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Abstract

Objectives This study was designed to investigate whether focused ultrasound (FUS) treatment with a higher mechanical index

(MI) can enhance the effects of combined chemotherapy more than with a lower MI, and to evaluate the feasibility of the

chemotherapy combined with FUS at a higher M1 as an alternative treatment protocol.

Methods Mice in the first study were divided into six groups: control, chemotherapy only (GEM), two groups treated with FUS

only at two different MIs, and two groups treated with chemotherapy and FUS (GEM + FUS). Mice were treated with a single-

session treatment; one session consisted of three weekly treatments and 1 week of follow-up monitoring. In the second study,

mice were assigned to two groups (GEM, GEM + FUS) and treated with four treatment sessions.

Results In the single-session treatment, tumor growth was most effectively suppressed in GEM + FUS group with a higher MI.

Tumor growth rate was significantly lower in GEM + FUS group than in GEM group for multiple-session treatment. Specifically,

three of ten mice in GEM + FUS group showed complete remission.

Conclusions This study demonstrated that FUS at a higher MI can enhance chemotherapy outcomes more than at a lower MI and

demonstrated the potential of FUS in combination with chemotherapy as a new cancer treatment protocol.

Key points

» Combined treatment of chemotherapy and focused ultrasound can effectively suppress tumor growth.

* For the focused ultrasound treatment conditions used in this study, focused ultrasound with relatively higher mechanical index
shows more enhanced therapeutic outcomes than with the lower mechanical index.

» Combination therapy shows the possibility as a new cancer treatment protocol.

Keywords Pancreatic cancer - Focused ultrasound - Chemotherapy - Mechanical index - Image guided

Abbreviations P intraperitoneal
BBB blood-brain barrier MI mechanical index
CR complete response USgFUS  ultrasound image-guided focused ultrasound
FUS focused ultrasound
GEM gemcitabine
H&E haematoxylin and eosin .
Introduction

According to a report by the American Cancer Society, pan-
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2 Department of Radiology, Seoul National University Hospital, creatic cancer has continuously increased, and it is usually
Korea, Seoul, Korea fatal after it has been diagnosed [1, 2]. The 5-year survival
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patients can be treated through surgery [4, 5]. While the treat-
ment of inoperable pancreatic cancer patients primarily relies
on chemotherapy or radiotherapy, these therapies have shown
limited therapeutic effects [4]. Therefore, an alternative treat-
ment protocol that can enhance the therapeutic effect of che-
motherapy is required.

Several studies have shown promising results for focused
ultrasound (FUS) cancer treatment, either by itself or in com-
bination with traditional therapies [6—12]. FUS can produce
diverse biological effects in tissue through either thermal or
mechanical (non-thermal) means [13—17]. These bioeffects
can therapeutically act on diseased tissue. FUS, by itself,
can ablate cancerous tissue by rapidly elevating temperatures,
as the result of accumulated acoustic energy [17, 18]. It can
also physically remove cancer cells through the mechanical
effects of FUS on tissue [19, 20]. The thermal and mechan-
ical effects of FUS are also used for targeted drug delivery. It
can temporarily open or create pathways in biological bar-
riers so that more therapeutic agents can be delivered to the
treatment site.

Cell membranes often limit chemotherapeutic agents
from entering cells. Many researchers have studied how
to improve the treatment outcomes of chemotherapy by
developing disease-specific drugs or combining some
methods that enhance cell membrane permeability
[21-26]. As one of the enhancing methods, FUS can in-
crease drug delivery rate to the cell interior [17, 27-29].
Stable cavitation activated by FUS can induce reversible
and moderate cellular changes and temporarily create pores
in the cell membrane that allow drugs to enter the cell. This
effect, known as sonoporation, can be precisely induced in
the body. Drug delivery enhanced by sonoporation can
effectively be used in treating dense stroma, such as pan-
creatic cancers, with less systemic toxicity than traditional
chemotherapy [30-32].

Our previous studies have shown that therapeutic out-
comes of chemotherapy combined with FUS are enhanced
at the lower acoustic energy level than the one used for
thermal ablation [31, 33]. The results indicated that tumor
growth was more effectively controlled by the combined
treatment of chemotherapeutic agents with FUS and
microbubbles. On the basis of previous study results and
the fact that microbubbles can enhance the mechanical ef-
fects of FUS, a hypothesis was proposed that FUS treatment
at a different mechanical index (MI) with the same total
acoustic energy might result in different therapeutic effects
on tumor growth. Therefore, this study was designed to in-
vestigate whether the therapeutic effects of the combined
treatment of FUS and chemotherapy are enhanced by in-
creasing the mechanical effects induced by FUS in targeted
tissue. Two FUS treatment conditions at different Mls were
used for this purpose. Additionally, we examined the feasi-
bility of using FUS in combination with chemotherapy for

pancreatic cancer patients using similar chemo-treatment pro-
tocols currently used in clinical practice.

Materials and methods

All animal experiments were performed according to the pro-
cedure approved by our Institutional Animal Care Use
Committee (JACUC No. 15-0242). BALB/c male nude mice
(Orientbio, Sungnamsi, Republic of Korea) weighing 25-35 g
(6 weeks old) were used for the xenograft model. The animals
were anaesthetized during all procedures with an intraperito-
neal (IP) injection of zolazepam hydrochloride (30 mg/kg,
Zoletil®, Virbac, Carros, France) and xylazine hydrochloride
(10 mg/kg, Rompun 2%, Bayer Korea, Republic of Korea).

Cancer cell and xenograft mouse model preparation

Human pancreatic cancer cells, CFPAC-1 (ATCC, Manassas,
VA, USA), were cultured in Dulbecco’s Modified Eagle’s me-
dium (Invitrogen, San Diego, CA, USA) containing 10% foe-
tal bovine serum and 1% penicillin/streptomycin. For cancer
cell implantation, the cells were suspended in the culture me-
dium at a concentration of 1 x 107 cells/ml. While the animals
were under anaesthesia, a total of 1 x 10° cells were inoculated
under the skin of the right flank in each mouse. Three weeks
after the inoculation, the tumor size in each mouse was mea-
sured through ultrasound imaging prior to the treatments.

FUS treatment

All FUS treatments were performed using a preclinical FUS
system (VIFU 2000®, Alpinion Medical Systems, Republic
of Korea; Fig. 1a). The system has three transducer compart-
ments: one for therapy, one for image guidance and one for
size monitoring. The therapeutic transducer was composed of
a single and spherical piezoelectric element, with 1.1 MHz
resonance frequency. There was a circular opening measuring
40 mm in diameter at the centre for an imaging transducer. A
linear array transducer (L8-17, 8—17 MHz), which was placed
at the centre of the therapeutic transducer, was used for image
guidance. Additionally, a phase array transducer (S12-4, 4—12
MHz) and an imaging module system (E-CUBE9®) were
included for tumor volume monitoring.

Tumor-bearing animals were placed on an animal holder
that was attached to a motorized 3D positioning system.
Under the guidance of ultrasound images, the animal was
positioned to locate the target tumor at the focus of therapeutic
ultrasound. During the FUS treatment, noticeable motion was
not observed in the real-time US images. All sonications were
performed in a tank filled with degassed water (< 4 ppm) at 36
°C while the animal was submerged in the tank. According to
the treatment plan of the system, the treatment target point was
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Fig. 1 The preclinical focused a
ultrasound system. a The FUS
system has a transducer for
therapy along with imaging
transducer for image guidance.
The tumor-bearing animal was
placed on the animal holder. b
Under ultrasound image guid-
ance, the targeted tumor was lo-
cated at the focus of therapy
transducer. ¢ The animal holder
was precisely controlled in 3D
and the FUS treatment was per-
formed to cover the entire tumor
with 2 mm between each sonica-
tion spot. d Ultrasound image of a
tumor taken by a phase array
transducer. To determine the tu-
mor volume, an ultrasound image
was taken every week during the
experiments. The tumor volume
was obtained by measuring the
size in each axis from the image
(yellow dotted line)
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automatically moved 2 mm after each treatment (Fig. 1b, c).
Each target point was sonicated for 20 s. The first FUS oper-
ating condition (FUS1) was determined by our previous study
[31]. To evaluate the mechanical effects of ultrasound, the
second operating condition (FUS2) was determined to have
a higher M1, with total acoustic energy almost the same as the
first FUS condition (FUS1). Details of the FUS operating
parameters are listed in the Table 1.
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Study design

The animal study was designed for two sub-studies: a single-
session treatment study to investigate therapeutic effect of
FUS according to the operating conditions and to determine
the FUS protocol for the second sub-study, and a multiple-
session treatment study to examine the clinical possibility of
using FUS combined with chemotherapy.
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Table 1 Operating conditions of FUS

Parameters FUSI FUS2
Acoustic power (W) 7.5 80.5
Acoustic energy (W s or J) 75 80.5
Peak negative pressure (MPa) 34 9.6
Mechanical index (MI) 32 9.2
Duty cycle (%) 50 5
PRF (Hz) 40

Exposure time (s) 20

* PRF: Pulse repetition frequency

Single-session treatment study

A total of 20 animals were randomly divided into six groups
based on the treatment protocol: no treatment (control/n = 3),
FUS treatment only at two different conditions (FUS1, lower
Ml/n = 3; FUS2, higher MI/n = 3), chemotherapy only
(gemcitabine, GEM/n = 3) and combined treatment of che-
motherapy with FUS treatment (GEM + FUS1/n = 4, GEM +
FUS2/n = 4).

All animals, except those in the control group, were treated
once a week for three consecutive weeks similar to the treat-
ment protocol in the clinic. As the chemotherapeutic agent,
gemcitabine (Gemzar®, Eli Lilly Co., Indianapolis, IN, USA)
was administered through IP injection at a dose of 200 mg/kg.
For the GEM + FUS groups, the animals were treated with
FUS immediately after the gemcitabine injection, according to
the protocol of our previous study [28]. Post-treatment moni-
toring for tumor growth was followed for 5 weeks.

Multiple session treatment study

A total of 20 animals were randomly divided into two groups:
chemotherapy only (GEM) and combined chemotherapy with
FUS treatment (GEM + FUS). The FUS condition for this
study was determined by the results of single-session treatment
study. Each treatment session consisted of three weekly treat-
ments and 1-week follow-up monitoring (3 + 1) similar to the
chemotherapy for pancreatic cancer in clinical practice. The
animals were treated for a total of four treatment sessions. As
in the single-treatment session study, gemcitabine was admin-
istered through IP injection, and the FUS treatment immedi-
ately followed in the GEM + FUS group. At the end of the
study, tumor samples were collected for histologic evaluation.

Data analysis
Ultrasound images of tumor were obtained using the phase

array transducer (S12-4, 4-12 MHz) weekly to determine
the tumor volume. The volume was calculated by measuring

the length of tumor in three axes from US images. The tumor
size in each group was reported as the mean volume =+ stan-
dard error. Histological analysis was performed through
haematoxylin and eosin (H&E) staining to examine any dif-
ferences between the treatments. Since it is assumed that each
group has non-normal tumor volume distribution, the results
were statistically analyzed using the Wilcoxon rank-sum test,
and a p value less than 0.05 was considered to be significant.

Results
Single-session treatment

Tumor volume was obtained from the ultrasound images
acquired weekly during the treatment and the follow-up
monitoring (Fig. 2). The average initial tumor volume of
all animals was 121.2+5.3 mm3, and the initial volumes in
each group were not significantly different. The mean tu-
mor volume of the control group and two FUS groups
(FUSI and FUS2) increased as a function of time from
the beginning of the experiments. While the tumor growth
of FUS1 was similar to that of the control group during the
treatment (week 1-4) and post-treatment monitoring pe-
riods (week 5-8), the FUS2 group showed reduced tumor
growth rate during the post-treatment monitoring period.
Tumor growth in the GEM group was effectively sup-
pressed during the treatment period, although it increased
at week 6. During the treatment period, tumors in the
groups treated with gemcitabine and FUS (GEM + FUSI1
and GEM + FUS2) showed suppressed growth. In particu-
lar, the GEM + FUS2 group showed suppressed tumor
growth up to week 6, which then started to increase at
week 7. The tumor volume distributions of each group
are plotted in Fig. 3 for the treatment and post-treatment
periods. There were significant differences between the
groups without GEM treatment (control, FUS1, FUS2)
and the groups treated with GEM (GEM, GEM + FUSI,
GEM + FUS2) (p < 0.05). During the treatment period, no
significant volume difference was observed among the
groups treated with gemcitabine (GEM, GEM + FUSI1
and GEM + FUS2). However, there was a statistically sig-
nificant volume difference between the GEM and GEM +
FUS2 (p < 0.05) groups during the post-treatment monitor-
ing period. Compared with other treatment conditions,
treatment with GEM + FUS2 produced the most significant
benefit. On the basis of these results, the GEM + FUS2
treatment was used in a multiple-session treatment study.

Multiple session treatment study

Figure 4 shows the tumor growth in each group for four treat-
ment sessions. The arrows in Fig. 4 represent when the
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Fig. 2 Tumor volume of each 1800
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Fig. 3 Tumor volume distribution during the treatment (week 1-4) and post-
treatment (week 5-8) periods. During the treatment period and post-treatment
period, the tumor volumes of the groups without gemcitabine treatment (within
dotted line) showed no significant therapeutic effects. Among the groups treated
with gemcitabine (within solid line), the tumor volume of the GEM + FUS2
group showed a statistically significant difference during the post-treatment
period (*p < 0.05)
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weekly treatments were performed. For both treatment
conditions, the tumor growth was effectively suppressed
until the second treatment session (TS2 in Fig. 4).
However, tumors in the group treated with gemcitabine
alone grew extensively after the second treatment session.
Well-suppressed tumors in the GEM + FUS group also
grew, but the growth rate was much lower than that in
the GEM group. For the third and fourth treatment ses-
sions, the mean doubling time of the tumor volume was
calculated using nonlinear least-squares regression. The
doubling times were 14.0 £ 1.1 days and 22.8 + 3.29 days
for the GEM and GEM + FUS groups, respectively.

Tumor volume distributions for each treatment session
are shown in Fig. 5. There was a statistically significant
difference between the groups from the second treatment
session (p < 0.05). With four GEM + FUS treatment ses-
sions, three of the ten animals in the GEM + FUS group
showed complete responses (CR, CR rate = 30%), while
one of the ten animals in the GEM group showed CR (CR
rate = 10%). Data from these CR cases are not included in
Figs. 4 and 5. Even without the CR cases, the combined
treatment of GEM and FUS showed significantly effec-
tive tumor control after the first treatment session (p <
0.01).

Histological examination using H&E staining was per-
formed on representative samples from each group, as
shown in Fig. 6. The treated areas of all CR cases in the
GEM + FUS group (Fig. 6¢c) showed no trace of tumor.
For non-CR cases, no significant histological changes
such as obvious coagulative necrosis with surrounding
congestion, haemorrhage or inflammatory cell infiltration
were observed.

' Time (Week)
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Fig. 4 Tumor volume of
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Fig. 5 Distribution of the tumor volume for each treatment session. From the second treatment session, a statistically significant difference in tumor

volume distribution was observed between the groups (**p < 0.01)
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Fig. 6 Representative images of a
H&E-stained pancreatic cancer
(CFPAC-1) cells. a (x40) and b
(x100) are images from the GEM
+ FUS2 group after showing
complete response. Histological
images of tumors in the GEM +
FUS2 group (c) and in the GEM
group (d). Other than the tumor
size, there was no significant his-
tological difference between
groups. EP epidermis, DE dermis,
SC subcutaneous tissue, M mus-

cle, AD adenocarcinoma, CA
cystic degeneration, NE necrosis

GEM+FUS |

| GEM+FUS

=
GEM only

Discussion

In medical applications, FUS has been widely investigated as
a treatment tool either by itself or in combination with current
therapies. Noninvasiveness and treatment localization are the
advantages of FUS [34, 35]. FUS can be used in cancer sur-
gery (thermal or non-thermal ablation), targeted drug delivery
(BBB opening [12, 36, 37], sonoporation [38—40], transder-
mal delivery [41], mild hyperthermia [42]) and biological
modulation (neuromodulation [43] and immunomodulation
[44]). Thermal ablation through high intensity FUS is current-
ly used in the clinic to treat uterine fibroids, prostate cancer,
pain from bone metastasis, essential tremor and several other
diseases [45]. Mechanical (non-thermal) effects of FUS have
gained increased interest, and this study was designed on the
basis of the mechanical effects of FUS for drug delivery.

The results of single-session treatment study showed that
FUS enhanced the therapeutic effects of chemotherapeutic
agents. Among the groups treated with FUS alone, a slightly
higher effect was observed in the FUS2 group, which had an
MI that was approximately three times higher than that of the
FUSI1 group, with almost the same amount of total acoustic
energy at each treatment point, although the enhancement was
small in the FUS-only groups. Tumor growth in the group
treated with a combination of chemotherapeutic agents and
FUS at a higher MI was more effectively suppressed com-
pared to chemotherapy only and combined therapy at a lower

@ Springer

MI. The results of the single-session treatment study indicate
that FUS can increase the therapeutic effects of chemotherapy
and that FUS with a higher MI might induce higher drug
uptake by cancer cells. From these results, it can be assumed
that the mechanical effects of FUS might be more effective in
an FUS-mediated treatment.

A multiple-session treatment study was designed to mimic
the treatment protocol that is currently used in clinical practice
for pancreatic cancer. It involved repeating three weekly treat-
ments and 1 week of monitoring. By repeating the treatment
with chemotherapeutic agents alone, pancreatic cancer
CFPAC-1 showed extremely reduced therapeutic effects after
a couple of treatment sessions. It is believed that the cancer
cells become drug resistant as the treatment is repeated.
Compared to chemotherapeutic agents alone, the combined
treatment of chemotherapeutic agents and FUS showed sig-
nificantly slower tumor growth as the treatment session was
repeated. In particular, three of the ten animals in the com-
bined treatment group showed CR (CR rate = 30%), while one
of the ten animals showed CR (CR rate = 10%) in the chemo-
therapeutic agent-only group. With the enhanced CR rate of
combined treatment, these results demonstrated the possibility
of FUS treatment combined with chemotherapy as an alterna-
tive treatment protocol for pancreatic cancer care.

In several studies of therapeutic effects of focused ultra-
sound, researchers have used microbubbles to enhance the
therapeutic effects of FUS [37, 46—50]. The studies have
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shown that the enhanced treatment outcomes are mainly
through the mechanical effects of FUS.

The results presented herein demonstrate that FUS at a
higher MI enhances cancer treatment. However, the effects
of microbubbles in combined therapy at different MI of FUS
were not investigated in this study. Therefore, chemotherapy
combined with microbubble-enhanced FUS treatment at a
higher MI should be further investigated to determine the
mechanism of FUS at a higher MI in combined therapy.

As a basic study, our study demonstrates the feasibility of
combined treatment protocol of chemotherapy and FUS as a
potential treatment protocol. However, the following limita-
tions have to be overcome to move the protocol toward clin-
ical use. The heterotopic xenograft model used in this study
has a limited ability to represent the actual conditions of pan-
creatic cancer in clinical practice. While this study shows that
the mechanical effects induced by FUS play an important role
in enhancing the therapeutic outcomes, any possible mecha-
nisms of FUS in combined therapy have not been investigat-
ed. To move this treatment protocol toward clinical applica-
tions, the main mechanism of FUS in combined therapy with
chemotherapeutic agent should be investigated by accurately
monitoring any cavitational activities and temperature chang-
es that might be induced by FUS.
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