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Abstract

Prostate cancer is the second leading cause of cancer death in men. Its current treatment includes various physical and chemical
approaches for the localized and advanced prostate cancer [e.g. metastatic castrate resistant prostate cancer (mCRPC)].
Although many new drugs are now available for prostate cancer, none is suitable for local treatment that can reduce adverse
effects often associated with the current physical treatment. Of the drugs approved by FDA for mCRPC, the best mean
improvement in overall survival is only about 4.8 months. Therefore, there is a need for improved treatment approaches for
prostate cancer, especially drug-resistant cancer.

Ultrasound therapy represents a useful new physical approach for the drug-resistant cancer treatment by facilitating the entry
of the related chemotherapy drug into the target cancer cells. There are two versions of ultrasound: High Intensity Focused
Ultrasound (HIFU) and Low Intensity Pulsed Ultrasound (LIPUS). HIFU has been a promising treatment option for prostate cancer
due to its noninvasiveness and various biological effects on cancer tissue. It has been approved for the treatment of cancer and in
recent years there have been numerous findings suggesting HIFU can reduce cancer cell viability and possibly reverse the spread of
cancerous tumors. LIPUS is currently being studied as an alternative treatment option for prostate cancer. Preliminary studies
have found LIPUS to reduce cancer cell viability without the side effects seen in HIFU. Reversible cell membrane damage caused by
LIPUS could allow increased uptake of anticancer drugs, enhancing cytotoxicity and death of cancer cells. In this way, a low dose of
anticancer drug is more effective toward cancer cells while there is less damage to normal cells. The combination of LIPUS with
certain chemotherapeutic agents can be an exciting physical-chemical combination therapy for prostate cancer. This review will
focus on this topic as well as the clinical use of HIFU to provide an understanding of their current use and future potential role for
prostate cancer therapy.
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therapy, brachytherapy or prostatectomy.'> As the disease pro-
gresses with metastases, chemotherapy is always a final option
if it can be tolerated by the patient. However, recurrences from
chemotherapy are common. Resistance to chemotherapy is the
reason for 90% of drug failures in patients with metastatic
cancer.” Of the 6 drugs approved by FDA for the treatment
of metastatic resistant prostate cancer (mCRPC), the best mean
improvement in overall survival is only 4.8 months, most likely
due to resistance development.® In addition, chemotherapy
often induces various severe side effects. Therefore, there is
a need for new therapeutic approaches that can not only
enhance efficacy but also reduce side effects.

Over the past decades, many new therapeutic approaches
have been developed. These include chemical entities (cur-
rently there are 34 drugs approved by FDA for prostate cancer),
physical entities (radiation, ultrasound) and their combinations.
While there are many examples of chemical-chemical combi-
nations'? physical-chemical combinations are less common.
One such example is radiation in combination with androgen-
ablative therapy. This combination is well known for improv-
ing time of relapse and survival.' As of to date, there is no
established ultrasound-drug combination to reach clinical trial
stage, although the benefit of such combination can be
considerable.

The present article will review the use of ultrasound for the
treatment of prostate cancer, especially pertaining to its com-
bination with anticancer drugs for potential treatment of pros-
tate cancer. Since ultrasound can induce diverse effects to
human cells (from harmless to lethal effect), it can offer a
unique opportunity to optimize therapy when used in combi-
nation with chemotherapeutic agents.

General Properties of Ultrasound

Ultrasound waves refer to wave frequencies beyond the range
the human ear can hear (>20 kHz).” The ultrasound vibrations
can cause a transfer of energy along a directed path and can
propagate through the body, oscillating at varying pressures
depending on the delivery of the ultrasound.® There are usually
three characteristics about ultrasound waves: frequency, wave-
length, and velocity.” Frequency is the number of times a par-
ticle experiencing a complete compression and rarefaction
cycle in one second. Therapeutic ultrasound usually uses fre-
quency ranges between 1 and 3 MHz and medical imaging
applications use 1-20 MHz frequency ranges (Figure 1A).
Ultra-high frequency ultrasonic transducers can also be used
for research applications such as cellular stimulation and
manipulation.'® Wavelength is the distance between two equiv-
alent points on the waveform in a particular medium
(Figure 1B). Depending on applications, appropriate pulse
parameters are required. PRT (PRF) represents pulse repetition
time. The duty factor is the fraction of time that an ultrasound
pulse is actually being produced. The amplitude (Vp-p) of a
sound wave is the maximum distance moved by a point on a
wave measured from its equilibrium position and determines its
intensity. Its intensity is an important parameter delivered from
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Figure 1. Sound waves and ultrasound parameters. (A) In ultrasound
(US) field, different frequencies are used in water or different biolo-
gical targets for different purposes. (B) Depending on applications,
appropriate US pulse parameters are required. (C) In focused ultra-
sound (FUS), the stimulation parameters are easily adjusted by using a
function generator and the focuses by an oscilloscope.

the ultrasound machine which is defined as the concentration of
energy within the beam with units of W/cm?. The velocity of
ultrasound is approximately 1500 m/sec in water and it can
travel more rapidly in a denser medium.

Focused ultrasound (FUS) produces a focused beam of
acoustic energy that precisely and accurately reaches large
targets in the body without damaging surrounding normal
cells."" The FUS stimulation parameters are easily adjusted
by using a function generator (Figure 1C). The focal distance
from the transducer to the surface of culture dish is aligned
using a pulser-receiver (oscilloscope). FUS technology is
approved for prostate cancer (see below) but also has been
proposed for use in other cancer therapy.lz’13

In this respect, there are two general types of ultrasound
intensities used for therapeutic purposes: High Intensity
Focused Ultrasound (HIFU) and Low Intensity Pulsed Ultra-
sound (LIPUS). High-intensity (>5 W/cm?) continuous FUS
generates a systemic immune stimulatory effect resulting in
tumor ablation."* Pulsed FUS (i.e., non-continuous stimulus
to minimize heat generation)'>'® may induce a more refined
cellular/molecular immune response'’ by initiating inflamma-
tory responses which boost cancer immunotherapy.'® HIFU
can lead to inertial cavitation of gas bubbles leading to cell
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death.'” This inertial cavitation can in turn lead to increased
temperatures within cells.”® On the other hand, LIPUS causes
stable cavitation without increasing temperature.

HIFU

HIFU was first approved by FDA in 2015. According to the
recent NCCN Guidelines, ultrasound is recommended as a
local therapeutic option for prostate cancer if radiation therapy
fails HIFU is usually defined as delivering ultrasound waves
with an intensity of greater than 5 W/cm?.?! HIFU can gener-
ates tumor ablation through a systemic immune stimulatory
effect.'* The main mechanisms of HIFU ablation involve
mechanical and thermal effects.”? The thermal effect of HIFU
is heat generation due to absorption of the acoustic energy with
a rapid elevation of temperature in the local tissue. The local
tissue temperature could be elevated to higher than 60°C by the
thermal effect, causing tumor cell destruction via coagulation
necrosis. The thermal effect is the major source from thermal
ablation therapy using HIFU. In fact, HIFU with intensities in
the range of 100 — 10,000 W/cm? has been utilized clinically to
destroy tumor cells.?" A spherical shaped transducer is thus
used to focus the heat of the ultrasound on specific targeted
cells. Many oncology centers use ultrasound with transducers
between 0.8 and 3.5 MHz to not only treat prostate tumors, but
also liver, kidney, or breast cancers because ultrasound therapy
with frequencies between 0.8-3.5 MHz is more effective than
standard diagnostic US for cancer treatment.*

Mechanical effects induced by HIFU are associated with
acoustic pulses only at high intensities, including cavitation.*
Cavitation is defined as the physical forces of the sound waves
on microenvironmental gases within fluid. As the sound waves
propagate through the medium, the characteristic compression
and rarefaction causes microscopic gas bubbles in the tissue
fluid to contract and expand. It is generally thought that the
rapid changes in pressure, both in and around the cell, may
cause damage to the cell. There are two forms of cavitation:
stable and inertial cavitation. Stable cavitation is the stable
oscillation of the size of the bubble when exposed to a low-
pressure acoustic field, and may play a role in US-enhanced
drug and gene delivery. In contrast, inertial cavitation is violent
oscillations of the bubble and rapid growth of the bubble during
the rarefaction phase when they reach their size of resonance,
eventually leading to the violent collapse and destruction of the
bubble. The violent collapse will produce shock waves that
produce free radicals and a cascade of molecular events and,
in turn, damage the cancer cells. The mechanical effects can be
explained by a concept of inertial cavitation. The heat gener-
ated by HIFU results in compression and rarefaction which
then leads to formation of bubbles within the tissues. As the
tissues are constantly heated and pressured by the HIFU, the
bubbles are oscillating and expanding until reaching a size that
would collapse asymmetrically, leading to tissue damage and
cell death. However, it is less predictable and not as significant
as the thermal effect, yet it can also play a role in damaging the
targeted tissues.

Common devices used for HIFU are Sonablate and
Ablatherm.** Sonablate has a 4 MHz transducer with focal
depth of 40 mm. Ablatherm has a 3 MHz transducer with
adjustable focal length (19-26 mm). Both transducers can
generate a focused ultrasound field that creates heat and
cavitation which destroy the cancer tissues with a spindle-
shaped elementary lesion of about 1.7 mm in diameter. The
maximum depth that HIFU can penetrate prostatic tissues is
about 30 mm.?’ The therapeutic benefit of HIFU using
Sonablate or Ablatherm in patients with prostate cancer is
well established. This includes 61.2% to 95% 5-year
disease-free survival rate for Sonablate and 69% to 84%
7-8-year disease-free survival rate for Ablatherm (See
Table 1). However, HIFU can induce impotence (38.8% to
55.1%) and urinary incontinence (6.1% - 12.2%).%®

The benefit of combination of HIFU and anticancer drugs
for prostate cancer is unknown. A previous study showed that
the anticancer activity of anticancer drugs can be decreased by
HIFU exposure when tested in human ovarian cancer cells.*?
Since HIFU, when combined with anticancer drugs is known
for inducing a lethal effect rather than a therapeutic effect to a
defined area, its main use is for local ablation therapy and not
for metastatic cancer.

LIPUS

LIPUS is defined as ultrasound applied at an intensity less
than 3W/cm? and the energy is released at a pulsed rate. The
pulsed rate, commonly referred to as duty factor or duty cycle
is usually set at 1:1 (50%) or 1:4 (20%) (the amount of time
the energy is released versus being off in one second). In
terms of penetration, 1| MHz frequency typically reaches tis-
sue depths of 2.3-5 cm, while a 3 MHz frequency reaches
depths of 0.8 -1.6 cm.>*

Due to the low intensity from LIPUS, the thermal effect is
minimal as opposed to HIFU. Most documented effects are
mechanical (or nonthermal) cellular changes. Vibrations of
cellular components due to ultrasound are known to cause
cavitation within cells. LIPUS can cause stable cavitation
resulting from the formation of gas bubbles which will take
roughly 1000 cycles to reach their maximum size. Another
mechanical effect is acoustic streaming that provides a driving
force capable of displacing ions and small molecules. This
mechanical pressure applied by the wave produces unidirec-
tional movement of fluid along and around cell membranes
which is known to affect diffusion rates and membrane perme-
ability.>* Through cavitation, implosion of gas bubbles can
create microjets of fluid, so possibly drugs can then enter tar-
geted cells> Furthermore, non-collapsing bubbles near target
cells may alter cellular membranes which can increase the
influx of drugs into cells.*®

LIPUS can be further utilized to combine with microbubbles
to enhance the drug effect. Microbubbles are microspheres in
the range of 1-8 um size consisting a gas core stabilized by a
surrounding shell made of phospholipids or other polymers.
Drugs, antibodies or other proteins can be attached to the
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Table 1. HIFU for Prostate Cancer.

Study design Ultrasound settings Efficacy

Side effects/limitation References

Multi-institutional study Transducer: 3.5MHz

of 111 patients

Transducer: 3 MHz
Focal length: 19-26 mm
Max penetration depth: 30 mm

Retrospective study of

327 patients 1.7 mm

Free survival rate at 2 years was 89%
Mean PSA at 2 year was 2.3ng/ml

Create spindle-shaped lession of

UTL: 18/111 26

Transient dysuria: 17/111

Anejaculation: 16/111

No side effect included in the
study

25

Biochemical failure free survival rate:

0.3% (P < 0.001)

Transducer: 3.5 MHz
Max penetration HIFU: 24 mm

Study of 163 patients
who have prostatic

cancer treatment

No patient died due to prostate cancer

86.4% has PSA nadir <Ing/ml
92.7% had negative biopsy after

Most common: Obstruction 27

due to necrosis or scarring
(31% occurred with HIFU
alone)

within 4.8 +/- 1.2 years follow-up

Transducer: 3 MHz

Created lesion has: 1.7 mm
diameter and 19-24 mm in
length

Cross sectional study of
223 patients who
have prostatic cancer.

49% patients needed a second HIFU
session due to positive biopsies after
first HIFU treatment. The average
time between first and second

Impotence: 49.8% 28

Infravesical obstruction:
19.7%
Stress incontinence: 7.6%

treatment is 7 months

Transducer: 3 MHz

Created lesion: 1.7 mm
diameter and 19-24 mm in
length.

5 seconds duration and
5 seconds delay between
each shot

Transducer: 3 MHz

6 seconds treatment pulse and
4 seconds shot interval

Study of 58 patients who
have prostatic cancer

Study of 1002 patients
who have prostate
cancer

Ablatherm HIFU device
(EDAP SA, Lyon, France)
Transducer: 3 MHz

Study of 227 patients
who have prostate
cancer

78% of patients has PSA<0.5 ng/ml

Successful rate of low-, intermediate-,
and high-risk group are 85%, 77%,
and 47% respectively

After an average of 7.9 weeks, median
nadir PSA is 0.14 ng/ml
10-years survival rate was 80%

86% of patients treated with HIFU had Side effect: 13%
negative control biopsies.
Median nadir PSA was 0.1ng/ml

No mention about side 29

effects.

Limitation: the sample size is
so small to have
significant impact

Bladder outlet obstruction: 30

16.6%
Urinary incontinence: 23.7%
Acute urinary retention:
7.6%
31
incontinence, 12%
stenosis, 9% sloughing

Contiguous shots (5 seconds on, 5-years disease free survival rate was

5 seconds off) 66%

surface of shells, encased inside the shells, or embedded in the
shell membrane.?’=? Injection of such microbubbles and upon
exposure to ultrasound can cause cavitation (shrinking and
expanding to a size that can lead to rupture) which can generate
shear stress and cell membrane permeability. Such effect can
allow drugs or proteins to enter the cell and improve anticancer
effect.

LIPUS has been investigated as a possible prostate cancer
treatment option either alone or in combination with microbub-
bles [See Table 2]. Hou et al utilized LIPUS with microbubbles
in order to induce microvessel damage in tumors leading to cell
necrosis or apoptosis.*® Their results indicated that with LIPUS
treatment four times per day, cell proliferation was inhibited,
and apoptosis was promoted. However, when treated only once
per day, they observed opposite effects indicating further
research is needed to clearly define the ultrasound effects.
Yang et al reported the effect of LIPUS plus microbubbles
on microvessel disruption in prostate cancer.*'** They con-
cluded that the optimal ultrasound parameters are 20 kHz
frequency, 1 W/ecm? intensity, 40% duty cycle and 3-minute

duration to induce tumor ablation in mice implanted with PC3
cancer cells.

The use of LIPUS in combination with anticancer drugs has
also been explored (Figure 2A, B). Anti-cancer drugs can inhi-
bit various pathways known to regulate cancer proliferation
and survival. Several classes of drugs/treatments have been
developed to interfere with oncogenes/oncoproteins, androgen
receptor signaling, bone metastasis, and immune response
known to be involved in the progression of prostate cancer.*”*3
There are now 36 drugs by FDA as of January 14, 2021.*° (Due
to this extensive list of drugs, we like to refer those interested in
therapeutic use of drugs for prostate cancer to the website and
individual product information.) As is often the case with che-
motherapy, drug resistance can occur with continued therapy,°
so improved methods to treat drug-resistant cancers are needed.
The use of LIPUS in combination with anticancer drugs may
offer a new treatment for drug resistant cancer (Table 2)
(Figure 2A and B).

Yang et al studied the ultrasound combined with microbub-
bles (USMB) in further combination with docetaxel.*® They
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Table 2. LIPUS Alone or in Combination With Drugs on Prostate Cancer.
Cell line/xenograft Parameters Results Reference

PC-3/xenograft

PC-3/xenograft

PC-3/xenograft

PC-3/xenograft

DU145

DU145

acoustic intensity (1 W/cm?), frequency (20 kHz),
duty cycle (40%), and radiation duration (3 min)

0.50, 1.00 and 2.00 W/ecm?, duty cycle of 20%,
varying time

frequency, 20 kHz; acoustic intensity, 1 W/cmz;
duty cycle, 40% irradiation duration, 3 min.
frequency, 20 kHz; acoustic intensity, 1 W/em?; duty

cycle, 40% irradiation duration, 3 min.

intensity of 0.15, 0.30 and 0.45 W/cm?; irradiation
time, 10, 20 and 30 sec

21 kHz; power density, 0.113 W/em?; exposure time,
2 min at a duty cycle of 70%,

paclitaxel-resistant frequency of 1 MHz, intensity was set to 1.2 W/cm?

PC-3 cells

cell proliferation was inhibited, and apoptosis was
promoted

optimum conditions for microvessel disruption were
found to be as follows: Sound intensity, 1.00 W/em?;
frequency, 20 Hz; duty cycle, 40%; microbubble
volume, 0.20 ml; and irradiation time, 3 min.

exposure to microbubbles prior to radiofrequency
ablation produced larger volumes of ablation,
compared with treatment with RFA alone

USMB combined with docetaxel is more effective than
USMB or docetaxel alone in inhibiting tumor growth
via the enhancement of apoptosis, and the
suppression of proliferation and angiogenesis

ultrasound with or without microbubbles in
combination with simvastatin may additively or
synergistically inhibit cell viability and induce
apoptosis

microbubble/mitoxantrone combination significantly
decreased cell viability (50.7%) when compared to
drug alone and ultrasound alone

ultrasound triggers ERs, which inhibit signal
transduction pathway to downregulate the
transcriptional activity of transporters and
intracellular concentrations of paclitaxel are
increased, promoting apoptosis and reversing drug
resistance

40

a1

42

44

45

46

Abbreviations: USMB, ultrasound with microbubble; ER, endoplasmic reticulum; RFA, radiofrequency ablation.
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found that the mean tumor inhibition was 73.33%, 46.67% and
33.33% for ultrasound-docetaxel combination, docetaxel alone
and ultrasound alone, respectively (Table 2). They believe the
combination effect is due to inertial cavitation caused by
USMB that generates jet streams. The jet streams in turn gen-
erate pores in vessel walls and cell membranes to enhance drug
delivery (Figure 2C). Xu et al found a similar combination

effect with ultrasound plus simvastatin.** Their results indi-
cated that USMB when combined with simvastatin signifi-
cantly increased cellular apoptosis of DU-145 cells when
compared to ultrasound and drug alone. This enhanced effect
is proposed to be due to cavitation caused by ultrasound micro-
bubbles and increased membrane permeability. Other prostate
cancer studies also found the combination of USMB with
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anticancer drugs enhances chemotherapeutic effects through
increased membrane permeability.*>*® Most of these reports
related to the use of combination of USMB with anticancer
drugs because microbubbles can amplify the impact of low-
frequency ultrasound stimulation with the capability of
long-distance penetration of cells physically coupled to micro-
bubbles, as a result of a large difference in acoustic impedance
between the surrounding media and the air inside the bub-
bles.’*? However, ultrasound-anticancer drug combination
without microbubble also has been demonstrated to induce
significant change in prostate cancer cell viability.*®

Discussion and Conclusion

While the use of HIFU for the treatment of localized prostate
cancer is well accepted, the potential of LIPUS-anticancer drug
combination can be an exciting area of research. LIPUS can
penetrate a greater depth than HIFU and therefore is more
versatile for application. Since LIPUS causes minimal damage
to cells, it is also safer to normal tissues. In addition, if the
effect of LIPUS causes reversible cell membrane damage that
could allow anticancer drugs to enter cancer cells more readily,
such combination with or without microbubbles may induce
enhanced cytotoxicity to cancer cells. This can be especially
useful if cancer cells are more sensitive to anticancer drugs than
normal cells. Anticancer drugs like docetaxel and cabazitaxel
can achieve a much lower IC50 for PC3 and DU145 prostate
cancer cells compared to normal prostate cells, suggesting spe-
cificity of the drugs to cancer cells (our unpublished data).
Future research on the application of LIPUS-anticancer drug
combination can target both localized as well as certain meta-
static sites. For local therapy such as the prostate, a lower dose
of anticancer drug in combination with LIPUS may prove to be
as effective but safer and more versatile than HIFU
(Figure 2B). For metastatic prostate cancer, such combination
may be also applied to common metastatic sites such as long
bones, pelvis, lower spine, lymph nodes, liver, lungs or pleura
in the thorax.>*">* Technical development of implanting a small
transducer inducing LIPUS in combination with systemic
anticancer drug therapy is needed. Potentially the development
of intravascular catheter insertion with a small transducer with-
out microbubbles could possibly enhance the versatility of
LIPUS for metastatic prostate cancer in the future. In conclu-
sion, LIPUS when used in combination with anticancer drug
therapy could be an exciting example of a physical-chemical
combination (Figure 2), resulting in potentially enhanced effi-
cacy and reduced toxicity (in normal cells). Further research in
this direction could be a worthwhile endeavor, especially for a
patient with resistant prostate cancer in which there is no effec-
tive treatment.
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