Therefore, concurrent treatment with HIFU and systemic chemotherapy has
been tried with several types of tumors in clinical trials (19-24).
The concurrent use of HIFU and systemic chemotherapy has also been
tried in unresectable pancreatic cancer with gemcitabine to improve the
dismal prognosis mentioned above (19, 22), and promising results have been
reported. However, these studies did not provide any data to compare
concurrent HIFU and systemic chemotherapy treatment with systemic
chemotherapy alone. Furthermore, their treatment protocols varied too widely
to provide conclusions about an optimal treatment protocol. To the best of our
knowledge, no animal studies have been performed to address this issue.
Although Wang et al. (25) reported the effects of endostatin and gemcitabine
combined with HIFU in a murine xenograft model of human pancreatic cancer,
it was not a study of concurrent therapy with HIFU and chemotherapeutic
drugs. Rather, it studied combined treatment with endostatin and gemcitabine
because all tumors without a control group were only treated with HIFU on
the last day of a 4-week period of systemic chemotherapy.
Thus, the purposes of our study were to experimentally investigate whether
concurrent treatment with HIFU and systemic chemotherapy could enhance
2

apoptosis in pancreatic cancer tumors and to identify the most optimal
therapeutic protocol.
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Materials and Methods
Our Institutional Animal Care and Use Committee approved this animal
study (IACUC No. 11-0147).

Phantom study
To determine HIFU parameters in the animal study, a study using tissue
phantoms was performed with varying HIFU parameters. The tissue phantom
consists of distilled water, bovine serum albumin, corn syrup, Tris buffer,
acrylamide,

glass

beads,

ammonium

persulfate

solution

and

tetramethylethylenediamine. Acoustic power (20-200 W), exposure time (9-36
s), pulses per treatment spot (60-120), duty cycle (50%) and pulse repetition
frequency (3.3 Hz) were used in different combinations. The condition under
which the most acoustic cavitations occurred without gross coagulation
necrosis was used for in vivo experiments (Fig. 1).

Animals
Human pancreatic cancer cells (PANC-1) in logarithmic phase were
added to DMEM (Dulbecco’s modified Eagle medium) containing 10% FBS
4

(fetal bovine serum) and 1% penicillin after digestion with 0.25% trypsin at
37℃, and the cell concentration was adjusted to 5x106/mL with normal saline.
Subsequently, 0.2 mL of cell suspension was inoculated in bilateral or
unilateral thighs of BALB/c nude mice with sterile syringes, and tumors were
grown until they reached an approximate (± 20%) size of 200-500 mm3. In
this way, the animal xenograft model of human pancreatic cancer was
established (Fig. 2). Intra-peritoneal general anesthesia was performed using a
mixture of Zoletil

®

(30 mg/kg) and Rompun® (10 mg/kg) before HIFU

therapy.

HIFU Equipment
The FEP-BY02TM HIFU unit (Yuande Biomedical Engineering Limited
Corporation, Beijing, China) was used throughout this study. The therapeutic
HIFU transducer is a fixed focus concave transducer composed of 251
piezoelectric elements with an overall aperture of 37 cm and a focal length of
26 cm. The elements of this transducer are driven in phase at a frequency of
1.04 MHz. The focal zone of the therapeutic transducer is an elongated
ellipsoid with an axial length of 8 mm (-6 dB) and radial diameter of 3 mm.
5

The targeted tumor was identified using a 5 MHz imaging transducer (GE
Logiq 5, Seongnam, Korea) mounted coaxially to the HIFU therapeutic
transducer and positioned in the center of the therapeutic transducer’s focal
zone.

HIFU Parameters
An HIFU beam was insonated into the tumor and moved automatically
from spot to spot in an overlapping manner to treat a volume of tissue with a
spacing of 2 mm in the x, y and z dimensions. Treatment parameters were
determined by the phantom study as follows: input target power: 50 W;
pulses/spot: 60 (18s); pulse repetition frequency: 3.3 Hz; and duty cycle: 50%
(transmission time of a unit pulse: 150 ms, and intermission time between
pulses: 150 ms).

Experimental protocol
The animal study was categorized into two experiments of 1) single time
treatment and tumor apoptosis and 2) repetitive treatment and tumor growth
(Fig. 3).
6

1. Single Time Treatment and Tumor Apoptosis
At least four mice were first randomly allocated into four groups:
control group, HIFU alone, gemcitabine alone (GEM), and concurrent
treatment with HIFU and gemcitabine (HIGEM). The GEM and HIGEM
groups included more mice to investigate differences in tumor apoptosis
according to the dose of injected gemcitabine and the time interval between
gemcitabine injection and HIFU treatment. Finally, the GEM and HIGEM
groups included a total of 28 mice because four different drug doses (50, 100,
150 and 200 mg/kg of gemcitabine and immediate HIFU treatment (4 mice in
each) and four different time intervals (immediate and 2-hour, 6-hour, and 24hour delay in HIFU treatment after 150 mg/kg gemcitabine injection (4 mice
in each) were used. Four mice treated with 150 mg/kg gemcitabine followed
immediately by HIFU treatment were included in both subgroups (drug dose
group and treatment time interval group).
HIFU therapy was given to one side of the tumors in bilateral thighs to
compare the treatment efficacy between control and HIFU alone or HIGEM
and GEM groups in an individual. The experiment began when the tumors
reached approximately 500 mm3 (± 20%). The administration of gemcitabine
7

was performed by intra-peritoneal injection, and the mice were sacrificed 3
days after HIFU therapy, which was reported by prior literature as the best
time to identify cell apoptosis (18).

2. Repetitive Treatment and Tumor Growth
To investigate the difference in tumor growth rates among treatment groups,
four groups were established: control (n = 2), HIFU only (n = 4), GEM (n = 4)
and HIGEM (n = 6) groups. For this study, a xenograft was created on one
thigh of a mouse. For GEM and HIGEM groups, the dosage of gemcitabine
and the treatment time interval were fixed at 200 mg/kg and 2 hours,
respectively, a therapeutic protocol that exhibited the highest apoptotic ratio in
our single time treatment study. The experiment was initiated when the tumors
reached approximately 100-300 mm3, which were smaller than our single time
treatment study to prolong the survival time of mice.
Except for the control group, all mice were treated once a week for 3
consecutive weeks at days 0, 7 and 14 and sacrificed at day 28. For 4 weeks,
the width, length, and height of the tumor were measured using ultrasound
(Toshiba Aplio XG TM, Tokyo, Japan) by one author (L.E.S.) at days 0, 7, 14,
8

19, 26, and 28, and tumor volume was calculated by the following formula:
Volume (mm3) = π/6 × width (mm) × length (mm) × height (mm)

Histopathologic study
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). Necrotic areas were identified under a low-power
field (x 20) and scored with a 5% scale system in consensus by two
researchers (L.E.S. and K.H.) using multi-viewing microscopy.
Apoptotic

cells

were

quantified

by

the

TUNEL

(terminal

deoxynucleotidyl transferase-mediated dUTP nick end-labeling) assay, which
was performed using the In Situ Cell Death Detection Kit, Fluorescein (Roche,
Penzberg, Germany). The fraction of apoptotic cells in a whole tumor
visualized under a high-power field (x 200) was calculated by two researchers
(K.H. and P.J.) using Image J software (http://rsbweb.nih.gov/ij). Each
researcher calculated the apoptotic cell fraction in 5 high-power fields
randomly and independently, producing 10 values, which were then averaged.
In addition, fluorescent DAPI (4', 6-diamidino-2-phenylindole) staining was
9

performed with TUNEL for the easy identification of apoptotic cells.

Statistical analysis
For all of the in vivo experiments, the results were reported as median
values. For single time treatment studies, the percentages of apoptotic cells
and gross necrosis were used as measures of the primary outcome in the
statistical analyses. In repetitive treatment studies, the tumor volume ratio
(that is, tumor volume at a specific day divided by tumor volume at day 0)
was used as the primary outcome of the experiment. Statistical analysis was
performed using summary statistics, the Kruskal-Wallis test and the paired ttest with MedCalc statistical software, version 12.2.1 (MedCalcSoftware,
Mariakerke, Belgium). A P value was considered to be significant when it was
< 0.05.
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Results

Phantom study
In HIFU with 20 W of power, no trace of tiny bubbly lesions
representing acoustic cavitation was found in the tissue phantom. We found
traces of acoustic cavitations at 50 W of input energy, but elliptical cloudy
discoloration (which may represent coagulation necrosis) appeared at ≥ 100
W (Fig. 1). Therefore, 50W of input energy was selected as the optimal energy.
Finally, the therapeutic HIFU parameters were determined for our animal
study as follows: input target power: 50W; pulses/spot: 60 (18s); pulse
repetition frequency: 3.3 Hz; and duty cycle: 50% (transmission time of a unit
pulse (t1): 150 ms, and intermission time between pulses (t2): 150 ms).

Single Time Treatment and Tumor Apoptosis
Apoptotic ratio
The effect of gemcitabine dosage:
The highest median apoptotic ratio was noted in the HIGEM group with
the use of 200 mg/kg of gemcitabine, i.e., 58.02%, with a range from 13.48 to
11

76.98%. The median, minimum and maximum apoptotic ratios are shown in
Table 1. The Kruskal-Wallis test revealed that the HIGEM group showed a
significantly higher apoptotic ratio than the GEM group when a high dose of
gemcitabine (150 and 200 mg/kg) was used (p = 0.01) (Fig. 4A).

The effect of therapeutic time interval between gemcitabine injection and
HIFU:
The highest median apoptotic ratio was noted in the HIGEM group with a
2-hour delay, i.e., 49.20%, with a range from 8.08 to 59.14%. The median,
minimum and maximum apoptotic ratios are shown in Table 2. The KruskalWallis test revealed that the HIGEM group showed a significantly higher
apoptotic ratio than the GEM group with a short-term delay (immediate and 2hour delay) (p = 0.008) (Fig. 4B).When HIGEM groups (n = 32) were
compared with corresponding GEM groups, regardless of gemcitabine dosage
and treatment interval, a paired t-test revealed that apoptotic ratios in the
HIGEM group were significantly higher than the GEM group (p = 0.02) (Fig.
5).
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Gross tumor necrosis
The effect of gemcitabine dosage:
The highest median value of gross necrosis was noted in the HIGEM
group when 200 mg/kg of gemcitabine was used, i.e., 45%, with a range from
5 to 60%. The median, minimum and maximum percentages of gross necrosis
are shown in Table 3. However, the Kruskal-Wallis test showed no significant
difference between all four subgroups, regardless of treatment group or
gemcitabine dosage (p > 0.05).

The effect of therapeutic time interval between gemcitabine injection and
HIFU:
The highest median value of gross necrosis was noted in the concurrent
therapy group (HIGEM) with a 2-hour delay, i.e., 32.5%, with a range from 0
to 60%. The median, minimum and maximum apoptotic ratios are shown in
Table 4. However, the Kruskal-Wallis test showed no significant difference
between any of the subgroups according to the type of treatment or
therapeutic time interval between gemcitabine injection and HIFU (p > 0.05).

13

Repetitive Treatment and Tumor Growth
In all four treatment groups, tumor growth increased with time (Fig. 7).
Tumors in control and HIFU groups gradually increased from the beginning,
whereas tumors in the GEM and HIGEM groups were suppressed during the
treatment period and showed growth spurts in the last week. Tumors in the
HIGEM groups were the slowest growing tumors among the four groups (Fig.
7). The Kruskal-Wallis test showed that the HIGEM group had significantly
slower tumor growth than the control and HIFU alone groups. However,
despite a visible distinction, no statistically significant difference existed
between GEM and HIGEM groups (Fig. 8).
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Discussion
Therapeutic ultrasound relies on thermal or mechanical effects to induce
reversible or irreversible changes in tissue. The mechanical effects of
ultrasound include acoustic streaming and the effect of acoustic radiation
force on particles, but they are often dominated by acoustic cavitation, which
refers to oscillations of gas bubbles in an ultrasonic field (26). These bubbles
either repeat radial oscillations in a resonant size with the insonated frequency
(stable cavitation; noninertial cavitation) or oscillate in a similar manner,
expanding gradually above their resonant size due to net influxes of vapor into
the bubbles (rectified diffusion) and finally disintegrating by a violent and
asymmetrical collapse (unstable cavitation; inertial cavitation) (17). Stable
cavitation has previously been reported to enhance facilitating thrombolysis
(27), the delivery of drugs to the vascular endothelium (28) and enabling the
reversible opening of the blood–brain barrier for drug delivery to the nervous
system (29). Inertial cavitation has been demonstrated to enhance heat
deposition to thermally ablate tumors (17) and increase the permeability of
cellular membranes to large molecules, a process known as sonoporation (30).

15

A recent in vitro study demonstrated that sonoporation by inertial cavitation
can be exploited for the delivery of macromolecules into an obstructed vessel,
and it established a direct correlation between acoustic emissions associated
with inertial cavitation and the amount of drug being delivered (31). Several
in vitro and in vivo studies also suggested that sonoporation could enhance
drug delivery through making microvessels porous and inducing the
extravasation of macromolecular anticancer agents into the tumor (28, 30-39).
In our study, HIGEM groups showed better performance than
corresponding GEM groups in inducing the apoptosis of cancer cells with a
high dose (150 and 200 mg/kg) of gemcitabine and a short-term (0- and 2hour) delay. However, HIGEM groups did not show any significant difference
in apoptotic ratios at a low dose (50 and 100 mg/kg) or long-term (6- and 24hour) delays compared to corresponding GEM groups. These results suggest
that concurrent treatment with drugs and HIFU requires a proper drug dose
and treatment interval to enhance tumor apoptosis above a drug-only
treatment. Given that a prior article (40) reported that a cell membrane
resealing process occurs in vitro within a few seconds after sonoporation by
lysosomal-associated membrane protein (LAMP-1) expression, no significant
16

difference between HIGEM and GEM in long-term (6 and 24-hour ) delay
groups could be easily accepted because most transient pores might have
finished their repair process by that time. The more remaining pores, the
better synergism can exist. However, it was unexpected that the 2-hour delay
groups would show higher median apoptosis than immediate groups. Slow
drug distribution through intra-peritoneal drug injection in our experiment
could be a possible cause.
The results described above reveal that the enhancement of cell apoptosis
by the addition of HIFU to drug treatment is not just an added effect but also a
synergistic effect by increasing drug delivery through sonoporation. If no
synergism existed between these therapies, the results should be similar
regardless of varying interval times. Based on these results, we can suggest
that the therapeutic power could be maximized through the adjustment and
optimization of therapeutic protocols in concurrent treatments.
Our repetitive treatments on tumor growth rate of the four treatment
groups showed visible differences between four treatment groups, with the
HIGEM group showing the slowest growth rate. Analyzing the results of the
repetitive treatment study in detail, tumor sizes in the control and HIFU
17

groups gradually increased from the beginning, whereas the tumors in the
GEM and HIGEM groups were suppressed during the treatment period and
showed growth spurts in the last week, as shown on the line graph (Fig. 7).
The growth suppression during treatment followed by a growth spurt after
loss of the treatment effect was a predictable result.
However, in the HIFU alone group of our repetitive treatment, the gradual
growing trend during treatment needs some interpretation. One possible
reason is the effect of using low input power (50 W) without systemic
chemotherapy. When HIFU is used as an anti-cancer treatment independently,
high input power within a range of 140 to 400 W has been used in most of
clinical cases (5, 8, 9)for obtaining coagulation necrosis in the literature.
However, in our study, the low input power of 50 W was used consistently,
even in HIFU-only therapy, which was insufficient for independently resulting
in solid coagulation necrosis. Although a low input energy of 50 W most
likely resulted in insufficient therapeutic power in the HIFU alone treatment,
it was more appropriate to use as low an input power as possible in our study
because our first goal was to utilize the synergism between HIFU and
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systemic chemotherapy by using the mechanism of sonoporation in the drug
delivery phase.
Another advantage of concurrent HIFU and systemic chemotherapy is a
lower complication rate. According to the recent literature by Jung et al (41),
the most common complications of HIFU in pancreatic cancer were skin
burns and vertebral fat necrosis in the beam pathway. In their report, skin
burns and vertebral necrosis developed in all 35 patients, and subcutaneous fat
necrosis developed in 10 patients following HIFU with 120-350 W of power.
However, in our animal experiment, no significant skin change developed
after HIFU therapy, except in cases of mistargeting due to unexpected
movement under the semi-anesthetic. This lack of skin effects was most likely
due to the use of low input power. Considering that the thickness of the skin
in nude mice is much thinner than that of humans, the risk of HIFU-related
complications would be negligible in humans if concurrent treatment with
drug and HIFU was applied with a similar low-input HIFU power. Therefore,
we expect that the concurrent treatment of pancreatic cancer patients with low
input power, such as that used in our experiments, might have an effect on
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enhancing the drug delivery of systemic chemo-agents and reducing HIFUrelated complications.
There are several limitations in our study. The major limitation was the
small number of animals in each group. This could unfavorably influence the
statistical analysis in our study, even though our studies showed a relatively
consistent tendency. Second, only indirect histopathologic evidence of
enhanced drug delivery was reported for apoptotic ratios by TUNEL assay.
Apoptosis is a physiologically essential mechanism of cells and plays an
important role in reducing the development and progression of tumors. An
appealing strategy for cancer therapy is to target the lesions that induce
apoptosis in cancer cells (42). Therefore, we evaluated apoptosis as a primary
outcome through single time treatment and repetitive treatment studies.
However, if possible, further in vivo studies like the prior in vitro study (31)
would be needed to establish a direct correlation by quantitative analysis
between sonoporation and drug delivery. Third, we observed tumor growth
for only one month in our repetitive treatment study, according to our original
plan. However, as our line graph shows in figure. 7, longer observations
should have been performed to evaluate whether the tumor growth ratio in the
20

HIGEM group would become more different from the GEM group. Finally,
human pancreatic tumors are larger and more deeply located than those of
animal xenograft models. Therefore, the re-optimization of HIFU parameters
might be needed when the concurrent treatment clinically applies to
pancreatic cancer patients.
In conclusion, concurrent HIFU and gemcitabine treatment could be an
effective and truly non-invasive treatment, which might enable enhanced cell
apoptosis and reduce the tumor growth in pancreatic carcinoma. Under low
HIFU energy input conditions, the use of high dosage of gemcitabine with a
short-term delay would be recommended to maximize therapeutic effect.
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Tables
Table 1. Apoptotic Ratio according to Dosage of Gemcitabine

Control HIFU only
Median (%)
Minimum
(%)
Maximum
(%)

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

50 mg/kg 50 mg/kg 100 mg/kg 100 mg/kg 150 mg/kg 150 mg/kg 200 mg/kg 200 mg/kg

0.83

27.89

21.78

16.23

26.61

26.16

40.06

25.50

58.02*

13.25

0.53

4.16

10.79

3.64

13.40

7.61

15.82

4.86

13.48

2.14

1.22

47.09

39.00

36.50

52.92

55.80

60.31

43.68

76.98

68.06

HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM: concurrent treatment with HIFU and gemcitabine;
there were four mice in each group. * The highest median value
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Table 2. Apoptotic Ratio according to Treatment Interval between Gemcitabine and High-Intensity Focused
Ultrasound

Control HIFU only

Median (%)
Minimum
(%)
Maximum
(%)

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

Imm

Imm

2H

2H

6H

6H

24 H

24 H

0.83

27.89

40.06

25.50

49.20*

9.16

33.92

23.56

23.23

26.31

0.53

4.16

15.82

4.86

8.08

1.22

6.36

5.80

8.11

8.02

1.22

47.09

60.31

43.68

59.14

41.68

49.29

56.10

55.43

48.54

HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM: concurrent treatment of HIFU and gemcitabine, Imm:
immediately, H: delayed hours after gemcitabine injection to HIFU treatment
There were four mice in each group. * The highest median value
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Table 3. Gross Necrosis according to Dosage of Gemcitabine

Control HIFU only

Median (%)
Minimum
(%)
Maximum
(%)

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

50 mg/kg 50 mg/kg 100 mg/kg 100 mg/kg 150 mg/kg 150 mg/kg 200 mg/kg 200 mg/kg

0

15

15

0

35

27.5

10

20

45*

40

0

10

0

0

0

0

5

0

5

5

0

20

30

70

50

60

30

35

60

60

HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM: concurrent treatment of HIFU and gemcitabine; there
were four mice in each group. * The highest median value
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Table 4. Gross Necrosis according to Treatment Interval between Gemcitabine and High-Intensity Focused Ultrasound

Control HIFU only

Median (%)
Minimum
(%)
Maximum
(%)

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

HIGEM

GEM

Imm

Imm

2H

2H

6H

6H

24 H

24 H

0

15

10

20

32.5*

2.5

10

5

2.5

5

0

10

5

0

0

0

0

0

0

0

0

20

30

35

60

20

65

50

10

20

HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM: concurrent treatment with HIFU and gemcitabine,
Imm: immediately, H: delayed hours after gemcitabine injection to HIFU treatment
There were four mice in each group. * The highest median value
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Figures
Fig. 1. Phantom study performed for the selection of optimal conditions for
low-energy HIFU therapy, resulting in acoustic cavitations only, not
coagulation necrosis.
*HIFU: high-intensity focused ultrasound
A. Formation of tiny bubbly lesions representing acoustic cavitations
without coagulation necrosis (input target power: 50W; pulses/spot:
60 (18s); pulse repetition frequency: 3.3 Hz; and duty cycle: 50%)
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B. Formation of elliptical cloudy discoloration representing coagulation
necrosis surrounded by acoustic cavitations (input target power:
100W; pulses/spot: 60 (18s); pulse repetition frequency: 3.3 Hz; and
duty cycle: 50%)
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Fig. 2. The pancreatic cancer xenograft nude mouse model of human
pancreatic cancer cell (PANC-1) tumors on bilateral thighs.
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Fig. 3. The animal study was categorized into two experiments of 1) single time treatment and tumor apoptosis and 2) repetitive treatment and
tumor growth.

Control
(n=2)
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HIGEM
(n=6)

Fig. 4. Box plots of the apoptotic ratio (%) according to treatment. The line in
each box represents the median, and the horizontal boundaries of the boxes
represent the first and third quartiles. The vertical error bars show the
minimum and maximum values (range).
A. The Kruskal-Wallis test shows that concurrent HIFU and gemcitabine
treatment is significantly superior to gemcitabine treatment in
generating apoptosis when high doses (150 & 200 mg/kg) of
gemcitabine were used (p = 0.01). All treatment groups are
significantly different in terms of apoptotic ratio compared with the
control.
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HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM:
concurrent treatment with HIFU and gemcitabine, numbers in the second line:
dosage of gemcitabine (mg/kg)

B. The Kruskal-Wallis test shows that concurrent HIFU and gemcitabine
treatment is significantly superior to gemcitabine treatment in
generating apoptosis when a short-term delay (immediate and 2-hour
delay) was used (p = 0.008). All treatment groups are significantly
different in terms of the apoptotic ratio compared with the control. The
dose of gemcitabine was 150 mg/kg in all subgroups.
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HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM:
concurrent treatment with HIFU and gemcitabine, Imm: immediately, H:
delayed hours after gemcitabine injection to HIFU treatment
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Fig. 5. A paired t-test shows that concurrent HIFU and gemcitabine treatment
is significantly superior to gemcitabine treatment in generating apoptosis in 28
mice (p = 0.02).

GEM: gemcitabine, HIGEM: concurrent treatment with HIFU and
gemcitabine
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Fig. 6. Fluorescent TUNEL assay with DAPI staining in single time treatment
group, single individual, which was treated with 200 mg/kg of gemcitabine.
(Blue: DAPI staining for dead cells, Green: TUNEL staining for apoptotic
cells only)

A. Concurrent treatment with HIFU and gemcitabine 200 mg/kg
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B. Treatment with gemcitabine 200 mg/kg only

HIFU: high-intensity focused ultrasound.TUNEL: terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling, DAPI: 4', 6-diamidino-2phenylindole
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Fig. 7. Line graph shows serial changes in volume ratio (tumor volume at day
28/ tumor volume at day 0) with weekly treatment for 3 consecutive weeks
with HIFU and/or gemcitabine on PANC-1 xenografts in BALB/c nude mice.
Data are mean values and error bars indicate standard error of mean. Blue
arrows denote treatment days. The concurrent HIFU and gemcitabine group
shows the slowest tumor growth among the 4 groups.

9

Vol
um
e
rati

8

Control

7

HIFU
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21

28

Days

HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM:
concurrent treatment with HIFU and gemcitabine.
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Fig. 8. Box plots of volume ratio (tumor volume at day 28/ tumor volume at
day 0) according to treatment after weekly treatment for 3 consecutive weeks
with HIFU and/or gemcitabine on PANC-1 xenografts in BALB/c nude mice.
The line in each box represents the median, and the horizontal boundaries of
the boxes represent the first and third quartiles. The vertical error bars show
the minimum and maximum values (range). The Kruskal-Wallis test shows
that the concurrent HIFU and gemcitabine treatment group is significantly
superior to the control and HIFU groups in suppressing tumor growth (p =
0.05). However, no significant difference exists between the concurrent group
and the gemcitabine alone group despite a visible difference.
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HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM:
concurrent treatment with HIFU and gemcitabine
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Appendix

1. Representative figures of H & E staining (left) and fluorescent TUNEL
assay (right, apoptotic cells were stained in green) in each subgroup
after single time treatment.

A. Control

B. HIFU only
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C. HIGEM 50 mg/Kg

D. GEM 50 mg/Kg

E. HIGEM 100 mg/Kg
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F. GEM 100 mg/Kg

G. HIGEM 150 mg/Kg

H. GEM 150 mg/Kg
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I.

HIGEM 200 mg/Kg

J. GEM 200 mg/Kg

K. HIGEM 2-hour delay
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L. GEM 2-hour delay

M. HIGEM 6-hour delay

N. GEM 6-hour delay
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O. HIGEM 24-hour delay

P. GEM 24-hour delay
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2. Obtained specimen with representative figures of H & E staining after
3-time repetitive treatment in each subgroup.

A. Control

B. HIFU only
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C. GEM

D. HIGEM

HIFU: high-intensity focused ultrasound, GEM: gemcitabine, HIGEM:
concurrent treatment with HIFU and gemcitabine
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초

록

서론: 췌장암에서 고강도 집속 초음파 (high-intensity focused
ultrasound,

HIFU)와

항암제

gemcitabine의

병용

요법이

세포자멸사를 촉진시킬 수 있는지에 대해 알아보기로 하였다.

방법:

BALB/c

누드마우스의

피하

조직에

인간

췌장암

세포

(PANC-1)를 이식하여 췌장암 동물 모델을 만들었다. 첫 실험에서
누드마우스들은

다음의

네

군으로

무작위로 나뉘었다; 대조군

(n=4), HIFU 치료만 받은 군 (n=4), gemcitabine 치료만 받은 군
(GEM)(n=28), HIFU와 gemcitabine의 병용 치료를 받은 군
(HIGEM)(n=28). GEM과 HIGEM군은 약물 용량 (50 - 200
mg/kg) 및 HIFU 치료와 gemcitabine 주사 시간 간격 (즉시 24시간 후)에 따라 각각 4개의 아군으로 나뉘었다. 세포자멸사
비율은 terminal deoxynucleotidyl transferase-mediated dUTP
nick

end-labeling

(TUNEL)기법을 이용하여, 조직

괴사율은

Harris hematoxylin solution and eosin Y (H & E)염색을 통해
실험 3일 후 측정하였다. 두 번째 실험에서는 각 치료군에서 종양의
성장 속도를 알아보았다. 각 실험군은 3주 동안 1주 간격으로
치료를 받은 후 한달 동안 정기적으로 종양의 크기를 측정하였다.
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결과:

첫

실험에서

종합적인

세포자멸사

비율은

HIGEM군이

GEM군보다 통계적으로 유의하게 높았다 (p=0.02). 각 아군들을
분석했을 때 고용량(150-200 mg/kg)의 gemcitabine을 사용한
HIGEM 아군이, 또한 HIFU와 gemcitabine의 주입 간격이 짧은
HIGEM 아군(2시간 이내)이 통계적으로 유의하게 GEM군에 비해
우월한

치료

HIGEM군이

효과를
가장

보였다

느린

(p=0.01).

종양

성장

두

속도를

번째

실험에서는

보였다.

그러나

HIGEM군과 GEM군 사이의 통계적 유의성은 없었다 (p>0.05).

결론: HIFU와 gemcitabine의 병용 요법은 췌장암의 세포자멸사를
촉진하고, 종양 성장을 억제하는데 효과가 있었다. 이러한 병용
요법을 위해서는 고용량 gemcitabine과 짧은 간격의 HIFU와 항암
치료가 추천된다.
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주요 단어
고강도 집속 초음파

췌장암

Gemcitabine
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