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Besides the well-known and wide use of ultrasound in diagnostics, the
therapeutic use of ultrasound has recently emerged. The understanding of the
action of ultrasound waves at the cellular level has prompted an increased use
of these waves alone or in combination with local activators in several
domains. A book on therapeutic ultrasound needs to cover a broad spectrum
of techniques and indications, which is quite a challenge. In addition, it
should provide an up-to-date review and evidence of treatment efficacy.

All this is presented in three different parts within this book. The first part
describes the use of high intensity ultrasound (HIFU) waves to perform tissue
ablation: Following a thorough review of the underlying concepts, seven
chapters provide detailed reports on different organs of interest. In addition,
this part also mentions the synergy between ultrasound and other techniques,
such as MRI, for certain indications while others might be achieved with
ultrasound techniques exclusively. This underlines the high adaptability of
ultrasound to different constraints with respect to the desired objectives. Last
but not least, while bone typically represents a barrier for the propagation of
ultrasound waves, results obtained in brain applications are absolutely amaz-
ing and pave the way for a new method of treating brain diseases.

The second part is based on the existing synergy between ultrasound
waves, microbubbles and nanodroplets to exhibit a new therapeutic approach.
Here again, after a detailed explanation of underlying mechanisms, even
those that are not totally clarified, the following chapters report on the use of
this synergy in several domains with a demonstration of efficacy. Conversely
to the first part, where clinical trials have clearly demonstrated the high
potential of HIFU in several indications, there is less clinical evidence for
“sonoporation” to be an invaluable therapeutic improvement, with the excep-
tion of sonothrombolysis. However, more and more evidence is now emerg-
ing, and no doubt this will be the main challenge for the years to come and
might eventually result in a second edition of this book.

The last part of the book deals with further therapeutic applications of
ultrasound which do not rely on high intensity focused ultrasound or synergy
with microbubbles and nanodroplets. This part illustrates the flexibility of
ultrasound which can be used for bone repair or as a new approach for cancer
treatment named “‘sonodynamic therapy”.

Altogether, the three parts provide a near-complete overview of the thera-
peutic potential of ultrasound and offer researchers and clinicians an exten-
sive review on the topic. There is clear evidence of the value of therapeutic
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ultrasound in several domains but, this will surely be further substantiated in
the coming years based on the clinical evidence of sonoporation and the
increased number of clinical results demonstrating a highly positive thera-
peutic index.

Many thanks to the Editors Jean-Michel Escoffre and Ayache Bouakaz for
accepting the challenge of putting together a reference book on this subject,
to Jacqueline Butterworth for the English proofreading of the book and to all
the authors for their voluntary contribution.

Plan-Les-Ouates, Switzerland Frangois Tranquart, PhD, MD
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High Intensity Focused Ultrasound
Ablation of Pathological Tissue



Gail ter Haar

G. ter Haar
Joint Department of Physics,

Abstract

High intensity focused ultrasound (HIFU) is rapidly gaining clinical
acceptance as a technique capable of providing non-invasive heating and
ablation for a wide range of applications. Usually requiring only a single
session, treatments are often conducted as day case procedures, with the
patient either fully conscious, lightly sedated or under light general anes-
thesia. HIFU scores over other thermal ablation techniques because of the
lack of necessity for the transcutaneous insertion of probes into the target
tissue. Sources placed either outside the body (for treatment of tumors or
abnormalities of the liver, kidney, breast, uterus, pancreas brain and
bone), or in the rectum (for treatment of the prostate), provide rapid heat-
ing of a target tissue volume, the highly focused nature of the field leav-
ing tissue in the ultrasound propagation path relatively unaffected.
Numerous extra-corporeal, transrectal and interstitial devices have been
designed to optimize application-specific treatment delivery for the wide-
ranging areas of application that are now being explored with HIFU. Their
principle of operation is described here, and an overview of their design
principles is given.
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1.1 Introduction

As the name suggests, High Intensity Focused
Ultrasound, HIFU, is the term used to describe
the application of focused beams of high power
ultrasound for therapeutic benefit. The technique
is also sometimes referred to as focused ultra-
sound surgery, FUS. The common feature of the
now many, and varied, HIFU treatments is the
need to provide a beam in which the energy is
sufficient to produce biological change solely
within the focal volume. With few exceptions, the
aim is to induce irreversible damage, although in
some applications, such as drug delivery, the goal
is to produce more transient effects.

1.2  Principles of HIFU

In the frequency range 0.8-5 MHz, the wave-
length of ultrasound in tissue is ~2—0.3 mm. This
means that small regions of high pressure (inten-
sity) can be created at a distance from the source,
in the focal plane. In principle, therefore, if there
is sufficient energy in the ultrasound beam travel-
ling through an absorbing medium, it is possible
to obtain a biologically significant temperature
rise solely in this region, with negligible rises
elsewhere.

A common analogy here is that of a magnify-
ing glass used to concentrate the sun’s rays, with
the purpose of igniting dry kindling. This is only
successful when the fuel is placed where the
bright spot is at its most intense, that is, in the
focal plane of the lens. When the spot is more
diffuse, it is not possible to set fire to the kin-
dling, as the fuel is no longer in the focal region.
Similarly, when a HIFU focus is placed at depth
inside soft tissue, it is possible to raise the tem-
perature at the focus to levels at which thermal
necrosis occurs (>56 °C) while leaving the tem-
peratures elsewhere close to their original lev-
els, including those of tissues lying in the beam
path overlying the focal volume. Figure 1.1a
shows the principle of this technique. The gross
appearance of a HIFU lesion (the term used to
describe the region of damage induced) can be
seen in Fig. 1.1b, while Fig. 1.1c shows a
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histological section taken at the lesion’s edge.
The very sharp drop off in temperature is
reflected in the sharp demarcation between live
and dead cells.

1.3  History of HIFU
Since this use of high intensity focused beams
was first proposed in ~1942 (Lynn et al. 1942), it
has been explored for a number of different
potential medical applications. The aim in the
1940 and 1950s was to destroy regions of the
brain selectively, in the quest for a better under-
standing of neurobehavior (Fry et al. 1954, 1958;
Fry 1953; Fry and Fry 1960). These early efforts
were hampered not only by the poor quality of
the ultrasound images used for targeting, but also
by the necessity of removing a portion of the
skull to provide an acoustic window for the
focused beam into the brain. Despite these limita-
tions, it was possible to destroy pre-determined
regions of the brains of experimental animals
with good selectivity, and some human treat-
ments of Parkinson’s disease were also carried
out (Ballantine et al. 1960). The early work
achieved ‘focusing’ by using several plane trans-
ducers whose beams all crossed in the same
plane. The development of HIFU coincided with
the introduction of the drug L-dopa. From a
patient’s perspective, L-dopa proved to be a more
acceptable treatment for Parkinsonism, and from
a clinical viewpoint, was easier to administer.
HIFU did not really gain significant clinical
acceptance until the 1990s, despite successful
ophthalmological treatments before this date.
The first proposal to use focused ultrasound in
ophthalmology came from Lavine et al. (1952)
who demonstrated cataract formation when the
lens of the eye was targeted with a focused beam.
Other studies demonstrated that HIFU can
decrease intra-ocular pressure (Rosenberg and
Purnell 1967) and produce lesions in the vitreous,
lens, retina and choroid (Coleman et al. 1980,
1985a, b; Lizzi et al. 1978). The first human treat-
ments of glaucoma, undertaken in 1982, gave
encouraging results. 79 % of the patient cohort
treated had a sustained lowered intra-ocular
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Fig. 1.1 (a) Schematic diagram showing the principle of
high intensity focused ultrasound (HIFU). (b) Slice of
ex-vivo bovine showing a HIFU lesion. (c¢) Histological
section showing the sharp demarcation between ablated

pressure after 1 year (Silverman et al. 1991).
Although HIFU showed considerable promise in
these, and other, ophthalmological applications,
laser surgery has enjoyed wider success and
application, presumably because of its apparently
simpler technology and application. It is only
now that the use of HIFU in the treatment of
glaucoma is being revisited, with considerable
success (Aptel et al. 2014).

Overview of clinical usage The realization of
the full potential of HIFU treatments is only pos-
sible now that precise targeting and good treat-
ment follow-up techniques, (with anatomical and
functional imaging), are available with modern
diagnostic ultrasound scanning and magnetic
resonance imaging (MRI) methodologies. The
provision of real-time images with excellent spa-
tial resolution and contrast has opened a window

—

HIFU transducer

Focal plane

Skin

d

HIFU lesion array

Focal plane

Skin

and unablated cells (Hematoxylin and Eosine staining).
(d) Schematic diagram showing the formation of conflu-
ent regions of ablation

of opportunity for HIFU which can only be used
to full advantage when the tissue volume to be
destroyed can be precisely targeted. Both ultra-
sound and MRI have been used to guide and
monitor HIFU treatments. Each method comes
with its advantages and disadvantages. MRI gives
anatomical images, and can provide thermometry
sequences that allow the tissue temperature to be
mapped, thus providing information not only
about the success of ablation in the target, but
also about the safety of critical regions outside
this volume. While ultrasound thermometry has
not yet found clinical implementation, this
modality offers superior spatial and temporal
resolution for imaging. Confirmation of success-
ful ablation under ultrasound guidance relies on
the appearance of bright echoes on an ultrasound
scan, The ability of HIFU to ablate subcutaneous
tissue volumes non-invasively has made it an



attractive potential therapy for deep-seated soft
tissue tumors. Malignant tumors of the liver, kid-
ney, breast and pancreas have been successfully
targeted (Al-Bataineh et al. 2012; Orsi et al.
2010; Wu et al. 2004, 2005a, b). While ultra-
sound does not significantly penetrate bone,
many osteosarcomas break through the bone cor-
tex, and thus are also good candidates for HIFU
treatment (Li et al. 2010; Chen and Zhou 2005).
The successful palliation of pain resulting from
bone tumors has also been reported, with the
treatment here being aimed at destroying the
nerves lying on the peri-osteum (Liberman et al.
2009; Hurwitz et al. 2014). Care must be exer-
cised to avoid bowel gas that lies in the propaga-
tion path. In some treatment orientations this gas
may be successfully displaced by applying pres-
sure from a water balloon placed against the
abdomen. HIFU has proved to be an attractive
technique for the treatment of uterine fibroids.
These may be clearly visualized on either MR or
Ultrasound images (Froeling et al. 2013; Hesley
et al. 2013; Quinn et al. 2015).

Trans-rectal HIFU treatment of prostate
tumors has also been widely investigated. Both
benign prostate hyperplasia (BPH) and prostate
cancer have been targeted (Crouzet et al. 2015;
Thiiroff and Chaussy 2015). Initial results from
clinical trials for treatment of BPH (Gelet et al.
1993; Sullivan et al. 1997) were encouraging,
with increase in flow rate and decreases in post-
void residual volume. However, the long-term
results of Madersbacher et al. (2000) were disap-
pointing, with 44 % of patients requiring a sal-
vage trans-urethral resection of the prostate
(TURP) within 4 years. HIFU has thus not proved
to be significantly better than the “gold standard”
treatment (TURP). Treatment of cancer in the
prostate presents different problems from those
associated with the treatment of BPH (Crouzet
et al. 2015; Thiiroff and Chaussy 2015). Prostate
cancer is a multi-focal disease, the foci of which
are difficult to detect with diagnostic ultrasound.
It is important for its control that all foci are
destroyed. Initially HIFU treatments were aimed
at ablation of the whole gland (Chaussy et al.
2001; Dickinson et al. 2013). More recently,
there has been a move towards partial ablation,
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with either hemi-ablation, or focal ablations
(Crouzet et al. 2014; Baco et al. 2014; Valerio
et al. 2014). There is little in the way of conven-
tional therapy to offer patients whose prostate
cancer recurs after radiation therapy. High inten-
sity focused ultrasound may be able to fulfill this
role as it offers selective tissue destruction with-
out side effect. Early trials for this application
have shown encouraging results (Ahmed et al.
2012; Gelet et al. 2004).

1.4  Exposure Dosimetry

In imaging and therapies that use ionizing radia-
tion, a distinction is clearly made between “expo-
sure” and “dose”, with exposure for these energy
forms being the amount of ionization produced in
air by X- or y-rays. The unit of exposure is the
Roentgen, R. Exposure describes the amount of
radiation that reaches the body, but does not
describe the fraction of that incident energy that
is absorbed within tissue. A second parameter is
used for this, the “absorbed dose” (commonly
referred to as “dose”). Dose characterizes the
amount of energy deposited per kilogram and has
units of the gray (Gy) and the rad, where
1 rad=100 Gy. A weighting factor (relative bio-
logical effect, RBE) is used in an attempt to com-
pare the biological effects of different forms of
ionizing radiation. This leads to a “dose equiva-
lent” parameter, whose units are the rem or
Sievert, Sv, (1 rem=100 Sv). These parameters
are related by the equation: Dose equivalent
(Sv)=dose (Gy)x RBE. X-rays, y-rays and B par-
ticles have an RBE of 1.0, whereas a particles
have an RBE of 20.

The terms “exposure” and “dose” are used
interchangeably in medical ultrasound, although
a convincing case for drawing the distinction can
be made. Different biological effects result from
different modes of ultrasonic energy delivery. For
example, two exposures that use the same total
acoustic energy over an identical time span,
where one is delivered in continuous mode, and
the other in short pulses at low repetition rate and
high amplitude may result in very different
effects in tissue. The first is more likely to induce
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thermal effects, while the second may stimulate
cavitation activity and its associated characteris-
tic cell damage (ter Haar 2010).

Ultrasound exposures are most usually char-
acterized in terms of the acoustic field determined
under “free field conditions” in water. Here, “free
field” is taken to describe the conditions in which
the ultrasound beam propagates freely, without
influence from boundaries or other obstacles. A
full description of HIFU exposures requires
knowledge of frequency, exposure time, trans-
ducer characteristics, total power, acoustic pres-
sure and/or intensity (energy flux in Watts.cm™)
and mode of energy delivery (single shots,
scanned exposures, efc.) (ter Haar et al. 2011).

In order to make the transition from exposure
to dose in an ultrasound field, it is necessary to
know the acoustic characteristics of the propaga-
tion medium. The parameters of most importance
are the attenuation and absorption coefficients,
the speed of sound and the nonlinearity parame-
ter B/A. There are large gaps in knowledge about
these parameters for both normal and malignant
human tissues, although many have been tabu-
lated (Goss et al. 1980; Duck 2013). Generally
HIFU exposures are described in terms of free
field water measurements, but in some cases, an
attempt is made to calculate an in-situ intensity
by estimating the total attenuation in the beam
path. Spatial peak (focal peak) intensities and
spatially averaged intensities are also sometimes
quoted.

Two dose parameters related solely to thermal
effects have been proposed. Sapareto and Dewey
(1984) proposed a thermal dose parameter. This
has been used extensively to describe hyperther-
mic cancer treatments. The temperature-time his-
tory for a particular tissue volume is integrated
and reduced to a biologically equivalent exposure
time at 43 °C, ty3. This equivalent time is given by
the equation:

ty =R As (1.1)

where R is 0.5 above 43 °C and 0.25 below 42 °C,
and T is the average temperature over a time At.

This has been shown to be valid up to about
50 °C, but is difficult to validate experimentally

for the short times required above this tempera-
ture, since very fast heating and cooling rates are
required. An alternative parameter related to the
heating potential of the HIFU beam is the product
of intensity and time (a measure of the total
energy), but this concept has not gained wide-
spread acceptance in the therapy ultrasound lit-
erature. Clinically, a ty; of 240 min is used as the
threshold for successful thermal ablation
(MacDannold et al. 2006). It is now well accepted
that cavitation can enhance the heating in a HIFU
field (Holt and Roy 2001; Khokhlova et al. 2006).
However, there is, as yet, no validated method of
quantifying cavitation activity, nor accepted
method for defining “cavitation dose” (Chen
et al. 2003; Hwang et al. 2006).

1.5  HIFU Treatment Delivery
The devices used to deliver HIFU clinically are
broadly divided into two classes, extra-corporeal
and interstitial. The basic components however,
do not differ much, comprising as they do, the
transducer, a signal generator, amplifier, match-
ing circuitry to maximize the electro-acoustic
efficiency, a power meter, and in some cases a
method of cooling the transducer. These are con-
nected to an operator console that allows move-
ment and positioning of the source, and also
provides a means of monitoring the treatment.
The focusing required for HIFU treatments
can be achieved in a number of ways. The sim-
plest is to use a single element transducer: most
commonly, either in the form of a planar disc
fronted by a lens, or shaped as a spherical bowl.
Such transducers are limited in that they can only
provide a fixed focus, and if clinically relevant
volumes are to be treated, the whole transducer
assembly must be physically moved in order to
place lesions side by side (Fig. 1.1d). The more
common alternative is to use multi-element trans-
ducer arrays. Electronic phasing of the signal to
individual elements allows both flexibility in
shaping the focal volume, and some dynamic
control of its position, both axially and trans-
axially (Gavrilov et al. 2000; Gavrilov and Hand
2000; Daum and Hynynen 1999). The geometry
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of the elements determines its capabilities. For
example, if the array is comprised of concentric
elements (an annular array) it is only possible to
move the focus electronically to different posi-
tions along the beam axis (Hynynen et al. 1996;
Dupenloup et al. 1996).

When the individual elements are placed on a
spherical shell, focusing is achieved using both
the transducer’s geometry, and dynamic control
of phase and amplitude. For the safe application
of HIFU it is important to minimize the grating
lobes that can occur when elements are uniformly
spaced. These, and other secondary maxima that
can be present in the acoustic field, may lead to
unwanted local heating in tissue away from the
target volume. A number of solutions for reduc-
ing grating lobes have been suggested. In the
main, these involve destroying the regular peri-
odicity of the element spacing, and introducing

randomness and sparsity into their arrangement
(Hutchinson et al. 1996; Goss et al. 1996;
Gavrilov et al. 1997; Filonenko et al. 2004; Hand
et al. 2009). Random arrays typically allow lat-
eral movement in the focal plane by distances of
~10 % of the geometric focal length. Pernot et al.
(2003) compared the steering capabilities and
appearance of side lobes at a frequency of
0.9 MHz for three sparse array geometries (hex-
agonal, annular and quasi-random), each with
52 % coverage of the 180 mm diameter, 120 mm
geometrical focal length spherical surface on
which they were mounted. They showed by sim-
ulation that the quasi-random design gave the
best beam steering capability while maintaining
sufficient peak pressure amplitude. Their results
were validated by experiment. In Figs. 1.2, 1.3
and 1.4, field simulations for a 256 element ran-
dom array are displayed, showing the influence
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of the beam pattern of the number of array ele-
ments (Fig. 1.2), the radius of curvature of the
bowl on which they are placed (Fig. 1.3), and the
drive frequency (Fig. 1.4).

A disadvantage of the sparse array is that
energy is deposited incoherently in the near field
(Payne et al. 2011). This leads to a low level of
heating that becomes problematic when focal
lesions are to be placed side by side (to gain con-
fluent ablation volumes) with their near fields
overlapping, since the temperature may rise to
biologically significant levels. This is avoided by
introducing a cooling time between “shots”, but
this in turn lengthens the treatment time. In order
to reduce these problems, a 500 kHz flat phased
array with elements space A/2 apart has been
proposed (Ellens et al. 2015). While this reduces
the effects of near field heating, and avoids the
problem of grating lobes, this lower frequency
(necessary if the A/2 separation is to be achieved),

results in a lower spatial resolution and cavitation
threshold, and increases the probability of heating
post-focally. At this lower frequency, the ultra-
sound absorption is reduced, and more acoustic
power is required to achieve the desired tempera-
tures than for the 1-3 MHz frequency range that is
more commonly used. This illustrates the neces-
sity, common to all designs, of making trade offs
and compromises Hill et al. 1994.

It is not possible here to describe in detail the
many different transducer geometries available,
but Table 1.1 summarizes the many different
designs, their steering capabilities, and their
advantages and disadvantages.

When tissue targets lie behind the ribcage
(such as those in liver, kidney or pancreas) or
under the skull, approaches that avoid overheating
the bone surface are required if an acoustic win-
dow is not to be created by surgical removal of
some skull or ribs. For the rib cage, simple ray
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tracing may be used to “turn off” elements whose
beam impinges on the bone (Civale et al. 2006) or,
more sophisticatedly, time reversal or adaptive
focusing techniques are used (Pernot et al. 2003;
Tanter et al. 1998, 2001; Thomas and Fink 1996;
Clement and Hynynen 2002a, b; Aubry et al.
2008). Using these techniques, selective regions

lying behind bone can be targeted, and clinically,
they have been used successfully in the treatment
of essential tremor and other neurological prob-
lems (Medel et al. 2012; Martin et al. 2009; Elias
et al. 2013). The ultrasound field is severely dis-
torted in amplitude and phase by passage through
the skull. Time reversal can correct the phase
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Fig. 1.5 Multi-element pseudo-random array composed of 256 individual elements mounted in 3° printed shell

aberrations induced by the skull bone, and when
combined with amplitude correction, is used to
restore the desired focus at the brain target. The
time reversal technique relies on the reciprocity
property of the wave equation, and requires the
presence of a sensor at the anticipated focal point
in the brain to record the aberrations, which dis-
rupt the focus. The implantation of such a sensor
is clinically unrealistic, but it has been shown that
it is possible to perform the required phase and
amplitude corrections using either magnetic reso-
nance (MR) or computed tomography (CT)
images of the skull to model its ultrasonic proper-
ties for use in numerical modeling of the wave
front distortion (Hynynen and Sun 1999; Aubry
et al. 2003). This allows the propagation of a wave
front emanating from a virtual point-like source in
the brain (the intended “target”) through the skull
to be simulated and recorded by a set of virtual
receivers outside the head. This wave front can be
time reversed, and emitted by a real transducer
array. This, along with amplitude correction made
possible by knowledge of the porosity of the bone
obtained from the CT scan, results in a focused
beam at the brain “target” (Aubry et al. 2003).

1.5.1 Transducer Materials

There are a number of constraints that must be
considered in the design of a therapy ultrasound

transducer. Apart from the obvious necessity of
the ability to produce high powers at frequencies
in the range 0.25-10 MHz (requiring high
electro-acoustic conversion efficiency), they
must be reliable, able to deliver energy in pulsed
or continuous wave form, and be physically com-
patible with the chosen imaging methods.
Compatibility with the high magnetic fields pres-
ent during MR guided HIFU is clearly a techno-
logical challenge. When ultrasound is the
monitoring modality of choice, a central aperture
is usually required in the therapy transducer, into
which an imaging probe can be inserted. There is
increasingly a call for transducer elements that
are dual mode, that is, are capable of operating
both as therapy sources at high power, and of
being used in short pulse, imaging mode (Ebbini
et al. 2006; Owen et al. 2010; Mari et al. 2013;
Casper et al. 2013).

Multi-element arrays are most commonly
constructed in one of two ways. Individual ele-
ments can be cased in separate housings and then
mounted individually on a shell of the required
geometry. This allows easy replacement of fail-
ing elements and gives flexibility in their arrange-
ment, but only allows for sparse arrays. An
example of such a multi-element array is shown
in Fig. 1.5. The alternative is to create an array
by, for example, cutting deep grooves into a sin-
gle piezo-ceramic sheet. This allows for denser
packing of the elements, but can create a fragile
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array when larger sizes are required. Hybrid
combinations of these two methods are also
possible.

With few exceptions (most notably for litho-
tripsy), medical ultrasound transducers are made
from piezo-electric materials. Early pioneers in
this area used the naturally occurring material,
quartz (Fry 1953, 1977; Fry et al. 1954). Piezo-
electricity was first discovered by Pierre and
Jacques Curie in the 1880s, and is the name given
to the property of a crystalline material that devel-
ops a charge when it is subjected to mechanical
stress. The inverse effect is that when an electrical
charge is applied to such a material, it will change
its shape. An alternating current applied across a
piezo-electric disc will cause rapid movement of
its faces, creating a pressure wave in the medium
in which it sits. Naturally occurring piezo-electric
materials other than quartz include sucrose, tour-
maline, lead titanate and dry bone.

In medical ultrasound, the most commonly
used piezo-electric material is now lead zirconate
titanate (Pb[Zr,Ti,(]O;, PZT). Low loss PZT
ceramic is cut into discs, the thickness of which
determines the resonant frequency, the higher the
frequency, the thinner the disc. In order to reduce
fragility it is often convenient to drive these trans-
ducers at their third harmonic. For high power
applications, PZT ceramic transducers are com-
monly air backed, to allow cooling and to reduce
damping of the pressure wave. While high-
density arrays can be made from simple
piezo-electric materials, they operate in a narrow
bandwidth, and it is necessary to avoid cross talk
between adjacent elements of the array.

An alternative to using the piezo-ceramic
crystals on their own is to incorporate them into a
piezo-composite structure (Chapelon et al. 2000).
Here, pillars of piezo-ceramic material are
embedded in a polymer. The presence of the
polymer enhances the vibration in the thickness
mode used to generate the ultrasound wave, and
reduces cross talk between the elements. The
transducer shell can be shaped, and a solid back-
ing material can be used, rendering the transducer
less fragile. A common geometry for piezo-
composites used in therapy ultrasound is 1-3.
This describes the continuity of the piezo-ceramic
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in one dimension (a pillar) and the 3° continuity
of the embedding polymer.

Polyvinylidene fluoride (PVDF) is another
commonly used piezo-electric material used in
medical ultrasound applications. This may be
manufactured as a thin (acoustically transparent)
membrane, and can be electroded to act as either
a sensor or a low power source. PVDF membrane
hydrophones are in common use as they only
minimally distort the acoustic field during pres-
sure measurement (Shotton et al. 1980; Bacon
1982; Bailey et al. 2011; Wear et al. 2014).

Capacitive micromachined ultrasonic trans-
ducers (CMUTs) have until now not been thought
to be capable of producing sufficient power for
HIFU applications, but recent publications indi-
cate that this limitation may be overcome (Wong
et al. 2010; Khuri-Yakub and Oralkan 2011;
Yamaner et al. 2012; Lee et al. 2013).

1.6  Clinical Devices

The characteristics of transducers currently in
clinical use are shown in Table 1.2. This is neces-
sarily not a completely comprehensive list. The
aim for most systems is to deliver an in-sifu
intensity greater than 10° W.cm™ at the focus. For
extra-corporeal sources with long focal length,
this is achieved using a high power wide aperture
source. Wide aperture sources have the advantage
of distributing the incident energy over a large
skin area, thus reducing the possibility of skin
burn. Trans-rectal and intra-cavitary sources
operate at lower powers and higher frequencies
as they can be placed close to the target volume.

1.6.1 Extracorporeal Devices

Tissue targets lying within the breast, abdomen,
brain or limbs are usually treated using an extra-
corporeal HIFU source. This necessitates a suit-
able acoustic window on the skin that allows
access to the treatment site that is free of gas or
bone in the propagation path. It must also be pos-
sible to couple the ultrasound energy to the skin
surface using coupling gel, a water balloon or
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other suitable path of a material of similar acous-
tic impedance to that of the skin. Extracorporeal
HIFU treatments are guided using either US or
MRI. These methods have been reviewed by
Rivens et al. (2007). When treatments are carried
out under MR guidance, care must be taken about
the magnetic compatibility of the treatment head.
PZT contains Nickel, which helps with the high
levels of electrical excitation and mechanical
stress induced. Nickel causes magnetic field dis-
tortion, and eddy currents may be set up when the
transducers are given a conductive silver coating.
These eddy currents may cause local magnetic
field inhomogeneities, and significant image arti-
facts. It is possible to reduce these currents by
segmenting the transducer face into a number of
areas (Wharton et al. 2007). The piezo-composite
materials discussed above reduce these problems,
and have been used by the commercial clinical
systems now available.

MR guidance has the advantage that ther-
mometry sequences are available that allow
temperature mapping in soft tissue. This enables
the superimposition of either the temperature,
or the calculated thermal dose, on the anatomi-
cal MR image. Using this type of display, the
entire target region can be “painted” out during
treatment. The two most commonly used MR
guided clinical HIFU systems achieve volume
ablation in different ways. Both systems aim to
minimize treatment times. In one, the focus is
swept electronically in concentric circles, with
the user able to choose the maximum diameter
of this sweep, and in the other, the phase and
amplitude applied to the multi-element array is
designed to produce multiple focal peaks in the
focal plane.

Where US is used to guide and monitor HIFU
treatments, the diagnostic transducer is incorpo-
rated into the treatment head. This allows real
time imaging of the ablation process. The ther-
mally ablated region is not visible on standard
B-mode images in the absence of contrast media,
unless gas bubbles have been induced. HIFU
exposures levels are therefore often adjusted until
a hyperechoic region is seen on the US image,
indicating that bubbles are present in this region.
These are generated by thermal exsolution of
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tissue gas. The stiffness of tissue is altered by the
ablation process, and so elastographic techniques
should allow treatments to be monitored in real
time, although this technique has not yet achieved
widespread clinical use.

1.6.2 Trans-rectal Devices

Trans-rectal devices have been developed for the
treatment of benign and malignant prostate dis-
ease. These have probes that can be inserted per
rectum and which incorporate both imaging and
therapy transducers in one unit. The clinical
acceptance of these devices was made easier by
trans-rectal ultrasound imaging (TRUS) being
the diagnostic investigation of choice for many
urologists. There are two commercially available
devices, which are very similar in concept. In
both systems the therapy transducer takes the
form of a truncated spherical bowl.

1.6.3 Interstitial Devices

There has been some interest in the development
of high intensity ultrasound probes for interstitial
use. In the main, these use plane transducers
rather than focusing elements, and volume
destruction is obtained by rotation of the probe.
Prat et al. (1999) have described a probe designed
for the intra-ductal treatment of biliary tumors. A
3x 10 mm 10 MHz plane transducer is mounted
on a stainless steel shaft that is passed through a
jumbo fiberduodenoscope. The probe can be
positioned under fluoroscopic guidance. An
ultrasound intensity at the transducer face of 14
Wemis used for 10-20 s bursts. Circumferential
ablation is achieved by rotation of the flexible
probe. The transducer is rotated by 18° after each
“shot”. Once 360° of damage has been achieved,
the probe is repositioned under fluoroscopic
guidance to create adjacent rings. This has been
used clinically with some encouraging results
(Prat et al. 2001). An MR compatible device
working on similar principles has been created
for the treatment of esophageal tumors
(Melodelima et al. 2005).



While the main clinical route for the HIFU
treatment of the prostate is trans-rectal, the trans-
urethral route has also been explored under ultra-
sound and MR guidance (Sommers et al. 2013;
Siddiqui et al. 2010). This route reduces the risk
of damaging the rectal wall.

1.7  Summary

Modern medicine concentrates on developing
personalized treatments and techniques that
minimize intervention to the patient and length
of hospital stay. HIFU fits excellently into this
philosophy. Thermal ablation therapies in gen-
eral provide a minimally invasive approach to
cancer therapy that is gaining rapid clinical
acceptance. HIFU is the least invasive of the
available ablative techniques, and as such should
be the most attractive. However, there remain
outstanding technical and treatment delivery
questions to be addressed. The growing use of
multi-element phased array sources has increased
the flexibility of HIFU delivery, and shortened
treatment times. Integration of therapy and diag-
nostic technique has improved treatment target-
ing and monitoring, thus rendering HIFU both
safer and more effective. It seems probable that,
as the evidence base for the clinical efficacy of
HIFU improves, there will be a move towards
more application specific devices, as already
seen for treatments in the brain, eye and
thyroid.
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Abstract

The tremendous progress in engineering and computing power coupled
with ultrasound transducer technology and imaging modalities over the
past 20 years have encouraged a revival of clinical interest in ultrasound
therapy, mainly in High-Intensity Focused Ultrasound (HIFU). So far, the
most extensive results from HIFU obtained in urology involve transrectal
prostate ablation, which appears to be an effective therapeutic alternative
for patients with malignant prostate tumors. Prostate cancer (PCa) is one
of the most frequently diagnosed cancers in men. Several treatment options
with different therapeutic approaches exist, including HIFU for localized
PCa that has been in use for over 15 years. Since the early 2000s, two
systems have been marketed for this application, and other devices are
currently in clinical trials. HIFU treatment can be used either alone or in
combination with (before- or after-) external beam radiotherapy (EBRT)
(before or after HIFU) and can be repeated multiple times. HIFU treat-
ment is performed under real-time monitoring with ultrasound or guided
by MRI. Two indications are validated today: Primary care treatment and
EBRT failure. The results of HIFU for primary care treatment are similar
to standard conformal EBRT, even though no randomized comparative
studies have been performed and no 10-year follow up data is yet available
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for HIFU. Salvage HIFU after EBRT failure is increasing with oncological
outcomes, similar to those achieved with surgery but with the advantage of
fewer adverse effects. HIFU is an evolving technology perfectly adapted
for focal treatment. Thus, HIFU focal therapy is another pathway that
must be explored when considering the accuracy and reliability for PCa
mapping techniques. HIFU would be particularly suited for such a therapy
since it is clear that HIFU outcomes and toxicity are relative to the volume
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of prostate treated.
Keywords
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2.1 Introduction

PCa (Prostate Cancer) is the most common male
cancer after the age of 60. The American Cancer
Society’s estimates for PCa in the United States
for 2014 are that 233,000 new cases of PCa will
be diagnosed and 29,480 men will die of PCa.! In
the absence of large randomized trials, it is often
difficult to define the therapeutic strategy for
clinically localized or locally advanced PCa dis-
ease detected in elderly patients. The latest results
of the Scandinavian randomized study compar-
ing radical surgery versus watchful waiting con-
cluded that there was no benefit from radical
prostatectomy in terms of metastasis-free sur-
vival and disease-specific survival in patients
over 65 years old (Bill-Axelson et al. 2008).
Note, however, that in this study patients were
not subjected to prostate specific antigen (PSA)
monitoring.

The three main strategies for PCa treatment of
elderly patients are conformal radiotherapy,
brachytherapy and active watchful waiting.
Recent studies have demonstrated that local con-
trol of the disease would be obtained in only
68 % of patients after treatment with external
conformal radiotherapy. For patients with one
positive control biopsy, the biochemical control
at 10 years is 5 % and the metastasis-free survival
rate is 69 % (Zelefsky et al. 2008). The results of
long-term active surveillance have recently been

"http://www.cancer.org/cancer/prostatecancer/
detailedguide/prostate-cancer-key-statistics

published by Klotz et al. (2010): At 10 years
38 % of patients had left active surveillance and
had been treated with surgery or external beam
radiation; 50 % of them were biological failures
at 5 years. Treatment of PCa by High Intensity
Focused Ultrasound (HIFU) is a new therapeutic
modality in use in clinics since 2000 for first-line
treatment of PCa (Crouzet et al. 2010b) and for
patients with local recurrence after external
radiotherapy (Murat et al. 2009). HIFU treatment
is a potential treatment option whose place
remains to be defined. The tremendous progress
in engineering and sciences coupled with ultra-
sound transducer technology and imaging modal-
ities during the past 20 years, together with better
understanding of PCa natural history, offer new
opportunities to change the terms of support with
a wider area devoted to the use of HIFU.2

2.2  History and Principle of PCa

Treatment by HIFU

HIFU is a non-ionizing and non-surgical physical
therapy that produces biological effects by ther-
mal and mechanical means. Heating tissue dena-
tures proteins and leads to cell death, regardless of
whether they are normal or abnormal, whereas
mechanical effects disrupt cells by the collapse of

>The authors published some materials of this book chap-
ter in 2012 in Chapter 6 of “Management of Prostate, A
Multidisciplinary Approach”. Springer, Bolla, Michel,
van Poppel, Hendrik (Eds.), 2012, pp.191-212.
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microbubbles generated by cavitation. In most
applications, spherically shaped power transduc-
ers are used to focus the ultrasound energy onto a
target point deep within the body. This results in
thermal tissue coagulation necrosis, cavitation
and heat shock. Each sonication heats only a
small focal target, creating an elementary lesion
with  extreme precision and accuracy.
Subsequently, multiple sonications are necessary
to create, side-by-side and layer after layer, a vol-
ume of lesions covering the entire target volume
to be ablated. The main sonication parameters are
acoustic intensity, duration of exposure, on/off
ratio, the distance between 2 elementary lesions
and the displacement path when multiple lesions
are made.

The first description of HIFU was made in
1942 and the ability to destroy tissue established
in 1944 (Lynn et al. 1942; Lynn and Putnam
1944). However, the general technology remained
in an experimental setting for over 50 years, and
only recently has this technology been employed
for approved clinical applications. Indeed, the tre-
mendous progress in engineering and sciences
coupled with ultrasound transducer technology
and imaging modalities during the past 20 years
has encouraged a revival of clinical interest in
HIFU. It is currently used to non-invasively treat a
variety of clinical conditions including:
Symptomatic uterine fibroids, tumors in the pros-
tate, breast, liver low back pain and brain disor-
ders, such as essential tremor, Parkinson’s disease
and epilepsy.

The first experiments on the prostate were
made in the early 90s. It was first demonstrated
with the adenocarcinoma of a prostate experimen-
tally implanted in rats (R 3327 AT2 Dunning
tumor) that HIFU could be used to ablate tumors
and cure cancer without causing metastases
(Chapelon et al. 1992). It was next established that
it was possible to induce regions of irreversible
coagulation necrosis in canine prostates without
damaging the rectal wall (Gelet et al. 1993b). The
first treatments in men were performed in 1992 on
benign prostate hyperplasia (Madersbacher et al.
1993; Gelet et al. 1993a, b). The results of a pilot
study on PCa treatments were published in 1996
and the preliminary results from the first 50
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patients in 1999 (Gelet et al. 1996, 1999). The
main results of these studies were that histological
analysis of prostate biopsies performed 48 h after
HIFU treatment showed significant inflammation
and lesions of coagulation necrosis, which hamper
the identification of viable cancer cells. At 3
months, prostate biopsies were the seat of intense
well-circumscribed fibrous reactions, making it
possible to easily identify any residual cancer
cells.
The main advantages of HIFU treatment are:

— The lack of induction of apoptosis avoiding
late complications of treatment. No late rectal
or bladder toxicity has been reported.

— A PSA nadir obtained in the first 8 weeks fol-
lowing tissue damage immediately allows one
to conclude that treatment has been effective.
PSA nadir is also an independent predictor of
treatment success (Beerlage et al. 1999;
Kennedy et al. 2003; Chaussy et al. 2005).

— A lack of cumulative effect with the possibil-
ity of repeating treatment.

By combining accurate control of the position
of the transducer within the rectum and active
cooling of the rectal mucosa, the risk of rectal
injury is minimized. This technique offers the
advantage of a transrectal treatment to ablate
prostate tissue while sparing the rectum itself
(Gelet et al. 1999).

23 HIFU Devices Dedicated

to PCa Treatment

Since the early 2000s, two HIFU devices have
been commercially available for the treatment
of PCa: Ablatherm® (EDAP TMS, Vaulx-en-
Velin, France) and Sonablate® (SonaCare
Medical LLC, Charlotte, NC, USA). Both
devices operate transrectally under ultrasound
guidance and are approved for commercial dis-
tribution in the European Union, Canada, South
Korea, Japan and Russia. The most important
difference in the two devices is in their patient
positioning.
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Ablatherm® with Ultrasound
Integrated Imaging

2.3.1

The Ablatherm II® (EDAP TMS, Vaulx-en-Velin,
France) integrates both the imaging transducer
(7.5 MHz) and the therapeutic transducer
(3 MHz) in a single endorectal probe focused at
40 mm. The probe is covered by a latex condom
filled with a coupling and refrigerant liquid to
thermally protect the rectal wall. The probe is
mounted on a computer-controlled motorized
holder that allows movements in three spatial
directions. The Ablatherm II® requires a special
bed with the patient in a lateral position (Fig. 2.1).

The lateral position of the treatment allows
gas bubbles produced in the coupling liquid dur-
ing heating of the prostate to rise by buoyancy to
a position outside the field of view of the imaging
probe, and therefore of the therapy transducer.
The Ablatherm II® software includes four treat-
ment protocols with specially designed treatment
parameters depending on the clinical use: Primary
care (standard), retreatment, radiation failure and

Fig.2.1 Ablatherm® integrated imaging device

post brachytherapy. The treatment plan involves
setting up the probes to target the thermal lesion
within the prostate. The operator defines the
boundaries of the target area using the US scan-
ner. The Ablatherm I1® is then switched to treat-
ment mode and the computer-driven module
induces lesions using the HIFU transducer. To
treat the entire target area, several sonications are
made side-by-side, first moving the head follow-
ing the transverse plane (right-left), and then
following the longitudinal plane (perpendicularly
to the transverse plane). The lesion height may be
adjusted between 19 and 24 mm to match the size
of the target area. The device offers real-time
ultrasonic monitoring of the treatment because
HIFU-induced lesions are visible using standard
ultrasound as hyper-echoic areas, but their extent
is not always accurately defined. However, at the
end of the procedure contrast-enhanced ultra-
sound with  Sonovue® (Bracco Imaging,

Switzerland) may be implemented to validate
treated volumes and to define areas for treatment
completion.
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2.3.2 Sonoblate 500

The Sonablate 500® (SonaCare Medical LLC,
Charlotte, NC, USA) is based on a console, a
fully integrated probe (Fig. 2.2) and a module for
degassing and circulating chilled water in the
probe tip. The console consists of a portable sys-
tem with a display monitor, an articulating arm
with reliable probe holding capabilities and a
stepper motor with 3-axes of precise movement.
The transrectal probe uses double-sided and
dual-mode transducers for imaging (6.3 MHz)
and treatment (4 MHz). The double-sided trans-
ducer is available with two focal lengths (30—
40 mm) that move robotically to follow the
precise treatment plan devised by the physician.
The size of an elementary thermal lesion is
10-12 mm long and 3 mm in diameter. The treat-
ment is performed in the supine position. The
system uses a treatment protocol allowing adjust-
able power settings for customizable treatment
by the physician. The treatment is carried out in
two or three consecutive layers (based on

Fig.2.2 Sonoblate® device
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anterior-posterior dimensions of the prostate),
beginning with the anterior portion of the pros-
tate and moving to the posterior part by changing
the focal length during the procedure. The choice
of the focal length depends on the size of the
prostate. The maximum prostate size that can be
treated is 40 mm AP dimension. The latest ver-
sion of the device uses a pulse echo back-scattered
ultrasound (RF signals) -processing algorithm
called TCM™ (Tissue Change Monitoring) to
check in real-time whether the treatment was suf-
ficient. A pulse echo RF signal is sent to the treat-
ment site prior to delivery of HIFU energy, and
then the second signal is sent post HIFU delivery
to the same treatment site. The TCM™ algorithm,
in real time, calculates and quantifies the tissue
change that takes place in the treatment site and
displays the degree of HIFU lesion completeness
on the screen. This feedback allows the physician
to re-treat the sites that were not treated opti-
mally. For more details on the Sonablate 500° see
Chap. 6 of “Therapeutic Ultrasound: Mechanisms
to Applications” (Tavakkoli and Sanghvi 2011).

Sonablate g
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2.3.3 Focal One

A new device, FocalOne® (EDAP TMS, Vaulx-
en-Velin, France), has recently been developed
by EDAP to deliver HIFU treatment by combin-
ing all the latest technologies in imaging and
treatment for an ideal PCa therapy: Accurate and
MRUS-based fusion imaging guidance, a non-
invasive surgical approach, precise and efficient
therapeutic energy and end-of-treatment valida-
tion imaging.

In contrast to Ablatherm II®, the FocalOne®
does not use a special bed and consists of a single
module (Fig. 2.3). The treatment sequence now
includes a pre-treatment step in which MR pros-
tate images of the patient are imported from
PACS or CD and elastic fusion is automatically
performed to match the 3D contours of the pros-
tate on the MRI and ultrasound images. For the
pre-treatment step, the 3D MR target is automati-
cally displayed on live ultrasound, and the soft-
ware makes it possible to design a precise target
area with accuracy better than 1 mm. A second
screen displays the conformational treatment
with an ultrasound image of the prostate and the
target area defined in the prostate. The software

Fig. 2.3 Focal One® device
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can be used to modify in real-time the shape and
size of the treatment area; this was not possible
with the Ablatherm II®. Finally, in post-treatment
sessions, contrast-enhanced Ultrasound with
Sonovue® is used to validate treated areas and to
define the areas for treatment completion. In the
days following the procedure, review of treat-
ment images is available for comparison with
MR follow-up images.

A new probe based on the technology of
“dynamic focusing” (beam steering) has been
developed to deliver localized thermal therapy to
the areas of the prostate gland via the transrectal
approach. The probe has the same ergonomic
design and the same ultrasound imaging trans-
ducer as that of the Ablatherm II® (Fig. 2.3). The
HIFU transducer consists of an annular array
with 16 individual concentric rings. All of the
rings have the same surface area and are fed
through their own amplifier channel (16 chan-
nels). The geometric focal point of the firing head
is located at 60 mm from the front face, instead of
40 mm for that of the Ablatherm II®. The annular
array makes it possible to steer the ultrasound
beam at different depths and to adjust the treat-
ment according to the thickness of the prostatic
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tissues to be treated. In particular, it is possible to
focus the ultrasound beam at a depth other than
the natural radius of curvature of the transducer.
The objective is to fit the treated volume as
closely as possible to the geometry of the pros-
tate, approaching a model of lesions formed
“point by point” with short sub-sonications per-
formed at different depths. For this, a phase shift
is performed electronically on each ring to steer
the HIFU beam along the axis of penetration,
allowing enough depth to be reached to treat
large prostates.

The advantage of this new probe is that it
allows for a correction of the major disadvan-
tages associated with the use of a fixed focus
transducer. The 16 annular elements activated by
a multichannel generator are used to split each
sonication into sequences of one-second sub-
sonications. Each sub-sonication ablates an
ellipsoidal volume of 5 mm in height. The lesion
consists of a small region of coagulation necro-
sis with reduced cavitation effects and concen-
trated thermal diffusion. The device makes it
possible to add dynamic focusing sub-sonica-
tions along the axis of penetration of the ultra-
sound beam. It is therefore possible to obtain
small necrotic lesions of 5 mm long with a shot
of 1 s. Although the damage obtained with a sin-
gle shot is small, large treatment zones can be
obtained up to 40 mm in length, by adding 8 suc-
cessive sub-sonications of 5 mm each. The fact
that the height of the lesions can be varied
between 5 and 40 mm allows for better matching
of the treated area to the morphology of the pros-
tate, as the focal point being always inside the
prostate. The thermal dose delivered to the pros-
tate is theoretically homogeneous, with fewer
thermal diffusion phenomena, laterally towards
the neurovascular bundles and vertically toward
the striated sphincter. The anatomical distribu-
tion and homogeneous thermal dose throughout
the prostate gland is expected to achieve better
oncological results regardless of the size of the
prostate. Furthermore, the absence of thermal
diffusion should provide a significant reduction
in side effects, such as incontinence and impo-
tence. This new probe can be used to treat many,
very small prostates with a focal point that will

27

always be maintained within the gland, as well
as large prostates with antero-posterior distances
of up to 35 mm, which corresponds to prostates
of about 50 cc. This is an improvement over the
fixed focus transducer that could only treat pros-
tates with a maximum antero-posterior distance
of 26 mm, which corresponded to prostates with
a maximum of 30 cc. Finally, it is possible to
shorten the duration of treatment for a given
treated volume. In fact, the shots fired at shallow
depth will be associated with reduced firing
power. Rest periods, with the aim of limiting the
temperature rise in the rectal wall, could there-
fore be shortened.

2.3.4 MRgFUS Devices

Magnetic resonance guided focused ultrasound
surgery (MRgFUS) was recently presented as a
method for ablation with focused ultrasound
under magnetic resonance imaging guidance.
This approach has the advantage of improved tar-
geting and real-time temperature monitoring. To
date, two different approaches have been used for
MRgFUS of the prostate: One with a transrectal
probe compatible with the ExAblate® system
(InSightec, Haifa, Israel) under a 1.5 T GE MRI,
and another with a MRI-compatible ultrasound
applicator to deliver controlled thermal therapy
to the regions of the prostate gland via a trans-
urethral approach (Profound Medical Inc.,
Toronto, Canada). The potential of both technol-
ogies is currently being demonstrated in Phase I
clinical trials, but only a few studies have been
conducted in therapy of PCa with human patients
(Zini et al. 2012; Chopra et al. 2012), and most of
the currently available literature on MRgFUS for
prostate uses a canine model for research
(Siddiqui et al. 2010; Chopra et al. 2009).

24 Long-Term Outcomes

of HIFU in PCa Treatment

This section gives an extensive review of clinical
outcomes in all uses of HIFU technology for
treatment of localized PCa.
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2.4.1 HIFU as Primary Care

Treatment

The recommendations and updated guidelines
on the use of HIFU for PCa as a primary treat-
ment concern patients with localized PCa (clini-
cal T1-T2 stage Nx/0 MO PCa) for whom radical
prostatectomies are not an option for one of the
following reasons: Age >70 years old, life expec-
tancy <10 years, major co-morbidities which
preclude surgery or the simple refusal on the part
of the patient to undergo surgery (Rebillard et al.
2003; AURO 2009). Among the publications on
HIFU as a primary therapy for PCa, 16 studies
report on a series of at least 50 patients (Uchida
et al. 2006a, b, 2009; Crouzet et al. 2010a, b, c;
Lee et al. 2007; Poissonier et al. 2007; Ahmed
et al. 2009; Blana et al. 2008a, b, 2009; Mearini
et al. 2009; Misrai et al. 2008; Ganzer et al.
2008; Turoff et al. 2003; Chaussy and Thuroff
2001; Gelet et al. 2000), while the others report
on fewer patients (Ficarra et al. 2006;
Challacombe et al. 2009; Maestroni et al. 2008;
Koch et al. 2007). Follow-up varies significantly
between series (range: 6 months to 6.4 years). In
most cases, the PSA nadir was reached 3—4
months after treatment by HIFU, and
was=0.05 ng/mL in 55-91 % of the cases. Many
studies have demonstrated that the PSA nadir
was a significant predictor of HIFU failure.
Patients with a PSA nadir over 0.5 ng/mL must
be carefully monitored (Lee et al. 2007; Ganzer
et al. 2008). A PSA nadir >0.2 ng/mL after HIFU
has been associated with a four times greater risk
of treatment failure, which is defined as a posi-
tive biopsy after HIFU treatment (Uchida et al.
2006a).

The 7-year disease-free survival rate in the
longest follow-up multicenter studies was 75 %,
63 % and 62 % for low, intermediate and high-
risk patients, respectively, and the 8-year cancer-
specific survival rate was 99 % (Crouzet et al.
2010a, b, c). Complication rates are low with
sloughing occurring in 0.3-8.6 %. Impotence
occurs in 20-77 % of patients and bladder outlet
obstruction in 12-22 %. The incontinence rates
reported in a recent study were grade [ (4—17.5 %)
and grade II and III (0-5 %) (Chaussy et al. 2005;
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Crouzet et al. 2011). In our institution, we have
recently reviewed the results of 880 patients. The
mean age was 70 years old. Stratification accord-
ing to d’Amico’s risk group was low, intermedi-
ate and high in 36 %, 48 % and 16 %, respectively.
Median follow-up was 41 months. Median PSA
nadir was 0.1 ng/mL. The overall and cancer-
specific survival rates at 7 years were 90 and
98 %, respectively. The metastasis-free survival
rate at 7 years was 96 %. The 5- and 7-year
disease-free survival rates were 75-62 %,
59-50 % and 45-39 % for low, intermediate and
high risk patients, respectively (p=0.0001)
(Crouzet et al. 2010a, b, c). Recent articles pub-
lished in 2013 from three European urology
departments confirm the long-term efficacy of
HIFU treatment (Crouzet et al. 2014; Thiiroff and
Chaussy 2013; Ganzer et al. 2013).

In a study from a prospective database, Shoji
et al. included 326 patients who filled in self-
administered questionnaires on urinary function,
QOL and sexual assessment (Shoji et al. 2010).
The FACT G, FACT-prostate and IIEF 5 were
used. Maximum flow rate and residual urine vol-
ume were significantly impaired at 6 months
(p=0.010) after HIFU, even though they returned
to baseline values at 12 or 24 months after
HIFU. The total FACT-G score significantly
improved at 24 months (p=0.027) after HIFU. At
6, 12 and 24 months after HIFU, 52 %, 63 % and
78 %, respectively, of the patients who had not
received neoadjuvant hormonal therapy were
potent.

In a prospective study, Li et al. compared the
HEF score, penile colour Doppler ultrasound,
penile length and circumference on patients treated
for PCa with HIFU or cryoablation
(Li et al. 2010). A total of 55 patients in the
HIFU group and 47 in the cryoablation group were
included. At 36 months, cryoablation patients
experienced a lower erectile function recovery rate
compared to HIFU patients (Cryoablation=46.8 %;
HIFU=655 %; p=0.021). No significant
decreases in penile length and circumference were
found in the two groups (all p-values >0.05).
Finally, HIFU treatment seems to be standardized
with similar outcomes between centers (Rebillard
et al. 2003).
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2.4.2 Salvage After HIFU Failure

2.4.2.1 HIFU Retreatment

One of the potential interests of HIFU, especially
compared to radiotherapy, is the fact that treat-
ment can be repeated. Unlike radiation, there is
no dose limitation and no limited number of ses-
sions. In case of incomplete treatment or treat-
ment failure, HIFU does not result in a therapeutic
impasse. The re-treatment rate is estimated in the
literature to be between 1.2 and 1.47 % (Uchida
et al. 2006a, b, c; Crouzet et al. 2010a, b, c;
Thuroff et al. 2003; Blana et al. 2006). Morbidity
related to repeat HIFU treatment for localized
PCa has been studied on 223 patients with a re-
treatment rate of 22 %. While urinary infection,
bladder outlet obstruction and chronic pelvic
pain did not significantly differ after one or more
sessions; a significant increase was observed for
urinary incontinence and impotence in the group,
which required retreatment (Blana et al. 2006).

2.4.2.2 External Radiation Therapy
(ERBT)

EBRT is feasible after HIFU. In a retrospective
study, Pasticier et al. (2010) included patients
treated with salvage radiation after HIFU. A total
of 100 patients were included with a median fol-
low-up of 33 months. Mean doses of radiation
were 71.9+2.38 Gys. 83 patients underwent radi-
ation treatment only and 17 patients underwent
radio-hormonal treatment. The mean time
between HIFU and ERBT was 14.9 + 11.8 months.
Mean PSA before salvage ERBT was 2.1+ 1.8 ng/
mlL and the nadir PSA after ERBT was
0.28+0.76 ng/mL, with 17.4+10.8 months to
reach nadir. The incontinence rate was the same
both before and 1 year after salvage ERBT. The
progression-free survival rate was 76.6 % at 5
years, and was 93, 70 and 57.5 % for low, inter-
mediate and high-risk groups, respectively. The
predicting factors of failure were the PSA nadir
after salvage ERBT and the time to reach nadir
after ERBT. Recently, similar results were pub-
lished by Ripert et al. (2011) which reported the
disease free survival rate after HIFU was 3 % at
36.5 months (Phoenix criteria) and there was no
major EBRT related toxicity at 12 or 24 months.
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2.4.2.3 Salvage Surgery

Salvage surgery is feasible after HIFU but with
higher morbidity than after primary surgery.
Lawrentschuk et al. (2011) reported the results in
15 men with a rising PSA and biopsy-verified
PCa after HIFU treatment. Perioperative morbid-
ity was limited to one transfusion in a patient
with a rectal injury. Pathological extensive peri-
prostatic fibrosis was found in all patients.
Postoperative PSA value was undetectable in 14
patients (93.3 %). Six out of 10 patients experi-
enced no postoperative incontinence at 12
months, but with uniformly poor erectile func-
tion. Salvage surgery after HIFU is difficult to
perform due to fibrotic reaction. In selected
patients with a long life expectancy, only experi-
enced surgeons should perform salvage surgery
after HIFU.

2.4.3 Salvage HIFU After ERBT
or Brachytherapy

External radiation therapy (ERBT), or brachy-
therapy, is used as a curative treatment of local-
ized PCa. Several studies have shown that tumor
destruction is not complete (Kirkham et al. 2008).
Given these tumor recurrences, there is no clear
consensus on selecting optimal therapeutic man-
agement. Most often a hormonal treatment is
implemented to delay the onset of metastasis.
Recovery techniques exist, including radical
prostatectomy, cryotherapy and brachytherapy,
but they are technically difficult and induce sig-
nificant side effects. The efficacy of HIFU was
evaluated as salvage treatment following radio-
therapy failure to identify pre-operative predic-
tive factors of success.

2.4.3.1 ERBT Failure

The rate of positive biopsy after External Beam
Radio Therapy (ERBT) for PCa in the literature is
between 25 and 32 % (Borghede et al. 1997;
Zelefsky et al. 2001). There appears to be curative
intents for salvage HIFU therapy for patients with
a locally proven recurrence after external-beam
radiation therapy (patients presenting no metasta-
ses) and for patients that are usually treated with
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androgen deprivation (AD). Local control was
achieved with negative biopsies in 73 % of cases,
with a median PSA nadir of 0.19 ng/mL. (Murat
et al. 2009). A mean follow-up of 18.1 (3—-122)
months was reported, the overall actual 5-year spe-
cific survival rate being 84 %. The actual 3-year
progression-free survival (PSA greater than
nadir+2 ng/mL, positive biopsy or salvage treat-
ment requirement) was 53, 43 and 25 % for low-
and intermediate-risk patients, respectively,
according to D’ Amico’s risk groups. Disease pro-
gression was inversely related to pre-HIFU PSA
and the use of AD during PCa management. In a
recent study, we examined the outcomes of sal-
vage HIFU in 290 consecutive patients (Crouzet
et al. 2012). The mean PSA nadir post-HIFU was
1.54+3.38 ng/mL (median 0.14). The estimated
cancer-specific and metastasis free survival rates
at 5 and 7 years were 80 % (95 % C172.7-88.5 %)
and 79.6 % (95 % CI 73.5-86.2 %), respectively.
In the multivariate analysis three factors were sig-
nificantly linked to disease progression. The
increase of the Progression Free Survival Rate
(PFSR) with the pre-HIFU PSA level was statisti-
cally significant (p=0.0002). Previous AD treat-
ment increased the PFSR by a factor of 1.3
(p=0.01), and a Gleason score over or equal to 8
increased it by a factor of 1.2 (p=0.01), compared
to a Gleason score of less than or equal to 6. While
the technique offers promising results, it has to be
weighed against the side effects. Since 2002, the
Ablatherm® device has included specific acoustic
parameters for salvage HIFU. The acoustic dose
was adapted to the low blood flow inside the gland
fibrosis induced by radiation. Concerning inconti-
nence, 54 % of the patients had no incontinence
after salvage HIFU, whereas 25 % had a grade 1
incontinence (no pads+grade 1=79 %). The risk
of urethrorectal fistulas (URF) was only 0.4 %
with the introduction of a specific treatment algo-
rithm designed for radiation failure. The impo-
tence rate increased from 36.9 % before salvage
HIFU to 58.7 % after treatment (Berge et al. 2010).
With the Sonablate®, the biochemical survival rate
was 71 % at 9 month (Zaracharakis et al. 2008)
and 52 % at 5 years (Uchida et al. 2010).
Nevertheless, the risk—benefit ratio of salvage
HIFU compares favourably with those of the other
available techniques and with less morbidity and
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similar oncological outcomes. In this context,
HIFU appears to be an effective curative treatment
option for local recurrence after radiation failure.

2.4.3.2 Brachytherapy Failure

Sylvester et al. (2010) reported a 15-year bio-
chemical relapse-free survival rate and cause-
specific survival following lodine-125 prostate
brachytherapy in 215 patients: 15-year biochemi-
cal relapse free survival (BRFS) for the entire
cohort was 80.4 % and the cancer specific sur-
vival rate was 84 %. There was no significant dif-
ference between the low and intermediate risk
groups. Salvage surgery is a challenging proce-
dure after Brachytherapy (Heidenreich et al.
2010). A study with the Ablatherm® device is
currently being conducted in Lyon and includes
26 patients (mean age 67 years) with MRI and
biopsy-proven recurrence after brachytherapy
(non-published data). Nineteen of them under-
went whole gland ablation and 7 underwent focal
therapy (hemiablation). The mean follow-up was
19 months. The mean PSA before HIFU was
5.02+4.8 ng/mL, (median PSA 0.35 ng/mL).
Nine patients have undetectable PSA with no
hormonal deprivation treatment, 8 needed hor-
monal deprivation treatment for a rising PSA and
9 are recent cases with a very short follow-up.
The complication rate was high in the first 9 cases
with 3 urinary incontinences (grade 3) and 1 ure-
throrectal fistula. For these first patients, we used
the treatment acoustic parameters defined for
radiation failure. Due to the high rates of rectal
injury and severe incontinence, new specifically
designed treatment parameters for brachytherapy
failure were developed with a decrease in the
acoustic dose according to the intense prostate
fibrosis. Since the introduction of these new
parameters, no urethrorectal fistula occurred and
no rectal lesion was seen on control MRI, all
while maintaining same treatment efficacy.

2.5 Focal Therapy with HIFU

Standard treatment for PCa has long been
“whole-gland” therapy or radiation therapy of the
entire prostate. It would be interesting, however,
to destroy only the cancer foci in order to decrease
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the treatment morbidity while maintaining its
oncologic efficacy. This so-called ‘focal therapy’
can be performed using several techniques:
Cryotherapy, = HIFU, Brachytherapy and
Interstitial Laser Therapy, either with or without
photodynamic therapy (PDT). HIFU might be
one of the best techniques for focal therapy
because it is performed under real-time control
using ultrasound or MRI. Immediate control of
the necrotic area boundaries is possible using
contrast agents, either with ultrasound or
MRI. HIFU can also be repeated if necessary.
Finally, several salvage standard curative thera-
pies are feasible after focal HIFU.

The first condition for ‘focal therapy’ is to pre-
cisely determine the size and position of the differ-
ent tumor foci within the gland before the ablation.
Standard biopsy protocols cannot provide an accu-
rate detection of all tumor foci. Transperineal tem-
plate biopsies may increase cancer detection.
However, the precision of the location within the
gland of the cancers detected with this method
remains difficult to assess. Additionally, template
biopsy requires general anaesthesia or heavy seda-
tion and is associated with increased morbidity,
with at least 10 % of urinary retention due to
oedema and bleeding (Rouviere et al. 2012a).
Ideally, the simplest way to select patients for
focal therapy would be to use imaging. Imaging
could also be used to assess whether the target area
has been correctly destroyed and to detect for local
recurrences. Nonetheless, its role in focal therapy
remains under debate.

2.5.1 The Current Role of Imaging

in PCa Focal Therapy

In theory, imaging could be used in three different
fields: To detect and localize PCa within the gland,
to assess tissue destruction after HIFU ablation
and to detect post-HIFU cancer recurrence.

2.5.1.1 Patient Selection

and Treatment Planning:

The Need for Better PCa

Mapping
For many years, prostate imaging has yielded
suboptimal results in PCa detection and
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localization, and the results of US-based tech-
niques have been particularly disappointing
(Rouviere et al. 2007).

Nevertheless, excellent results have recently
been published with MRI, especially since
dynamic contrast-enhanced (DCE) and diffusion-
weighted (Dw) sequences have been used in
addition to the classical T2-weighted (T2w)
imaging. There is now a large and concordant
body of literature showing that this so-called
prostate ‘multiparametric MRI’ (mp-MRI) allows
for good detection of high-grade PCas (Gleason
score >7), with an excellent negative predictive
value in candidates undergoing radical prostatec-
tomy (Girouin et al. 2007; Villers et al. 2006;
Turkbey et al. 2010; Bratan et al. 2013), but also
in the more challenging population of candidates
undergoing prostate biopsy (Cheikh et al. 2009;
Habchi et al. 2014) (Fig. 2.4).

The detection of anterior tumors, which are
usually missed by random biopsies, is also
excellent (Lemaitre et al. 2009). A recent study
reported the results of precise radiopathological
correlations in 175 patients treated by radical
prostatectomy following preoperative mp-MRI
(CLARA-P database). MR detection rates for
tumors of <0.5 cc, 0.5-2 cc and >2 cc were
respectively 21-29 %, 43-54 % and 67-75 % for
Gleason <6 cancers, 63 %, 82-88 % and 97 %
for Gleason 7 cancers, and 80 %, 93 % and 100 %
for Gleason >8 cancers (Bratan et al. 2013).
These results suggest that mp-MRI is an excel-
lent screening tool, with a good negative predic-
tive value for Gleason >7 tumors. However, the
detection of Gleason <6 tumors remains limited.

In addition, mp-MRI specificity needs to be
improved since up to 40 % of MR abnormalities
are benign (Bratan et al. 2013; Cheikh et al.
2009; Habchi et al. 2014; Lemaitre et al. 2009;
Rouviere et al. 2012a, b). To improve the charac-
terization (benign/malignant) of focal lesions
detected by mp-MRI, it has been suggested that
a five-level Likert score (1, definitely benign; 2,
likely benign; 3, indeterminate; 4, likely malig-
nant; 5, definitely malignant) be used. Although
subjective and entirely based on the radiologist’s
experience, this score has been proved to signifi-
cantly stratify the likelihood of malignancy of
MR lesions. In the CLARA-P database, the per-



32

J.-Y. Chapelon et al.

Fig.2.4 MRI:
Multiparametric MRI
obtained in a 59-year old
patient with a PSA level of
6 ng/mL presenting a
suspicious lesion in the
peripheral zone of the left
mid-gland, with marked
hyposignal on the
T2-weighted imaging (a,
arrow). Apparent Diffusion
Coefficient map (b, arrow)
and early and marked
enhancement on Dynamic
Contrast-Enhanced imaging
(¢, arrow). Radical
prostatectomy confirmed the
presence of a Gleason 8
(4+4) cancer (d)

centage of malignant lesions was 7-26 %,
27-41 %, 61-72 % and 97-98 % in MR lesions
with a Likert score of 2/5, 3/5, 4/5 and 5/5,
respectively (Bratan et al. 2013). Semi-objective
scores based on more precise features have been
described recently (Rouviere et al. 2012a, b;
Barentsz et al. 2012; Puech et al. 2013).
Particularly, the European Society of Urogenital
Radiology (ESUR) endorsed the Prostate
Imaging Reporting and Data System (PIRADS)
that assigns a score ranging from 3 to 15 based
on T2w, Dw and DCE imaging (Barentsz et al.
2012). However, it remains unclear whether
these semi-objective scores perform better than
the subjective Likert score. Two recent studies
have even shown that, paradoxically, the Likert
score yielded better inter-observer agreement
than the PIRADS score (Rosenkrantz et al. 2013;
Vache et al. 2014). Thus, new scores will proba-
bly be defined in the future to improve the
characterization of MR abnormalities seen at
mp-MRI. Some authors also used computer-
aided diagnostic systems with interesting results

on preliminary studies (Hambrock et al. 2013;
Niaf et al. 2014).

Focal ablation also requires a good evaluation
of the tumor volume. Little has been published on
mp-MRI accuracy in assessing tumor volume.
Several studies have, however, pointed out that
mp-MRI had a tendency to underestimate tumor
volume (Cornud et al. 2014; Le Nobin et al.
2014). The optimal safety margin to use around
malignant lesions seen on mp-MRI remains to be
determined.

After radiation therapy, mp-MRI showed
excellent results in detecting and localizing local
recurrences (Cornud et al. 2014; Le Nobin et al.
2014; Rouviere et al. 2004; Haider et al. 2008;
Donati et al. 2013; Roy et al. 2013). Tumor detec-
tion appears easier than in untreated prostates
because of the favourable contrast between recur-
rent cancer and post-radiation fibrosis on DCE
and Dw imaging (Fig. 2.5).

In conclusion, mp-MRI is an interesting tool
for detecting and localizing Gleason >7 PCas.
Targeted biopsies of MR abnormalities remain
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Fig. 2.5 Post-EBRT recurrence. MRI obtained in a
66-year old patient with history of external-beam radia-
tion therapy for a Gleason 6 PCa 5 years earlier. MRI
shows recurrent cancer in the right mid gland appearing as

mandatory because of the lack of specificity of
mp-MRI. Random biopsies of areas negative at
mp-MRI are also necessary to detect less aggres-
sive Gleason <6 tumors that may have been
missed by mp-MRIL.

2.5.1.2 Postoperative Evaluation
of the Ablated Area

Ideally, imaging should indicate the amount of
prostate volume destroyed at the end of the HIFU
ablation session so that in the event of unsatisfac-
tory results, additional HIFU ablation can be
immediately performed. Unfortunately, transrec-
tal ultrasound, which is used to guide the HIFU
treatment, is not sufficiently accurate to indicate
the post-treatment zone of tissue ablation
(Rouviere et al. 2007). Gadolinium-enhanced
(non-dynamic) MRI clearly reveals the treated
volume as a devascularised zone (corresponding
to the central core of the coagulation necrosis)
surrounded by a peripheral rim of enhancement
(corresponding to oedema). However, MRI can-
not be obtained in the operating room (Rouviere
et al. 2001; Kirkham et al. 2008).

Contrast-enhanced ultrasound (CEUS), using
Sonovue™ as a contrast agent, can indicate the
ablated volume immediately at the end of the
treatment with an excellent correlation with MR
and biopsy findings. All prostate sectors showing

slightly hypointense on T2-weighted imaging (a, arrow)
with a marked enhancement on Dynamic Contrast-
Enhanced imaging (b, arrow). Targeted biopsy confirmed
Gleason 7 (3+4) recurrent cancer in the right mid-gland

no enhancement of CEUS at the end of HIFU
ablation can be safely considered to have been
entirely destroyed. On the other hand, prostate
sectors showing any degree of enhancement can
be considered to contain living (benign or malig-
nant) tissue (Rouviere et al. 2001a) (Fig. 2.6).
These results should lead to immediate re-
treatment of the parts of the gland showing
residual enhancement and that are within the
range of the transducer.

2.5.1.3 Detection of Post-HIFU Local
Recurrences

After focal HIFU ablation, the residual prostate is
composed of scarred fibrosis and benign prostate
tissue. Given that local recurrences (or residual
cancers) after HIFU ablation can be treated by a
second session of HIFU ablation or by radiation
therapy (Riviere et al. 2010), it is imperative that
they be detected early. The precise location of
these recurrences can also help in selecting the
salvage treatment (e.g., anterior recurrences,
which are more difficult to treat using HIFU may
be better treated by radiation therapy or cryother-
apy). Even though Colour Doppler can sensitize
transrectal ultrasound (TRUS) (Rouviere et al.
2006), US-based techniques are not accurate
enough to detect early local recurrences and
guide the biopsy.
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Fig.2.6 CEUS. Images obtained in a 62-year old patient
referred for focal HIFU ablation of a Gleason 6 PCa of the
right mid-gland. The tumor was well visible on
T2-weighted imaging (a, arrow). Contrast-enhanced

Fig. 2.7 Post-HIFU recurrence. MRI obtained in a
70-year old patient with a history of whole-gland HIFU
for a Gleason 6 PCa 4 years earlier. MRI indicates early
and marked enhancement in the left base of the residual

MR, in particularly DCE MRI, seems to pro-
vide early detection and accurate localization of
recurrent cancers that enhance earlier and more
than post-HIFU fibrosis (Ben Cheikh et al. 2008,
Rouviere et al. 2010) (Fig. 2.7). However, DCE
MRI lacks specificity. It is indeed difficult to
distinguish recurrent cancer from residual benign
prostatic hyperplasia (BPH) tissue. In a retro-
spective study of 65 patients with biochemical

Ultrasound performed after focal HIFU ablation showed a
large devascularized area within the right lobe around the
tumor area (b, arrowheads)

gland (b, arrow). This area is difficult to analyze on
T2-weighted imaging (a, arrow) because the gland
appears as diffusely heterogeneous. Targeted biopsy con-
firmed Gleason 6 recurrent cancer in the left base

recurrence after HIFU ablation performed at our
institution, neither the enhancement pattern nor
the apparent diffusion coefficient (ADC) was
able to significantly distinguish BPH nodules
from recurrent cancers. This was even though
cancer tissues had, on average, higher wash-in
rates, lower wash-out rates and lower ADCs
(unpublished results). So to date, all patients with
rising PSA after HIFU ablation should undergo
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prostate MRI, and all areas with early and intense
enhancement should be biopsied to distinguish
cancers from residual BPH tissue.

2.5.2 Outcomes of HIFU Focal
Therapy

2.5.2.1 Sub-total HIFU Strategy

In 2008, Muto et al. (2008) reported the outcomes
of 29 patients treated with the Sonablate® device.
In selected patients whose cancer was confined to
only one lobe by multi regional biopsies, the total
peripheral zone and half a portion of the transi-
tional zone were ablated. The prostate volume
decreased from 35.8 to 30.3 cc, and the PSA level
decreased from 5.36+5.89 ng/mL to 1.52+0.92
at 36 months. Twenty-eight patients underwent
control biopsies 6 months after the procedure:
Residual cancer foci were found in 3 patients
(10.7 %). Seventeen patients underwent control
biopsies 12 months after the procedure: Residual
cancer foci were found in 4 patients (23.5 %);
only one patient had urethral stricture. No signifi-
cant differences were noted in the 2 years.
Disease-free survival rates at 2 years for low and
intermediate risk patients treated with this focal
therapy strategy were 83.3 % and 53.6 %, respec-
tively. The frequency of urethral stricture and
symptomatic tract infection were 4 % and 4 %,
respectively. No significant change was found on
IPSS score and Maximal Flow Rate before and
12 months after the procedure. No information
was provided about potency.

2.5.2.2 Hemi-Ablation Strategy
(UK Experience)

A short series of prostate hemi-ablations with
HIFU using the Sonablate® device was published
(Ahmed et al. 2011). Inclusion criteria were men
with low-moderate risk (Gleason=7, PSA=15 pg/
mL), unilateral PCa (= T2bNOMO) on TRUS
biopsy. All were treated using transrectal HIFU
incorporating the entire positive hemi-prostate up
to the urethra. A total of 20 patients (mean age
60.4 years) were treated. Regarding the cohort,
25 % had low risk and 75 % had intermediate risk
cancer. The mean PSA pre-HIFU was 7.3 ng/mL.
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95 % were pad-free. Erection sufficient for pene-
trative sex occurred in 95 % of the patients. Mean
PSA decreased to 1.5+ 1.3 ng/mL at 12 months. A
total of 89 % of the patients had no histological
evidence of any cancer. Two patients (11.1 %) had
positive protocol biopsy at 6 months with residual
1 mm Gleason 3+3: One elected for retreatment
and the other active surveillance. Eighty-nine%
achieved the trifecta status.

2.5.2.3 Zonal Treatment (Belgium
Experience)

Van Velthoven et al. (2014) reported long-term
results of 31 patients with unilateral organ-confined
PCa treated by ‘“Zonal” HIFU from January 2007
to June 201 1. The biochemical recurrence-free sur-
vival rate at 3 years was 82.7 % (Phoenix criteria).
All patients were continent and 55 % had erectile
function sufficient for penetration.

2.5.2.4 Hemi-ablation Strategy (French
Experience)

The French Urological Association (AFU) has
started a multi-institutional study to evaluate
hemi-ablation with HIFU as a primary treatment
for patients >50 years, T1C or T2A, PSA <10 ng/
mL, Gleason 6 or 7 (3+4), with no more than 2
contiguous biopsies in no more than one lobe
after MRI (random and targeted biopsies). To be
included the tumor must be >6 mm from the apex
and >5 mm from the midline. Only one prostatic
lobe is treated. Preliminary results are available
(AFU Congress 2014, Las Vegas, USA): 110
patients were treated; mean age 64.8 years {50-
78}, mean PSA value 5.42+3 ng/mL, mean pros-
tate volume 39+ 17 cc. The Glean sum was <6 in
78 patients (71 %) and=7 in 32 patients (29 %).
The PSA nadir value was 1.93+1.62 ng/mL and
the PSA at 12 months was 2.42+2.08 ng/mL (78
patients). Control biopsies were performed in 91
patients. Biopsies were negative in 57 patients
(63 %). Recurrence was found in 34 patients
(37 %): Only in 13 patients in the treated lobe
(14 %), 20 patients in the contralateral lobe (22 %)
and 1 patient in both lobes (1 %). The Gleason
sum of recurrence was 6 (24 patients), 7 (8
patients) and not determined in 1 patient. The

additional therapies were: Redo-HIFU (9
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patients), active surveillance (18 patients), exter-
nal beam radiation therapy (4 patients), radical
surgery (4 patients) and AD (1 patient). Grade 1
incontinence occurred in 2 patients (2 %) and
erectile dysfunction (partial loss of potency with
IIEFS score <17) was observed in 13 patients out
of 53 patients, with an IIEF5 score >17 before
HIFU (24 %).

2.5.2.5 Focal Therapy (Uni- and Multi-
focal Strategy: UK Experience)

(Ahmed et al. 2012b) reported preliminary
results from selective focal ablation of single-
focal and multi-focal cancer in 42 patients (45—
80 years) eligible for a prospective development
study. Eligibility entailed: Low-risk to high-risk
localized PCa, PSA <15 ng/mL, Gleason score
<4+ 3, stage < T2, no previous AD or PCa treat-
ment, ability to safely undergo multi-parametric
MRI focal therapy using high-intensity focused
ultrasound (HIFU). HIFU was then delivered to
all known cancer lesions, including a margin of
normal tissue, identified on multi-parametric
MRI template prostate-mapping. No histologi-
cal evidence of cancer was identified in 30 of 39
men biopsied at 6 months (77 %); 36 (92 %)
were free of clinically significant cancer. After
retreatment in four men, 39 of 41 (95 %) had no
evidence of disease on multi-parametric MRI at
12 months. All 40 men that were pad-free at
baseline were still pad-free by 3 months, and
they maintained pad-free continence at 12
months. Of the 35 men with good baseline func-
tion, 31 (89 %, 95 % CI 73-97) had erections
sufficient for penetration 12 months after focal
therapy. For the authors, this study demonstrated
that focal therapy of individual PCa lesions,
whether multifocal or single-focal, leads to a
low rate of genitourinary side effects and an
encouraging rate of early absence of clinically
significant PCa.

2.5.2.6 Focal Therapy (Edouard Herriot
Experience)

Ten patients with mono-focal PCa were treated

between March 2013 and January 2014. The

HIFU treatment process was performed with the

Focal One device using a 6 mm safety margin
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around the tumor. Contrast-enhanced MRI was
performed at day 2 after HIFU, and control biop-
sies guided with contrast-enhanced ultrasound
imaging were performed 1 month after HIFU
inside and on the edge of the treated area. The
mean age of patients was 65.8+5.5 years. The
clinical stage was T1 for 9 patients and T2a for 1
patient. The Gleason sum was 6 for 7 patients and
7 (3+4) for 3 patients. The PSA value was
4.47+3.7 ng/mL and the mean Prostate Volume
was 50+23 cc. The mean treated volume was
14 cc (7.3-20.4) 28 % of prostate gland. The
mean nadir PSA value was 3.46+2 ng/mL. In all
patients, targeted biopsies inside the treated area
performed on day 30 after the HIFU session dem-
onstrated a complete destruction of the targeted
tumor. No incontinence was observed. A partial
loss of potency (IIEF <17) occurred in 2 patients
(20 %). The Focal One device is able to achieve
complete destruction of small PCa using an elas-
tic magnetic resonance-ultrasound (MR-US) reg-
istration system for tumor location and HIFU
treatment planning. A multicenter trial is in prog-
ress (30 patients).

2.5.2.7 Hemi-Salvage HIFU
for Radio-Recurrent PCa

Whole gland salvage HIFU treatment offers
acceptable cancer control, but carries a risk of
severe urinary incontinence in at least 20 % of
cases and reduction of Quality of Life (QoL). In
patients with unilateral local relapse, focal HIFU
is feasible. Two studies reported favourable out-
comes in selected patients. The results from these
studies indicated that focal salvage therapy is a
potential strategy for unilateral recurrence after
radiotherapy that may reduce the side effects
resulting from whole-gland salvage therapies.

2.5.2.7.1 UKPilot Study (Ahmed et al.
2012a, b)

Thirty-nine patients received focal salvage therapy
for localized recurrence after external beam radio-
therapy. Multi-parametric magnetic resonance
imaging studies, combined with transperineal tem-
plate prostate mapping biopsies or transrectal
biopsies, were used to localize disease. Hemi-
Salvage HIFU (HSH) was performed under spinal
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or general anaesthesia using the Sonablate 500®
device. The mean pre-HIFU PSA level was 4.6 ng/
mL. The median follow-up was 17 months. The
actuarial progression-free survival rate was 49 %
at 2 years according to the Phoenix criteria. Index
of Erectile Function-5 scores decreased from a
median of 18+16 to 13+21 at 6 months, demon-
strating worsening deterioration in function. The
pad-free, leak-free continence status was 64 %,
and the pad-free rate was 87.2 % at last follow-up.
One recto-urethral fistula occurred and spontane-
ously resolved with urinary and bowel diversion.

2.5.2.7.2 Multicenter Study (Baco et al.
2014)

Between 2009 and 2012, 48 patients were pro-
spectively enrolled in two European centers.
Inclusion criteria included biochemical recur-
rence following primary radiotherapy positive
magnetic resonance imaging, and >1 positive
biopsy in only one lobe. HemiSalvage HIFU
(HSH) was performed under spinal or general
anaesthesia using the Ablatherm® Integrated
Imaging device. Patients with obstructive voiding
symptoms at the time of treatment underwent an
endoscopic bladder neck resection or incision
under the same anaesthesia to prevent the risk of
post-operative obstruction.

Post HSH PSA nadir was (mean+SD)
0.69+0.83 ng/mL. Disease progression occurred
in 16/48 (33 %). Of these, 4 had local recurrence in
the untreated lobe and 4 bilaterally; 6 developed
metastases, and 2 had rising PSA without local
recurrence or radiologically proven metastasis.
Progression-free survival rates (PFSR) at 12, 18,
and 24 months were 83 %, 64 %, and 52 %, respec-
tively. Severe incontinence occurred in 4/48 (8 %),
with 8/48 (17 %) requiring one pad a day, and
36/48 (75 %) were pad-free. The IIEF-5 score sig-
nificantly decreased (p<0.001) from 11.2+8.6 to
7.0£5.8. Osteitis occurred in two patients.

Conclusion

HIFU is now used to treat PCa in clinical prac-
tice and in different clinical situations. The
strengths and weaknesses of the technique
have now been identified. The outcomes
achieved for primary care patients seem close
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to those obtained by radiation therapy. HIFU
does not represent a therapeutic impasse:
EBRT is a safe salvage option after HIFU fail-
ure and salvage surgery is possible in young
and motivated patients. On the other hand,
HIFU has a considerable potential for local
recurrence after radiation failure. Recently,
some early experiences with focal therapy
suggest that HIFU provides an excellent
opportunity to achieve local control of the dis-
ease in low-risk PCa and in early-identified
local relapse after EBRT.
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Abstract

MRI-guided High Intensity Focused Ultrasound (MRI-HIFU) is a
promising method for the non-invasive ablation of pathological tissue in
many organs, including mobile organs such as liver and kidney. The pos-
sibility to locally deposit thermal energy in a non-invasive way opens a
path towards new therapeutic strategies with improved reliability and
reduced associated trauma, leading to improved efficacy, reduced hospi-
talization and costs. Liver and kidney tumors represent a major health
problem because not all patients are suitable for curative treatment with
surgery. Currently, radio-frequency is the most used method for percutane-
ous ablation. The development of a completely non-invasive method based
on MR guided high intensity focused ultrasound (HIFU) treatments is of
particular interest due to the associated reduced burden for the patient,
treatment related patient morbidity and complication rate. The objective of
MR-guidance is hereby to control heat deposition with HIFU within the
targeted pathological area, despite the physiological motion of these
organs, in order to provide an effective treatment with a reduced duration
and an increased level of patient safety. Regarding this, several technologi-
cal challenges have to be addressed: Firstly, the anatomical location of
both organs within the thoracic cage requires inter-costal ablation strate-
gies, which preserve the therapeutic efficiency, but prevent undesired

B. Denis de Senneville (<))
Imaging Division, Department of UMCU, University

Medical Center Utrecht, Utrecht, Netherlands C. Moonen « M. Ries

Imaging Division, Department of UMCU,

Mathematical Institute of Bordeaux, Department of University Medical Center Utrecht, Utrecht,

CNRS, UMR 5251 CNRS/University of Bordeaux, Netherlands

Talence 33400, France e-mail: c.moonen@umcutrecht.nl;

e-mail: b.desenneville @umcutrecht.nl m.ries @umcutrecht.nl

© Springer International Publishing Switzerland 2016 43

J.-M. Escoffre, A. Bouakaz (eds.), Therapeutic Ultrasound, Advances in Experimental
Medicine and Biology, Vol. 880, DOI 10.1007/978-3-319-22536-4_3


mailto:m.ries@umcutrecht.nl
mailto:c.moonen@umcutrecht.nl
mailto:b.desenneville@umcutrecht.nl

44

B. Denis de Senneville et al.

tissue damage to the ribs and the intercostal muscle. Secondly, both ther-
apy guidance and energy deposition have to be rendered compatible with
the continuous physiological motion of the abdomen.

Keywords

Real-time « MRI HIFU ¢ Tumor ablation

3.1 Introduction

Hepatic and renal cancers account for 700,000
and 115,000 deaths per year in the word, respec-
tively (Ferlay et al. 2010). Worldwide, liver can-
cer is the fifth most frequent cancer in the male
population and the seventh in the female. In East
and Southeast Asia, and in West and Central
Africa, primary liver cancer is the most common
form of liver cancer (American Cancer Society
2011). Primary liver cancer is most frequently the
result of a chronically damaged liver, with viral
hepatitis, alcohol abuse and obesity as the pre-
dominant contributing factors (American Cancer
Society 2011). To date, treatment options for pri-
mary liver cancer include liver transplantation,
resection and ablation. However, only about
25 % of primary liver cancer patients are eligible
candidates for these curative therapies. The most
frequent counter indications include the tumor
size and location, underlying parenchymal dis-
ease or multi-focal lesions. This translated into a
growing interest in mini-invasive local therapy,
such as Radio Frequency-ablation (Gellermann
et al. 2005; Lepetit-Coiffe et al. 2006), which the
American Association for the Study of Liver
Disease recommends for patients with less than
three primary tumors with a diameter less than
3 cm. For more advanced disease, transarterial
chemo-embolization (TACE), radio-emboliza-
tion and systemic chemotherapy are frequently
offered as palliative measures.

In Europe and North America, metastatic liver
tumors are the most common form of liver cancer
(American Cancer Society 2011), whereby the
majority of the primary tumors are located in the
breast, lung, colon, prostate and rectum. In par-
ticular, colorectal cancer (CRC) has over 400,000
cases per year, the second largest diagnosed
cancer, of which about 70 % develop metastatic

disease in the liver (Ruers and Bleichrodt 2003).
The occurrence of metastatic disease in the liver
means that the primary cancer has reached stage
IV and requires systemic therapy. Therapy for
metastatic disease in the liver originating from
CRC is flanking the curative therapy of the pri-
mary cancer. Similarly to primary liver cancer,
the most frequently offered therapeutic
approaches are surgical resection. However, sim-
ilar to primary liver cancer, only about 20-25 %
of the metastatic disease is resectable, translating
into a growing interest for mini-invasive local
therapies, such as radiofrequency and laser
induced ablation, cryotherapy or local emboliza-
tion (Goldberg et al. 2009). These are less limited
with respect to patient selection.

Since local ablative therapy has become of
increasing importance for both primary liver and
metastatic liver cancer, the possibility to target
and ablate in a single session primary and meta-
static cancer deep in the liver and kidneys in a
non-invasive way has considerably amplified
HIFU clinical interest in recent years. Due to the
associated reduced burden for the patient, treat-
ment related patient morbidity and complication
rate, HIFU represents a potential therapeutic
alternative to patient that are currently not eligi-
ble for invasive or mini-invasive therapy.

From a historical point of view, the possibility
to employ HIFU as an external energy source for
non-invasive tissue ablation has been described
by Lynn et al. (1942). Nevertheless, the first clini-
cal experiments with HIFU were conducted in
the field of neuro-surgery 16 years later by Fry
(1958). One of the many technical limitations
that hampered clinical adoption of this methodol-
ogy at this point in time was the lack of a non-
invasive method for interventional planning and
guidance. As a consequence, the widespread
introduction of ultrasound imaging systems with
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b-mode capabilities during the 1980s renewed
the interest in this non-invasive therapeutic
modality. The feasibility of HIFU ablations with
an extracorporeal device under ultrasound guid-
ance in the liver was demonstrated by Vallancien
and coworkers (1992). The first larger clinical
studies were conducted by Wu and colleagues
(Wu et al. 1999; Wu et al. 2004; Kennedy et al.
2004) using ultrasound imaging with a JC abla-
tion device from Chongqung Haifu (Chongqung,
China) between 1997 and 2003.

In parallel, Cline et al. (1992) had already sug-
gested in 1992 the concept of MR-guided HIFU
interventions. This was followed up upon by sev-
eral prototype HIFU systems that were fully inte-
grated in whole body MRI systems (Cline et al.
1995; Hynynen et al. 1997; Jolesz and Hynynen
2008). Although these first systems were origi-
nally designed for MR-guided HIFU therapy of
uterine fibroids, modifications to cope with the
respiratory motion of the liver enabled first clini-
cal studies using a modified ExAblate 2000 sys-
tem (InSightec, Israel) by Okada et al. (2006) and
Kopelman et al. (2006).

With respect to the kidney, the first pre-clinical
application of HIFU with an extracorporeal trans-
ducer on the kidney in an animal model was dem-
onstrated by Chapelon and coworkers (1992)
using ultrasound guidance. Nevertheless, it took
another 13 years until the first clinical studies of
HIFU ablations for renal masses under ultra-
sound guidance were reported in the same year
by Hacker et al. (2005) and Illing et al. (2005).
More recent clinical studies explored the benefit
of laparoscopic HIFU transducers (Klingler et al.
2008) under ultrasound guidance.

MR-guided HIFU interventions in the kidney
have so far been investigated only in preclinical
experiments by Ries et al. (2010) and Quesson
et al. (2011) and demonstrated that MR-based
real-time monitoring of temperature evolution and
real-time motion compensation strategies, such as
respiratory gating and beam steering, are feasible.

In particular the integration of HIFU-systems in
clinical magnetic resonance imaging systems offers
several compelling advantages (Okada et al. 2006;
Kopelman et al. 2006). First, MRI allows acquiring
high-resolution 3D images with an anatomical con-
trast similar to diagnostic imaging, while the patient

is in place on the therapeutic ablation system. This
allows depicting both the lesion and organs at risk
(OAR) directly before therapy, and thus takes
directly into account recent physiological changes,
such as tumor growth (or regression), and liver posi-
tion modifications due to patient positioning on the
ablation system. Furthermore, MRI allows non-
invasive measurement of the local tissue tempera-
ture with a high precision and spatio-temporal
resolution (for an extensive overview, see Denis de
Senneville et al. 2005; Rieke and Butts Pauly 2008).
As a consequence, MR-Thermometry allows direct
and continuous monitoring of energy delivery, and
thus therapy progression (Hynynen et al. 2006;
Gellermann et al. 2005; Denis de Senneville et al.
2007a, b). Furthermore, temporal evolution of tem-
perature allows calculation of the thermal dose
delivered (hereafter referred to as MR-dosimetry),
which has been demonstrated as an empirical esti-
mator of induced necrosis (Sapareto and Dewey
1984). This is also applicable for the liver and kid-
ney (Quesson et al. 2011). Of particular importance
here is the ability of monitoring not only the tem-
perature in the target area, but also in the OAR and
in the propagation part of the acoustic beam
(Mougenot et al. 2011; Baron et al. 2013). Finally,
dynamic contrast enhanced T1-weighted imaging
(DCE-T,wMRI) allows mapping the non-perfused
volume (NPV) immediately after therapy, and thus
validates the therapeutic endpoint on the fly.

In order to exploit these intriguing possibilities
of MRI-guided HIFU for the ablation of liver and
renal cancers, compared to other clinical HIFU
applications two principal problems have to be
overcome: The necessity to deposit the acoustic
energy across the thoracic cage, and the necessity
to render the targeting, energy deposition and inter-
ventional guidance compatible with the continuous
physiological motion of the abdominal area.

Obstruction of the Ultrasonic
Beam Path by the
Thoracic Cage

3.2

As shown in Fig. 3.1, an important challenge for
HIFU ablations in the liver and the kidney is
obstruction of the acoustic beam path by the
thoracic cage. For sonications in the cranial and
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Fig. 3.1 Obstruction of the acoustic beam path by the
thoracic cage. As the left illustration displays, only the
caudal part of the kidneys can be reached by an extracor-
poreal transducer from dorsal direction, without parts of
the propagation path being partially obstructed by the first
and second floating rib. In particular the more cranially
located left kidney is often only reachable by an intercos-
tal sonication. With respect to the liver, only lesions in
segments 4b and 5 can be reached by an extracorporeal
transducer from a ventral position without any obstruction

lateral part of both organs, the ribs and the costal
cartilage block part of the acoustic energy that is
delivered by the ultrasound beam. This, in turn,
leads to two principal problems:

Firstly, the high ultrasound absorption coef-
ficient of the bone (Goss et al. 1979) reduces the
available acoustic beam power in the focal area.
Moreover, the thoracic cage acts as an aberra-
tion, decreasing the focusing quality of the
ultrasonic beam (Liu et al. 2007; Bobkova et al.
2010). Due to such beam aberrations, the
required temperature increase in the target area
may be significantly reduced (Liu et al. 2005).
This leads to either a significantly reduced volu-
metric ablation rate, or, if compensated for by
an increased total emitted power of the trans-
ducer, to an increased risk of undesired near-
field damage due to high acoustic power
densities in the intercostal and/or abdominal
muscle and ribs.

Secondly, the high acoustic absorption in the
ribs and the cartilage can lead to local hyperther-
mia in the cortical bone, the bone marrow and
the adjacent intercostal muscle. During energy
delivery, temperature elevations directly adja-
cent to the ribs have been reported that were up
to five times higher than the temperature in the
intercostal space (Daum et al. 1999). Such high

by the costal cartilage or the ribs, as shown in the center
illustration. Therapy in segments 1, 2, 3, 4a requires angu-
lated sonications. These partially interfere with the costal
cartilage or the sternum. HIFU therapy in segments 6 and
7 of the liver generally require an intercostal sonication
through the last two false ribs (9 and 10) from a lateral
position, as shown in the right illustration. Otherwise,
therapy in segment 8 is obstructed by both the false ribs
and the costal cartilage (Image courtesy of Dr. Mario
Ries, UMC Utrecht)

local temperature elevations can lead to adverse
effects, such as skin burns and intercostal tissue
necrosis, which have been frequently reported in
clinical studies (Wu et al. 2004; Li et al. 2007).
Jung et al. (2011) reported rib necrosis and dia-
phragmatic ruptures as the most frequent com-
plications for HIFU treatments of hepatic
tumors.

Several measures have been proposed to
reduce or to avoid these adverse effects. In some
cases, surgical removal of the part of the ribs that
intersect with the acoustic propagation path has
been applied to selectively perform HIFU treat-
ment (Wu et al. 2004). However, this negates the
non-invasive nature of HIFU interventions and is
likely to introduce new sources of adverse effects
such as scar tissue, which in turn can lead to
skin-burns.

The currently most commonly proposed
method to mitigate excessive rib heating and
restore focal point heating is beam shaping.
Ibbini et al. (1990) proposed a HIFU transducer
design in form of a sparse spherical phased array.
The main motivation of the use of spherical
phased arrays is the combination of a geometric
focus with the possibility to deflect the beam by
modulating the phase of each individual trans-
ducer element. For intercostal sonications, this
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Fig.3.2 Binarized apodization approach for the compen-
sation of the obstruction of the ultrasonic beam path by
the thoracic cage. The true acoustic emission profile of an
individual cylindrical phased array element (shown in the
right image) is approximated by a geometric ray in the
normal direction of each element (shown on the leff).

type of transducer design offers the additional
possibility to selectively attenuate, or even deac-
tivate, parts of the transducer surface. This has
been demonstrated by McGough et al. (1996)
and Botros et al. (1997) who proposed in theo-
retical design studies to adjust the amplitudes
and phases of the voltage signals driving the
individual phased array elements to limit rib
exposure, while preserving the focal point
intensity.

Civale and coworkers (2006) investigated the
use of a linearly segmented transducer for inter-
costal sonications. He validated in both simula-
tions and experiments the earlier prediction that
the deactivation of edge segments leads to a
significant reduction of the acoustic intensity on
the ribs.

Since these early years, several refined meth-
ods to derive efficient beam shaping for intercos-
tal sonications have been suggested. They fall
into two families: Approaches that use anatomi-
cal information in conjunction with acoustic sim-
ulations to derive the aperture function, and
methods that directly use the therapeutic trans-
ducer for the detection of attenuating/scattering
structures.

-0.02 -0.015 -0.01 -0.005 O

\\ 1/

0.0056 0.01 0.015 0.02

Each ray is tested for intersections with scattering/attenu-
ating anatomical structures, and obstructed elements (red)
are selectively deactivated, while unobstructed elements
(green) are amplified to partially compensate for the lost
acoustic power (Image courtesy of Dr. Martijn de Greef,
UMC Utrecht)

3.2.1 Apodization Methods Based
on an Anatomical Model

of the Thoracic Cage Using
Binarized Apodization Based

on Geometric Ray-Tracing

One of the first methods relying on anatomical
information was proposed by Liu and coworkers
(2007). Their method is based on geometric ray-
tracing using CT images of the thoracic cage. In
this approach, obstructed elements of a 2D
phased array are identified by testing whether the
normal vector of each element intersects with
parts of the thoracic cage, as shown in Fig. 3.2 on
the left.

A subsequent selective deactivation of the
obstructed elements (Fig. 3.2, red) and an
amplification of unobstructed elements (Fig. 3.2,
green) leads to a binarized apodization function,
which can substantially reduce undesired heating
of the ribs, while maintaining sufficient energy
deposition at the target area. Quesson and
coworkers (2010) demonstrated the effectiveness
of this approach both ex-vivo and in-vivo by using
anatomical data derived from MR-images. The
advantage of using MR-images in the context of
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MR-HIFU is that the anatomical information can
be obtained with the patient in therapeutic posi-
tion, thus taking local deformations and shifts of
the organ vs. the thoracic cage directly into
account.

Furthermore, this method requires only a
model of the thoracic cage with a moderate spa-
tial resolution (<1.5x1.5x1.5 mm?), which can
be obtained in a clinically relevant time frame.
This approach is computationally efficient
enough to be potentially feasible in a clinical
workflow. The main drawback however is the
coarse approximation of the true acoustic emis-
sion profile of an individual cylindrical phased
array element (Fig. 3.2, right), which is in the
form of a much more complex Bessel-function
with the pointing vector of a plane wave. This
neglects both the substantial off-axis energy
emission of each element, which also contributes
to undesired heating of the thoracic cage and dif-
fractive effect of the ribs on the remaining acous-
tic field. Nevertheless, despite its limitations, this
approach has been shown in several preclinical
studies as quite effective (Bobkova et al. 2010; de
Greef et al. 2015; Gélat et al. 2014).

3.2.1.1 Phase Conjugation

Phase conjugation is a more advanced beam
shaping method introduced by Aubry and
coworkers (2008), which in turn is based on the
principle of time-reversal (Fink 1997; Fink et al.
2003). In this approach, a point source is placed
in the focus and the acoustic wave is propagated
towards the transducer. Subsequently, the
received signal in each individual transducer ele-
ment is recorded. By emitting these recorded sig-
nals in a time-reversed fashion, a focus will be
created at the target location under minimal
exposure of the ribs, as most of the incident
energy on the ribs will not be incident on the
transducer. This approach relies on the linearity
and the reciprocity of the wave equation in a non-
dispersive medium. If both assumptions are ful-
filled, the time-reversal process represents a
spatio-temporally matched filter of the wave
propagation operator (Tanter et al. 2007). In its
original implementation, this approach required a
physical acoustic point source in the focus, and
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was therefore as an invasive technique clinically
not feasible. However, if a high-resolution 3D
representation of the tissue stack is combined
with the appropriate acoustic impedance values
of the tissues, the phase conjugation approach
can be carried out virtually, i.e. in a simulation
environment (Aubry et al. 2008). Compared to
binarized apodization, this approach performs a
(full) phase-amplitude optimization for each
transducer element. Furthermore, it has been
shown to be among the most effective approaches
to further reduce the energy exposure to the ribs,
while maintaining the acoustic intensity in the
focal point (Gélat et al. 2014).

One of the drawbacks is that these methods
are for computational reasons approximative and
lengthy due to the fact the wave front is sampled
with a sampling distance corresponding to sev-
eral wavelengths, causing a mismatch between
the forward and reverse acoustic field (Tanter
et al. 2001). Furthermore, this approach requires
a large dynamic amplitude range of the trans-
ducer elements, which in-turn leads to a hetero-
geneous distribution of element power, thus local
near-field overheating becomes an even larger
risk, as well as overheating of individual trans-
ducer elements. In addition, this approach
requires a complete and precise segmentation of
the heterogeneous tissue stack between the HIFU
transducer and target location. As a consequence,
practical limitations with respect to the resolution
and spatial fidelity of the acquired 3D model, and
deviations from the assumed tissue properties
will render the calculated solutions in practice
sub-optimal.

3.2.1.2 Constrained Optimization
Using the Boundary Element
Method (BEM)
One of the limitations of binarized apodization
based on geometric ray-tracing is that the effect
of the apodization on the focus quality is not
taken into account. This means that, although
undesired heating of the thoracic cage is pre-
vented, the impact of the element deactivation on
the focal point amplitude might lead to a configu-
ration that is therapeutically ineffective in the
focus. This motivated Gélat and colleagues
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(2014) to formulate the problem of focusing the
field of a multi-element HIFU array inside the
thoracic cage with an optimal apodization as an
inverse problem using the boundary element
method (BEM). The underlying physical model
of this approach takes into account physical
effects such as scattering and diffraction and
requires segmented 3D anatomical data together
with the corresponding acoustic impedances as a
description of the acoustic environment (Gélat
et al. 2011). While a first preclinical study (Gélat
et al. 2014) suggests considerable potential of
this approach, its current formulation is computa-
tionally extensive and requires a precise anatomi-
cal 3D model of each shot position for optimal
results. Similar to the phase conjugation method,
constrained optimization also requires a large
transducer element dynamic amplitude range for
it to be effective. As a consequence, future stud-
ies will have to investigate if this concept can be
exploited for clinical applications.

3.2.1.3 Apodization Methods Based

on Direct Detection

of Scattering or Attenuating

Structures
One of the major drawbacks of intercostal apodiza-
tion methods, which rely on an anatomical 3D
model, is the requirement to rapidly and non-
invasively map the anatomy between the energy
source and the ablation area, and then to transform
this anatomical data into a valid acoustic 3D model.
If CT is chosen as the imaging modality on which
the anatomical 3D model is based, then the anatom-
ical 3D images are generally not acquired with the
patient in the final therapeutic treatment position.
Therefore, local anatomy deformations due to dif-
ferent patient positions and shifts of the organs vs.
the thoracic cage that occur during transfer, limit the
validity of the anatomic model. For MR-HIFU
this can be omitted by using 3D MRI itself to derive
an accurate spatial representation of the target anat-
omy and the scattering/attenuating structures.
Nevertheless, this approach requires considerable
image acquisition time, and a lengthy segmentation
process that transforms the anatomical map into an
acoustic model before the acoustic optimization of
the transducer apodization can even begin.

Although each of the required steps is well
understood, the ensemble is in practice often
laborious, time consuming and error prone,
requiring frequent user intervention for error cor-
rection and quality control. This complicates the
clinical workflow of HIFU intervention. As a
consequence, there has been a growing interest in
developing methods that can directly detect scat-
terers and/or attenuating structures without an
additional imaging modality and preferably with-
out user intervention.

3.2.2 Decomposition
of the Time-Reversal Operator

One of the first methods of this type for intercostal
HIFU was suggested by Cochard and coworkers
(2009), for 1D linear phased arrays, and has sub-
sequently extended for sparse 2D arrays (Cochard
etal. 2011). The method was derived from the ini-
tial decomposition of the time-reversal operator
(DORT) selective focusing method from Prada
(2002). In its original implementation, the DORT
method was developed for adaptive focusing of
ultrasonic arrays on strong back-scatterers. DORT
relies on the acquisition of the backscatter matrix
(i.e., the columns of this matrix relate the scat-
tered signal received by all transducer elements
from an excitation event of each transducer ele-
ment). A singular value decomposition of this
matrix leads to a set of eigenvectors that represent
amplitude/phase combinations, which focus the
beam on the individual scattering structures.
Since the corresponding eigenvalues to the
obtained eigenvectors allow their classification by
their scattering magnitude, a linear combination
of the eigenvectors can be computed. This combi-
nation represents a phase/amplitude combination
for each transducer element that focuses the beam
on several selected scattering structures simulta-
neously. For optimal intercostal HIFU, Cochard
et al. (2009) proposed to reverse this principle and
to compose an amplitude/phase vector from the
eigenvectors with the lowest eigenvalues, i.e.
eigenvectors that focus the beam on acoustically
transparent (i.e., unobstructed) areas in the beam
path.
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Coronal

Experimental

Fig. 3.3 Automatic detection of beam obstruction by the
thoracic cage during liver ablation in an in-vivo experi-
ment. The focus is placed in segment 4 of a porcine liver,
as shown in the coronal (fop left) and the sagittal (top cen-
ter) T) weighted image. As indicated in the coronal image
on the level of the sternum (bottom left), the beam cone
intersects with parts of the costal cartilage. In this exam-
ple, the binarized apodization based on geometric ray-
tracing (fop right) is based on a semi-automatic
segmentation of a 3D T—weighted MRI of the costal

The main advantages of this approach are that
it uses the HIFU transducer itself as the detector
and allows performing the required acquisitions
and calculations in not only a very short time
frame, but also non-invasively. This allows poten-
tial adaptation of the apodization of the phased
array elements for optimal intercostal sonica-
tions, even under the limitations of a clinically
feasible and repetitive workflow for every differ-
ent transducer position on the fly.

The main disadvantage of the DORT method
is that it relies on the presence of strong scatterers
and works best with well-resolved point-like
scatterers. Although cortical bone represents
such a strong scatterer, the complex shape of the
ribs is not well represented by a low number of
point sources. Furthermore, as Fig. 3.3 illustrates,

Sagittal
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cartilage, resulting in a selective deactivation of obstructed
transducer elements. The binarized apodization based on
cavitation enhanced back projection (bottom right) leads
to comparable results, but requires only a fraction of the
acquisition and processing time (<1 s vs. 5.3 min). In
addition, this approach provides an estimate of the rela-
tive attenuation between focus and transducer for each
element (bottom middle) (Image courtesy of Pascal
Ramaekers, UMC Utrecht)

the ultrasonic propagation path is also frequently
obstructed by attenuating structures, such as
costal cartilage, which are not well suited for this
detection method.

As aresult, a comparison of the DORT method
in simulated experiments with other approaches
(binarized apodization based on geometric ray-
tracing, phase conjugation and constrained opti-
mization as previously proposed (Gélat et al.
2012) (see below)), indicated that although the
DORT method results in an apodization which
spares the thoracic cage from undesired acoustic
intensity, this is more at the expense of the focal
point pressure. In summary, although the DORT
approach is conceptually very promising, in-vivo
studies that validate the efficiency of the approach
are to date still pending.
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3.2.2.1 Pulse-Echo Detection

A much simpler approach was suggested by
Marquet and colleagues (2011) that exploits the
A-mode imaging capabilities of the HIFU trans-
ducer directly in order to detect obstructed parts
of the transducer. Similar to DORT, this approach
exploits the strong backscattering of an emitted
acoustic pulse from the thoracic cage. Here, the
transducer channels are ordered according to the
amplitude strength of their back reflected signal
and clustered into obstructed and unobstructed
elements. This approach has the advantage to be
both very fast and comparably simple, thus hav-
ing the potential to be compatible with a clinical
workflow. The main drawbacks are that although
cortical bone represents a strong acoustic reflec-
tor, cartilage signal reflection is much harder to
differentiate from reflections from the adipose-
muscle and muscle-liver/kidney tissue boundar-
ies. This is further complicated by the fact that
most HIFU transducers are designed as narrow-
band systems at lower frequencies (0.75-
1.5 MHz), thus being limited in their A-mode
imaging quality.

3.2.2.2 Cavitation-Enhanced
Back-Projection

The original implementation of the phase conju-
gation approach requires a point source in the
focus, which emits a spherical acoustic wave that
is subsequently received by all transducer ele-
ments. As Tanter et al. (2001) have shown, the
time-reversal of this received amplitude/phase
vector represents a spatially and temporally
matched filter of the propagation operator
through the heterogeneous medium. The draw-
back of this approach is that it is invasive, and
thus for clinical applications unfeasible. The aim
of subsequent work for intercostal HIFU with a
transducer apodization based on time-reversal
was aimed to circumvent this limitation: Aubry
et al. (2008) virtualized the physical time-reversal
measurement with model based solutions (see
Sect. 3.2.1), while Cochard and coworkers (2009)
recorded the complementary information, i.e. the
backscatter from the ribs.

The key idea of cavitation-enhanced back-
projection is to replace the time-reversal

experiment (i.e., using the propagation of a
spherical wave from the focus to the transducer in
order to derive the transmit apodization of the
transducer) with a true pulse echo experiment
between the transducer and a point scatterer in
the focus. However, this requires placing a suffi-
ciently large point scatterer in the focus of the
transducer in a non-invasive way. This is achieved
by emitting a first short pulse of ultrasonic energy
through all transducer elements simultaneously,
which are used to create a sufficient peak nega-
tive pressure in the focus to induce non-inertial
cavitation. The resulting bubble cloud in the focal
area represents a spatially confined cloud of point
scatterer. As a result, consecutive ultrasonic
waves are then reflected by the cavitation bubbles
back onto the transducer.

The relative signal strength received from the
back-reflected wave by each transducer element
represents a measurement of the relative attenua-
tion between the focus and each individual trans-
ducer element. In order to suppress undesired
echoes other than those originating from the cavi-
tation bubble cloud, a pulse inversion sequence
was used. Using such a sequence, the majority of
the received signal originates from the reflections
of the cavitation bubbles.

This proposed method allows rapid mapping
of any aberrating structures in each of the indi-
vidual beam paths of the transducer elements
before a HIFU sonication is started, and consecu-
tively calculates the appropriate apodization law.
Similar to the invasive phase conjugation method,
this approach takes both absorbing and scattere-
ring structures in the beam into account, whereby
the acquisition and processing times are compa-
rable with the DORT approach (<1 s), and thus
entirely compatible with the clinical workflow.

The principal disadvantage of cavitation-
enhanced back-projection is the requirement to
induce stable cavitation. Stable cavitation
requires, in particular in deeper tissue layers,
transducer and generator systems, which can
deliver large peak acoustic pressures. While this
increases the complexity and the cost of the
HIFU system, it also increases the risks of
adverse effects. Power control of non-linear
energy deposition is challenging and pulses in the
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3-6.5 MPa pressure regime also increases the
probability of potentially harmful inertial cavita-
tion events, which in turn can lead to undesired
tissue damage (Hwang et al. 2006; Miller 2007).

3.3  Challenges Associated
with Physiological Motion

of the Liver and Kidney

Besides the necessity to deposit the acoustic
energy across the thoracic cage, the second major
challenge for non-invasive HIFU therapy in liver
and kidney, with respect to both energy delivery
and therapy guidance, is physiological motion. It
is therefore important to differentiate between the
sources and the time-scale of the different types
of physiological motion and the adequate mea-
sures in more details:

Respiratory motion The liver and the kidney of
an adult patient move under free-breathing condi-
tions with a periodicity of around 3-5 s, and a
motion amplitude of 10-20 mm, as shown in
Fig. 3.4. While the motion pattern of
free-breathing patients is over longer episodes
(<3045 s) periodic, it is frequently subject to
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changes in amplitude, phase and frequency
before a new stable breathing rhythm is reached.
In particular, the occurrence of involuntary spon-
taneous motion events, such as swallowing,
coughing or muscle spasms, is hard to predict
and interrupts a regular breathing pattern.

As a consequence, there is a growing trend to per-
form non- and minimally invasive therapy under
deep sedation. Deep sedation is induced by an intra-
venous infusion of a hypnotic/amnestic agent, such
as propofol or sodium thiopental, to reduce the prob-
ability of involuntary spontaneous motion events.

The additional use of analgesic drugs, in par-
ticular analgesics based on opioids, lead to respi-
ratory depression, sometimes used to reduce in
addition both the respiratory frequency and
amplitude. Although the patient still displays
spontaneous respiration, this measure can signifi-
cantly increase the time fraction during which the
abdomen is not subject to respiratory motion.

The next step from this intermediate regime is
to induce complete respiratory depression and to
control the respiratory cycle by an external
mechanical ventilator. This approach leads to
repetitive and stable respiratory motion over long
durations, whereby the amplitude and the
frequency can be adjusted within the boundaries

Liver

Fig. 3.4 Proof of concept of the motion estimation pro-
cess performed on-line in the abdomen of a healthy volun-
teer for liver (inside blue contour) and kidney (inside red
contour). The estimation of organ motion is performed
using real-time optical-flow algorithm as described in

10 20 30
Time [s]

(Denis de Senneville et al. 2011) with the sagittal ana-
tomical images reported on the left. The vertical compo-
nent of the estimated motion is reported on the right in the
liver and the kidney (Image courtesy of Baudouin Denis
de Senneville, CNRS/UMC Utrecht)
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of sufficient blood-oxygen saturation according
to the required interventional workflow.

Peristaltic motion A second important source
of physiological motion is induced by peristaltic
and digestive activity in the digestive tract.
Although the time-scale of peristaltic motion
events depends on the particular source, such as
bladder filling with urine, the development of
digestive gases or the passage of digestive prod-
ucts in the gastrointestinal tract, the resulting
abdominal organ position shifts usually occur on
a scale of several minutes (Mirabell et al. 1998;
Langen et al. 2008). Although peristaltic motion
is with respect to both amplitude and speed a
magnitude below respiratory induced displace-
ments, it is generally non-reversible and
a-periodic. Peristaltic motion can clinically be
moderated by several measures: Peristaltic bowel
motion and the development of peristaltic gases
can be reduced by adjusting the diet of the patient
prior to the intervention (Smitmans et al. 2008).
Similarly, administration of Butylscopolamine,
which represents a peripherally acting antimus-
carinic and anticholinergic agent used as an
abdominal-specific antispasmodic (Emmott et al.
2008). Furthermore, shifts in the lower abdomen

Inmgl 1st ablgtive 2nd ab!ative >
planning session session
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due to bladder filling can be reduced by the use of
Foley catheters (Mirabell et al. 1998).

Spontaneous motion Finally, spontaneous motion
is considered one of the most challenging types of
physiological motion since it occurs infrequently, on
a very short time-scale and is in general irreversible.
It is particularly problematic for long interventions
that require the patient to remain in an uncomfort-
able position. In the past, this problem has been alle-
viated in the field of external beam therapy by using
either restraints, such as molds or casts (Verhey
1995), by sedating the patient (Zhang et al. 2010), or
by introducing general anesthesia (GA).

3.3.1 Motion Compensation
Strategies for HIFU Ablation

on Abdominal Organs

As shown in Fig. 3.5 the typical workflow of an
MRI-guided HIFU intervention starts with an ini-
tial planning (5-15 min), followed with a sequen-
tial set of energy depositions (5-60 s each)
together with the associated cool down delay
(30-180 s, depending on the energy density in the
near-field).

Final
inspection

nth ablative

—> — 3
session

session

Therapy

T

Start

End Time

Cooldown

Compensation of
peristatic motion
for the location of
the ith sonication

Fig.3.5 Typical workflow of an MR-guided HIFU inter-
vention. During the initial planning a set of anatomical
images is obtained on which the planning target volume
(PTV) around the tumor is delineated. In general, the PTV
is ablated in smaller subvolumes, which allows

intermediate tissue layers to cool down during the inter-
vention. At the end of the intervention a dynamic contrast
enhanced 3D MRI validates the therapeutic endpoint
(Image courtesy of Cornel Zachiu, UMC Utrecht)
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This therapeutic phase can have duration of up
to 3 h. It is concluded with a set of physiological
and functional MRI datasets, which validate the
therapeutic endpoint. As Fig 3.5 displays, while
peristaltic motion is during the short duration of
each of these episodes not a major problem, these
shifts can become challenging when considered
at the time scale of the entire intervention.

The influence of respiratory motion during the
initial and the final phases of the intervention are
generally addressed with the established mea-
sures of diagnostic MRI: Either respiratory gat-
ing or breath holding. During the therapeutic
phase, both for MR-guidance and energy deliv-
ery, respiratory induced motion needs to be
addressed individually. Several approaches have
been investigated to achieve this:

Induced Apneas The most simple and efficient
way to prevent undesired respiratory motion of
abdominal organs is to temporary interrupt the
respiratory cycle. This is generally achieved by
inducing general anesthesia with hypnotic/
amnestic agents, which are given in conjunction
with analgesics based on opioids to achieve a full
respiratory depression. This allows controlling
the respiratory cycle entirely by mechanical ven-
tilation, which in turn can be synchronized with
the therapeutic energy delivery. Several clinical
studies have demonstrated the feasibility of this
approach: Both Gedroyc (2006) and Kopelman
et al. (2006) have successfully ablated Hepatic
tumors by repetitive induced apneas. The main
advantage of energy delivery during induced
apneas is that this approach is compatible with
any type of clinical HIFU equipment and does
not require major modifications with respect to
beam steering capabilities or beam amplitude
modulation capabilities. The main drawback of
this approach is that it reduces the non-invasive
nature of MR-guided focused ultrasound inter-
ventions. While for primary tumor therapy of
patients with a good general condition, an inter-
vention under sustained general anesthesia of
2-3 h is generally considered clinically accept-
able, the situation is more complicated when
metastatic disease or patients in a poor general
state are considered. In particular, for the case of
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metastatic disease, where local HIFU therapy
represents only one aspect out of a combination
of systemic and local therapy measures, an
increased invasiveness of HIFU therapy is likely
to reduce both the therapeutic possibilities and
patient eligibility.

Gating Strategies As an alternative to induced
apneas, respiratory-gated energy delivery strate-
gies also allow the addressal of respiratory
motion. As shown in Fig. 3.4, the respiratory
cycle of an adult patient under resting conditions
displays typically a time-window of 1-3 s when
the diaphragm remains stationary. Therefore, a
time synchronous amplitude modulation of a spa-
tially stationary HIFU beam allows depositing
the entire acoustic energy in a precise location
despite the periodic displacements of the target.
However, the required HIFU amplitude modula-
tion leads to a significant reduction of the duty
cycle of the ablation process. Since both kidney
and liver display a high perfusion rate and conse-
quently heat evacuation, a respiratory-gated
energy delivery significantly reduces the
achievable temperatures for larger sonication
volumes (Cornelis et al. 2011). The situation is
further complicated by the tendency of the respi-
ratory cycle to be under free-breathing, only peri-
odic/stable for shorter durations (10-30 s), and
by slow drifts of the diaphragm resting position
of 8-9 mm/h.

A gated energy delivery is considerably more
favorable for patients under full anesthesia,
where analgesic drugs allow the induction of full
respiratory depression, and both breathing fre-
quency and volume are adjusted by an external
mechanical ventilator. Mechanical ventilation
allows the maintenance of an entirely periodic
breathing pattern that allows gated HIFU energy
delivery with a duty cycle of up to 80 % for
extended durations of several hours.

The clinical feasibility of this approach has
been demonstrated by Okada and coworkers
(2006) for the treatment of hepatocellular carci-
noma. More recent preclinical work introduced
several methodological improvements, such as
MR pencil-beam navigators (Wijlemans et al.
2015a) and optical tracking as the gating source
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Steered Ablation

Fig.3.6 In-vivo HIFU steered and breath-hold ablations.
The red arrows indicate the location of the heated regions.
These two images show representative images of a steered
(left) and breath-hold (right) ablation in-vivo at the time
point when the maximum temperature reached 10 °C

(Auboiroux et al. 2014), and additional motion
correction strategies to account for peristalsis and
slow target drifts.

As a consequence, for patients under full
anesthesia, respiratory gating represents an inter-
esting alternative to induced apnea, allowing a
more continuous workflow compared to the
cyclic apnea/re-oxygenation workflow of the
later. In particular, recent work (Wijlemans et al.
2015b) to evaluate the compatibility of
respiratory-gated sonications under Procedural
Sedation and Analgesia (PSA), instead of general
anesthesia, is likely to reduce the risk of compli-
cations and to shorten patient recovery.

Beam Steering Strategies The most promising
approach to render ablations under free-breathing
conditions compatible with an efficient energy
delivery is to exploit the beam steering capabili-
ties of modern phased array-transducers to con-
tinuously reposition the focus on the current
position of the target (see Fig. 3.6). Contrary to
amplitude modulated delivery schemes, such as

Breath-hold Ablation

above baseline. The steered ablation took 31.2 s to reach
this point, whereas the breath-hold ablation took 26.7 s.
The steered ablation required 16.7 % more energy than
the breath-hold case (Reproduced with permission from
Holbrook et al. (2014))

gating, beam steering allows the continuous
deposition of acoustic energy over periods of
time that exceed the duration of the respiratory
cycle. This is of particular importance in tissues,
which display high perfusion rates, such as the
kidney and liver (typical liver perfusion
65—-100 mL/min/100 mL, kidney perfusion 287—
379 mL/min/100 mg (Koh et al. 2008)).

MR-based tracking In the context of real-time
guidance of hyperthermia, MR-navigator echoes
have initially been proposed to provide motion
information in combination with MR images (de
Zwart et al. 2001). These techniques are however
inadequate to estimate complex organ deforma-
tion because the motion estimate is generally
restricted to translational displacement. Since
modern MRI acquisition methods now allow the
rapid acquisition of large data volumes, com-
bined with an excellent tissue contrast and high
spatial resolution, image-registration techniques
(Sotiras et al. 2013) were recently employed to
estimate on-line organ displacements from ana-
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tomical images. Complex deformations can for
example be estimated on a voxel-by-voxel basis
using optical flow based approaches (Barron
et al. 1994), which assume a conservation of
local pixel intensities along the target displace-
ment. The potential of such techniques for real-
time MR-guided HIFU on mobile targets was
first demonstrated in 2007 (Denis de Senneville
et al. 2007a, b). However, this approach faces the
following challenges:

First, both the update rate and latency of mea-
sured displacement information may hamper
steering accuracy. While the image sampling fre-
quency is limited by the MR-acquisition time, the
latency is determined by the remaining acquisi-
tion time after echo-formation, the image pro-
cessing time, the switching time of the
HIFU-generator and the required data transport.
For typical abdominal organ motion, the delay
between the actual time of displacement and
when motion information is available must
remain below 100 ms (Ries et al. 2010). The
image registration task is however highly compu-
tationally intensive and recent approaches take
benefit of a combined CPU/GPU (Central
Processing Unit/Graphical Processing Unit)
architecture by offloading computational inten-
sive calculations to the GPU, thus freeing the
CPU for pipeline management and data prepara-
tion. That way, the image registration step can be
dedicated to the GPU, which allows completing
all calculations on a typical image size of
128 x 128 voxels in about 100 ms, as shown in
(Roujol et al. 2010, 2011).

Secondly, optical-flow based algorithms rely
on the assumption of conservation of local inten-
sity along the trajectory which can be violated
during thermotherapy because rapid MR-imaging
is in general associated with low SNR (Signal-to-
Noise Ratio). In addition, since the tissue is
heated, several MR relevant tissue properties;
such as T}, T, and T" relaxation times, are subject
to change during imaging (Graham et al. 1998).
This leads to local intensity variations, which in
turn can be misinterpreted by optical-flow based
algorithms as “false motion”. A PCA (Principal
Component Analysis)-based motion descriptor
was thus recently introduced in order to charac-
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terize in real-time complex organ deformation
(Denis de Senneville et al. 2011). PCA was used
to detect, in a preparative learning step, spatio-
temporal coherences in the motion of the targeted
organ. Then, during hyperthermia, incoherent
motion patterns could be discarded. This method
allowed maintenance of only the physiological
components of estimated motion in the registra-
tion process, permitting reduction in the noise of
the estimated displacement. In addition, the
PCA-based motion descriptor provides a flow
field that is consistent with the learned model. It
is also robust under the assumption of global
brightness constancy, but allows local intensity
variations.

Finally, although it is well established that
MR-imaging can provide motion estimates with
a high spatial resolution, it is difficult in practice
to acquire on-line 3D isotropic images due to
technical limitations, spatial and temporal resolu-
tion trade-offs and low SNR associated with fast
3D acquisition sequences. Real-time target track-
ing of abdominal organs depends on high
frame-rate imaging; therefore it is not compatible
with methods, such as respiratory gating or the
acquisition of extended 3D volumes. In practice
this limits MR-imaging to the acquisition of 1-3
slices, with modest spatial resolution in the slice
direction. One approach consists of aligning the
normal vector of the slice orthogonal to the
motion vector, and thus to contain the entire
motion cycle within a 2D imaging slice, as sug-
gested in one report (Denis de Senneville et al.
2007a, b). This, however, imposes severe con-
straints on the imaging geometry, which might be
for anatomical or diagnostic reasons unfavorable.
It is often not possible to ensure that the target
area remains observable during the entire motion
cycle by a single static image slice. Furthermore,
although the motion trajectory of the kidney and
the lower part of the liver can be approximated by
a linear shift, the true trajectory has a shape in 3D
space. In particular, the upper part of the liver,
which is subject to an elastic deformation, is hard
to contain in a static 2D imaging slice during the

entire respiratory cycle. Since extensive
3D-volume imaging is in practice hard to achieve
with sub-second  resolution, alternative
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approaches that dynamically adapt the image
location to the current target location, have been
proposed as a possible solution. The slice posi-
tion is hereby continuously adjusted to the cur-
rent target location using fast pencil beam
navigator echoes (Ries et al. 2010; Kohler et al.
2011) or ultrasound echoes (Giinther and
Feinberg 2004; Feinberg et al. 2010). In addition,
a real-time image-based motion estimation algo-
rithm applied on the image stream allows obtain-
ing the in-plane target position sub-voxel
precision. This, in combination with the retained
slice tracking position, may describe the com-
plete target position in 3D space, which can be
conveniently employed to adjust the beam posi-
tion (Ries et al. 2010). Alternative strategies are
under active investigation that consists in esti-
mating the 3D motion from 2D real-time MRI,
using for example one or several volumetric
scans obtained before the intervention (Arnold
etal. 2011; Brix et al. 2014; Stemkens et al. 2014;
Stemkens et al. 2015). These techniques however
must still be validated in combination with
MR-HIFU.

US-based tracking The simultaneous use of US
imaging and HIFU is difficult because of their
mutual interferences. However, the combination
of the two devices represents a promising
approach to operate thermometry/dosimetry and
beam steering tasks, independently and with dif-
ferent temporal resolutions. The acquisition of
US signal and HIFU sonication must be inter-
leaved. In the context of real-time guidance of
hyperthermia, ultrasonic echoes have been used
in the past to provide motion information with
high temporal resolution in conjunction with MR
images. Pernot and coworkers (2003) used 4
pulse receivers to estimate the 3D displacement
of the targeted organ (3 transducers were required
to estimate the displacement, and another one
was added to increase the robustness of the pro-
cess). In the context of real-time guidance of
hyperthermia, 1D ultrasonic echoes have been
used in the past to provide motion information
with high temporal resolution in conjunction
with MR-thermometry in (Lorenco de Oliveira
et al. 2010). However, using these techniques the

estimated motion information is restricted to
knowledge outside the heated zone because of
the echo perturbation induced by the temperature
rises with ultrasonic echoes. In addition, the chal-
lenge of US echoes increases when US waves are
obstructed by ribs and/or air in the beam path.
Consequently, it has been recently proposed to
use 2D ultrasound echography as an additional
imaging modality for continuous target tracking
under MR-HIFU environment (Giinther and
Feinberg 2004; Feinberg et al. 2010; Ries et al.
2012; Auboiroux et al. 2012; Denis de Senneville
et al. 2014; Denis de Senneville et al. 2015).

3.3.2 MR Guided Thermometry
and Dosimetry in Abdominal
Organs

One of the most intriguing possibilities of MRI-
HIFU is the possibility to real-time monitor temper-
ature changes during an HIFU sonication
non-invasively. Initial approaches focused on the
temperature dependence of several MR observable
tissue properties (such as 7} and 75 relaxation time of
water protons, molecular diffusion constant of
water...), which have been intensively studied in the
literature. The associated thermometric MR-methods
are reviewed elsewhere (Denis de Senneville et al.
2005; Rieke and Butts Pauly 2008). The most prom-
ising candidate is real-time MR-thermometry based
on the water proton resonance frequency (PRF),
mainly because of its near-independence on tissue
composition. Tissue necrosis can also be empirically
estimated during the interventional procedure using
the calculation of the accumulated thermal dose
based on dynamic MR thermometry (Sapareto and
Dewey 1984). MR-thermometry/dosimetry is thus a
promising candidate to assess an on-line retroactive
control of therapy and ensure an accurate thermal
energy delivery with HIFU.

Nevertheless, artifacts in the temperature
measurements have a large impact on the preci-
sion of the thermal dose estimate due to its expo-
nential dependence on the temperature, and will
accumulate during the intervention due to the
integration. A first challenge arises because the
MR-thermometry based on the PRF shift of mov-
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ing targets, such as the abdominal organs, is com-
plicated by the continuous target motion through
an inhomogeneous and time-variant magnetic
field (Peters and Henkelman 2000). Respiration
or cardiac-induced organ displacement and
deformation will modify the local demagnetiza-
tion field, and thus also the local magnetic field,
experienced by the target organ. This will in turns
result in temperature artifacts (De Poorter et al.
1994; Young et al. 1996). A second challenge
rises from the fact that MR-thermometry is lim-
ited by the available SNR. An inherent trade-off
exists between spatial resolution, volume cover-
age and scan time. It is therefore currently diffi-
cult to acquire in real-time 3D isotropic thermal
maps of a large field-of-view.

3.3.2.1 Compensation of Motion

Related Errors in Thermal Maps
Several strategies have been proposed to reduce
the impact of breathing activity on MR thermom-
etry in abdominal organs:

Gated strategy Using respiratory-gated strate-
gies, MR acquisition is synchronized to a stable
period of breathing activity. To this end, a tempo-
ral window of 1 s is employed during the exhala-
tion phase of the respiratory cycle. The breathing
motion pattern can be assessed on-line using
various types of qualitative sensors, such as
breathing belt (Morikawa et al. 2004) or quantita-
tive surrogates, such as MR navigators (Vigen
et al. 2003). This way, motion artifacts on ther-
mal maps can be reduced, limiting however the
temporal resolution to the respiratory frequency
(Weidensteiner et al. 2004).

Non-gated strategy Non-gated strategies have
been recently proposed to provide continuous
and regular temperature updates with a high tem-
poral frequency during the entire respiratory
cycle. However, precise modeling of the inhomo-
geneous magnetic field in-vivo and under real-
time conditions is difficult to achieve, and
consequently several alternative simplified strate-
gies have been proposed to allow correcting
motion related errors in PRF-based MR
thermometry. For this purpose, two approaches
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emerged as promising candidates to enable con-
tinuous MR-thermometry of abdominal organs
under free-breathing conditions: “Referenced”
and “Referenceless” MR thermometry.

Referenced MR thermometry consists of ana-
lyzing phase artifacts with motion during a pre-
treatment step performed prior to the intervention.
A reference data-set of magnitude and phase
images is recorded during the motion cycle of the
organ. For this intention, the motion cycle must
be sampled with a sufficient density in order to
avoid discretization errors. With typical imaging
frame-rates of 5—10 images per second, and a res-
piration frequency of 3-5 s, this pre-treatment
step can be completed in a relatively short dura-
tion of 10-20 s. Phase artifacts, due to the peri-
odical motion of the respiration cycle, are then
addressed either by a multi-baseline strategy
(Vigen et al. 2003; Denis de Senneville et al.
2007a, b; Quesson et al. 2011), or alternatively
by applying a phase correction based on a model
of the phase variation in dependence of the
estimated target motion (Hey et al. 2009; Denis
de Senneville et al. 2011).

Using referenceless MR thermometry, a back-
ground phase is estimated by fitting a polynomial
function to the measured phase obtained from a
region of interest (ROI) outside the treatment
area, which is assumed to remain at body tem-
perature as described by (Rieke et al. 2004;
McDannold et al. 2008; Holbrook et al. 2010).
Recent updates of this approach aim at avoiding
fitting problems due to spatial phase wraps, as
well as determining the appropriate size and
location of the ROI, and the optimal polynomial
order for the phase fit can be determined before
heating (Kuroda et al. 2006; Zou et al. 2013). In
particular, the computation of background phase
using dipole-based filtering (Liu et al. 2011) or
harmonic interpolation (Schweser et al. 2010;
Salomir et al. 2012) have also been investigated
to further improve the performance of this
approach.

A hybrid of both the multi-baseline and the
referenceless methods has also been investi-
gated: A direct combination of both techniques
to compute each temperature map has been pro-
posed by (Grissom et al. 2010), as well as a
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temporal switch method (Denis de Senneville
et al. 2010). The latter initially employs the
multi-baseline algorithm to continuously pro-
vide temperature maps across the entire field of
view. In case of spontaneous movement during
the intervention, for which no reference phase is
pre-recorded, the correction strategy is updated
dynamically from “referenced” to “reference-
less” MR-Thermometry.

3.3.2.2 Challenges Associated
with Real-Time Volumetric
MR-Temperature Imaging

Finally, 3D isotropic MR-Thermometry in a large
field-of-view is a prerequisite to achieve an accu-
rate monitoring of the thermal dose measured in
the targeted area, as well as the collateral dam-
ages (such as edema induced in the near field
close to the skin or due to heating of the bone by
absorption of the acoustic energy). Several MR
acquisition/reconstruction techniques have been
employed to reduce the scan time of PRF
sequences (Tsao et al. 2003). In a study by
Quesson et al. (2011), volumetric MRI thermom-
etry in pig livers was achieved with an update rate
of 400 ms on a volume of five slices, together
with a relatively high temperature precision of
2 °C. More recently, post-processing techniques
have been also introduced to compute 3D
MR-temperature maps in real-time using sparse
sampling or Kalman filtering approaches (Todd
etal. 2014; Roujol et al. 2012; Denis de Senneville
et al. 2013).

Conclusion
Since the introduction of the concept of MRI-
guided HIFU for interventional oncology 20
years ago, a considerable interest has been
directed towards ablation methods for liver
and renal malignancies. In particular in the
last decade, extensive preclinical research has
meanwhile identified several clinically feasi-
ble solutions for the most challenging prob-
lems and several clinical pilot trial studies
have been conducted.

Nevertheless, the substantial progress in
both MR-guidance and refined acoustic
energy delivery has so far not led to widespread

clinical acceptance. The main reason is a lack
of dedicated MRI-HIFU equipment, which
must still be optimized for liver and kidney
cancer therapy. The currently employed equip-
ment and its associated methodology leads to
many compromises, such as low volumetric
ablation rates, or requirements such as general
anesthesia, which renders this approach on par
with other already clinically established mini-
invasive techniques, such as RF-ablation.

However, recently we have seen a rapid
development of cancer screening modalities,
which in turn has meanwhile resulted in an
increasing number of patients where the pri-
mary tumor is detected at an earlier stage. As
a consequence, the demand for non-invasive
local therapy with non-ionizing radiation is
likely to increase in the future.
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Abstract

This chapter describes several aspects of MR-HIFU treatment for breast
cancer. The current and future applications, technical developments and
clinical results are discussed. MR-HIFU ablation is under investigation for
the treatment of breast cancer, but is not yet ready for clinical implementa-
tion. Firstly, the efficacy of MR-HIFU ablation should be investigated in
large trials. The existing literature shows that results of initial, small stud-
ies are moderate, but opportunities for improvement are available. Careful
patient selection, taking treatment margins into account and using a dedi-
cated breast system might improve treatment outcomes. MRI-guidance
has proven to be beneficial for the accuracy and safety of HIFU treatments
because of its usefulness before, during and after treatments. In conclu-
sion, MR-HIFU is promising for the treatment of breast cancer and might
lead to a change in breast cancer care in the future.

Keywords
Breast cancer * Magnetic resonance imaging ¢ High-intensity focused
ultrasound
4.1 Introduction
Breast cancer is the second most diagnosed can-
cer worldwide. Estimates of worldwide burden of
cancer in 2012 showed that 14.1 million cases of
newly diagnosed cancer occurred, of which 1.67
FM. Knuttel (3<) « M.A.A.J. van den Bosch (<) million were breast cancer (25 % of cancer cases
Department of Radiology, in women) (International Agency for Research on
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research goals. The primary treatment modality
for breast cancer is surgery, which has evolved
from radical Halsted mastectomy to breast-con-
serving surgery during the last decades (Halsted
1907). Local control of breast cancer is achieved
in most patients, making surgery a very effective
treatment. Radiotherapy has an important role in
breast-conserving therapy; large randomized tri-
als have shown that the recurrence rate is reduced
and survival is increased after radiotherapy
(Darby et al. 2011; Fisher et al. 2002). However,
unless breast-conserving therapy yields very
favorable results with respect to recurrence and
survival, the risk of complications exists and cos-
metic results are not always satisfying.

For this reason, current research is increasingly
aimed at investigating new treatment techniques,
such as the use of Magnetic Resonance-guided
High Intensity Focused Ultrasound (MR-HIFU) for
tumor destruction (Kaiser et al. 2008). Introducing
this new completely non-invasive technique will
probably change breast cancer care in the near
future (Jolesz 2009). The most important benefit of
HIFU treatment is non-invasiveness, potentially
resulting in a decreased risk of complications and
improved cosmetic outcomes. Additionally, the
breast is a suitable body part for HIFU treatment
because of its peripheral location. MRI-guidance
enables safe and precise HIFU treatments since it is
the most sensitive imaging method for tumor delin-
eation and provides temperature feedback for

Fig. 4.1 Dynamic contrast-enhanced bilateral 3 T MRI
with fat suppression showing a mass in the right breast
with an irregular enhancement pattern (a). The lesion has

F.M. Knuttel and M.A.A.J. van den Bosch

treatment monitoring and imaging for evaluation of
treatment results (Merckel et al. 2013).

This chapter focuses on MR-HIFU ablation of
breast cancer. A complete overview of technical and
clinical challenges and previous research is given,
combined with an insight into future possibilities
for the use of MR-HIFU in breast cancer patients.

4.2 Role of MR Imaging in HIFU
Ablation of Breast Lesions
4.2.1 Imaging of Breast Cancer

Mammography and ultrasound are currently most
widely used for the detection and staging of breast
cancer. The sensitivity and specificity of mam-
mography vary from 75.8 % to 85.8 % and 87.7 %
to 97 %, respectively. Ultrasound has a sensitivity
of 70.8-92.4 % with a specificity of 72.6-76.4 %.
When mammography and ultrasound are com-
bined, sensitivity and specificity increase to 91 %
and 98 %, respectively (Zonderland et al. 1999;
Houssami et al. 2003; Bruening et al. 2012;
Barlow et al. 2002). The sensitivity of breast MRI
ranges from 90 to 95 %, with a specificity of 72 to
77.5 % (Peters et al. 2008; Bruening et al. 2012;
Hrung et al. 1999). Although it has a comparable
diagnostic accuracy, MRI performs better in
determining lesion size when compared to con-
ventional imaging methods (Fig. 4.1) (Blair et al.
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2006; Shin et al. 2012). There is a lot of contro-
versy about whether MRI should be performed in
all breast cancer patients. Its moderate specificity
results in false-positive findings and clinical trials
have not (yet) proven that MRI improves the long-
term outcome of breast cancer patients (Turnbull
et al. 2010; Peters et al. 2011). MRI is known,
however, to be of added value in certain patient
groups (Knuttel et al. 2014). For example, patients
with invasive lobular carcinoma benefit from MRI
because it has a diffuse growth pattern, which
makes it harder to accurately determine disease
extent by conventional imaging (Mann et al. 2008,
2010). Patients with an increased risk of develop-
ing breast cancer also benefit from breast MRI
(screening) as they tend to develop breast cancer
at a younger age when breast density is still high,
which impairs the sensitivity of mammography.
Besides, high-risk patients more often present
with multifocal/multicentric and contralateral dis-
ease, not detected by conventional imaging (Kuhl
et al. 2005; Warner et al. 2004). Lastly, MRI is
useful in finding the primary breast tumor in
patients with axillary lymphatic metastases in
whom primary tumors could not otherwise be
found (de Bresser et al. 2010).

4.2.2 MRIfor Guidance of HIFU
Treatment

MRI has different roles with regard to treatment.
Firstly, it is a tool for patient selection. The size of
the tumor, the distance to the skin and pectoral
muscle and the position in the breast can be accu-
rately determined (Peters et al. 2008; Blair et al.
2006). These factors should be investigated
beforehand to assess whether a patient is eligible
for MR-HIFU treatment. Besides, MRI frequently
detects additional lesions that are occult on con-
ventional imaging, altering the eligibility for
MR-HIFU treatment and possibly even changing
the surgical therapy (Houssami et al. 2008).
Secondly, MRI is useful for guidance during
HIFU treatment for several reasons. Foremost, it
provides accurate anatomic details of the tumor
and surrounding tissue, enabling precise treat-
ment planning. Additionally, MRI provides real-
time temperature maps. Monitoring the

temperature in the breast during HIFU treatments
is of utmost importance as it shows whether the
target temperature of more than 60 °C is reached
at the treatment site. Consequently, treatments
can be adjusted when necessary. The most widely
used thermometry method is proton resonance
frequency shift (PRFS) (Zippel and Papa 2005;
Furusawa et al. 2006). This technique is dis-
cussed in Sect. 5.5.2.

Lastly, MRI can be used after treatment for the
assessment of treatment results. Since MR-HIFU
ablation is a non-invasive technique, reliable
imaging methods are a prerequisite for clinical
implementation of MR-HIFU ablation in order to
detect eventual residual disease. MRI can accu-
rately depict the amount of coagulated tissue
(Hynynen 2010). The most reliable method is
T1-weighted contrast-enhanced MR imaging.
The coagulated area is seen as a hypointense mass
due to the cessation of blood perfusion
(McDannold et al. 1998). Gianfelice and Khiat
et al. investigated the value of three dynamic con-
trast enhanced-MRI (DCE-MRI) parameters and
found correlations with the percentage of residual
tumor. These correlations are most likely based
on the decrease of microvessel density after abla-
tion. The reliability of DCE-MRI was dependent
on the time-interval between MR-HIFU and
imaging, correlation coefficients clearly improved
after 7 days when compared to imaging directly
after treatment (Gianfelice et al. 2003a; Khiat
et al. 20006).

4.3 High Intensity Focused
Ultrasound of the Breast
4.3.1 Technique

The HIFU technique is already described in
detail in Chap. 1 of this book. In summary,
MR-HIFU ablation is an entirely non-invasive
technique which makes use of ultrasound beams
that are focused in a focal point. Due to the high
intensity of the focused ultrasound beam, the
temperature in the focal point increases rapidly.
The amount of heating depends mainly on the
applied power and the perfusion of the targeted
tissue. The more perfusion, the less heating will
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Fig.4.2 Schematic
outline of the volumetric
ablation technique
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4.3.2 HIFU Breast Systems

occur as the blood flow distributes the heat away
from the focal point. Due to the precise target-
ing with MRI-guidance, the adjacent healthy
tissue and the skin remain unaffected. If a tem-
perature of at least 57-60 °C is reached for a
few seconds, protein denaturation occurs, lead-
ing to tissue necrosis. Lower temperatures for a
longer period of time can also induce tissue
necrosis (Jenne et al. 2012; Jolesz 2009;
Hynynen 2010).

The size of the focal point depends on char-
acteristics of the transducer that produces the
ultrasound beams. The focal point is usually too
small to totally ablate a tumor in one sonication
(Haar and Coussios 2007). Ablation of large
volumes is either done by “the point-by-point
method” or by a “volumetric heating method”
(Voogt et al. 2012; Kohler et al. 2009). With the
point-by-point method, separate points are con-
secutively heated forming a grid of ablations. A
limitation of this technique is the cooling time
between the separate sonications that has to be
taken into account, enabling diffusion of depos-
ited energy. This makes MR-HIFU treatments
relatively time consuming. Volumetric heating
is performed by steering the focal point along
outward moving trajectories, using the previous
heat buildup in the center of the tumor. A larger
tissue volume is ablated per sonication, result-
ing in shorter treatment durations (Fig. 4.2)
(Kohler et al. 2009; Salomir et al. 2000; Voogt
et al. 2012).

Trajectory view perpendicular
to ultrasound propagation

Two different types of MR-HIFU systems exist.
The most important difference between both sys-
tems is the targeting approach. The “fibroid plat-
form”, or “generic” approach, is currently most
widely used. With this type of system, the breast
is targeted from an anterior direction (Fig. 4.3a).

The transducer is immersed in a water bath,
which is embedded in an MRI tabletop. The
shape of the transducer is spherical to enable
focusing of the ultrasound beam. In most centers
that perform clinical studies MR-HIFU breast
studies, the ExAblate 2000, produced by
InSightec (Haifa, Israel) has been used (Gianfelice
et al. 2003b; Furusawa et al. 2006). Another sys-
tem that provides anterior sonications has also
been used (Hynynen et al. 2001; Cline et al.
1995).

More recently, systems using a ‘“‘dedicated
approach” have been developed. The main differ-
ence with the generic approach is the direction of
the HIFU beam. The ultrasound transducers are
positioned around the breast, allowing for lateral
sonications (Fig. 4.3b). In 2001, the first patient
was treated with a dedicated breast system in a
feasibility study (Huber et al. 2001). Other breast-
specific systems have been developed by differ-
ent research groups. Payne et al. introduced a
256-element phased-array transducer, which can
be moved around the breast (Payne et al. 2012).
In-vivo experiments in a goat udder model
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Fig.4.3 Two approaches of HIFU ablation of the breast. Generic approach (a), Dedicated approach (b)

demonstrated that this MR-HIFU system was
able to effectively and safely perform ablations
(Payne et al. 2013). Currently, a dedicated breast
system (Sonalleve, Philips Healthcare, Vantaa,
Finland) is used in clinical feasibility and effi-
cacy studies in the University Medical Center of
Utrecht, the Netherlands (see Sect. 4.6). The
transducer of this system consists of eight mod-
ules with 32 elements each, submerged in
degassed water. The transducer is circumferen-
tially positioned around a breast cup, which is
positioned in the middle of an MRI tabletop
(Fig. 4.4) (Moonen and Mougenot 2006; Merckel
et al. 2013).

An important benefit of the dedicated, lateral
approach is the distance between the focus and
the rib cage and heart and lungs. The area behind
the focal point, where the ultrasound beam
diverges, is called the far field of the beam path.
During MR-HIFU treatments, a risk of overheat-
ing is caused by energy deposition of the far-field
beam in the rib cage, heart and lungs. The effec-
tive distance between the focal point and the
structures in the far field is larger with the dedi-
cated approach when compared to the anterior
approach. Besides, not the entire far-field beam
will reach the ribcage, heart and lungs because it
leaves the breast on the opposite side of the trans-
ducer due to its horizontal orientation. As a result,
the risk of overheating the far field is reduced.
Furthermore, the aforementioned dedicated
breast system contains eight transducer modules

which all reach the breast from a slightly differ-
ent direction. The energy density at the skin level
is therefore decreased compared to systems with
a single transducer, reducing the risk of skin
burns (Merckel et al. 2013). A possible disadvan-
tage of this wide aperture system is focus aberra-
tion due to heterogeneous breast tissue. The
breast contains fibroglandular and adipose tissue
in which the speed of sound is different. The
ultrasound beams from different directions there-
fore have different acoustic paths. In very large,
heterogeneous breasts this might lead to clini-
cally relevant focus aberration. Mougenot et al.
have investigated a correction method to mitigate
distortion of the focal point during treatments
(Mougenot et al. 2012).

4.4  Clinical Studies
4.4.1 Benign Lesions

In 2001, the first application for MR-HIFU abla-
tion of benign lesions in the breast was reported.
Nine patients with 11 fibroadenomas underwent
MR-HIFU ablation in a feasibility study. They
received local anesthesia injected behind the
fibroadenoma. Eight tumors showed partial (50—
90 %) or complete (>90 %) response, indicated by
the size of non-perfused volumes on
MRI. Follow-up MRI scans at 6 months showed a
significant decrease in tumor volume of 0.6 cm?
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Fig. 4.4 Dedicated breast system with tabletop integrated in 1.5 T MRI scanner (a) and a close-up of the breast cup
with eight circumferentially positioned transducers (b)

on average. The lesions felt softer on physical
examination, which was also reported by the
patients. Non-effectiveness of MR-HIFU ablation
was attributed to insufficient energy deposition in
the tumor in one patient, and to patient move-
ments in two other patients. In one patient, an
analgesic was injected in front of the fibroade-
noma, causing scattering of the ultrasound and
therefore no sufficient heating of the tumor. This
study also showed a number of side effects that
are known to occur after HIFU ablation. One
patient had post-procedural edema in the pectoral
muscle. However, no clinical consequences were
observed and the edema disappeared within 14
days. One patient developed a bruise on the skin.
Four patients experienced mild pain during treat-
ment, two patients moderate pain and one patient
severe pain. Breast tenderness lasted up to 10 days

in some cases. Finally, transient moderate swell-
ing of the treated breast was observed. No long-
term side effects occurred (Hynynen et al. 2001).

Invasive Breast Cancer
with Resection

4.4.2

The first-in-man study in patients with benign
tumors was followed by various studies in
patients with invasive breast cancer. The majority
of MR-HIFU breast studies were performed
according to a treat-and-resect protocol to facili-
tate histologic evaluation of the treatment
response. Huber et al. reported the first results of
MR-HIFU ablation of invasive breast cancer.
They treated one patient who underwent breast-
conserving surgery 5 days later. Post-therapeutic
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MR imaging showed a lack of contrast uptake in
the treated region, indicating that the tumor was
successfully ablated. Furthermore, a hyperin-
tense rim surrounding the tumor was seen.
Histopathology demonstrated sublethal and
lethal thermal damage in the tumor (Huber et al.
2001). Gianfelice et al. performed MR-HIFU
ablation in 12 patients. Only in two patients com-
plete necrosis of the tumorous tissue was
achieved. They used two different focused US
systems, of which the second performed better.
An average of 43.3 % of malignant tissue was
ablated with the first system in three patients. The
second system provided tumor necrosis in 88.3 %
in nine patients. All patients experienced slight to
moderate pain during the treatments, despite
administration of analgesics (fentanyl citrate)
and sedatives (midazolam) in variable doses. The
pain or discomfort was transient in all cases. The
most important side effects were second-degree
skin burns in two patients (Gianfelice et al.
2003b). In the same year, Gianfelice et al.
reported results of 17 breast cancer patients
treated with MR-HIFU, also partly included in
their previous paper (Gianfelice et al. 2003b).
This study was designed to investigate the role of
DCE-MRI in assessing the amount of residual
disease after MR-HIFU. In four patients, total
tumor necrosis was found under histopathologi-
cal evaluation, more than 90 % of the tumor was
ablated in nine patients and four patients had
necrotic volumes ranging from 25 to 70 %
(Gianfelice et al. 2003a). Khiat et al. used the
same patient population and added extra patients;
they reported the results of the treatments of 25
women in total. The focus of this paper was the
effect of the duration between HIFU treatment
and MRI performance on MRI parameters that
are used to assess the presence of residual tumor.
A total of 26 tumors were treated, of which seven
were found to be totally ablated. Another seven
tumors were 10-80 % ablated, the remaining
tumors showed less than 10 % residual disease.
Contrast-enhanced MRI parameters were most
reliable when assessed after 7 or more days after
HIFU. When MRI was performed directly after
treatment, no conclusions about treatment effi-
cacy could be drawn (Khiat et al. 2006). In 2005,

another phase one trial was conducted in ten
patients with early stage breast cancer. MR-HIFU
ablation was 100 % effective in two patients. The
amount of residual disease in the other eight
patients ranged from 30 % to only microscopic
foci (Zippel and Papa 2005). Furusawa et al.
treated 30 breast cancer patients with MR-HIFU
ablation. Complete necrosis of the tumor was
seen in 15 of 30 patients (50 %). The amount of
necrotic tumor exceeded 85 % in 28 patients
(Furusawa et al. 2006). Finally, an Italian
MR-HIFU study is currently being performed.
Preliminary results from 2013 show that in nine
out of 10 treated patients, complete tumor necro-
sis, including a margin of 5 mm, was achieved
(Napoli et al. 2013).

Adverse events occurred in many patients, but
were usually mild. The majority of patients expe-
rienced mild pain, discomfort or a pressure sen-
sation during the treatments (Huber et al. 2001;
Furusawa et al. 2006; Zippel and Papa 2005). In
some cases, some breast tenderness lasted for a
few days (Gianfelice et al. 2003b). Another com-
mon side effect is skin burns, which were reported
in four patients in three studies. One of these
patients had a third-degree skin burn, the only
reported major adverse event (Furusawa et al.
2006; Gianfelice et al. 2003b; Zippel and Papa
2005). The occurrence of long-term side effects
could not be investigated in these studies as a
result of subsequent surgical resection of the
treated tumors. Generally, few complications
occur after MR-HIFU treatment, especially when
safety margins are taken into account.

MR-HIFU ablation was not equally successful
in all patients. Several reasons for treatment fail-
ure have been mentioned. In most cases, insuffi-
cient power was delivered to the tumor. In one
patient, the skin absorbed an abnormal amount of
energy, hampering lethal heating of the tumor
(Furusawa et al. 2006). In some studies, patients
received local anesthesia that was injected behind
the tumor (Furusawa et al. 2006). Another anes-
thesia method was intravenous administration of
an opioid with a sedative (Gianfelice et al. 2003b)
or just an oral sedative (Huber et al. 2001).
Generally it seems that local analgesia or con-
scious sedation is not always sufficient during
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MR-HIFU treatments. Patients still experience
pain or move, which makes accurate targeting
difficult. Tumor targeting was often poor, indicat-
ing that careful patient selection is important and
that technical problems still have to be solved
(Gianfelice et al. 2003b). Furthermore, a large
enough margin around the tumor should be taken
into account (Gianfelice et al. 2003b).

Invasive Breast Cancer
Without Resection

4.4.3

Gianfelice et al. also assessed the feasibility and
efficacy of MR-HIFU ablation in breast cancer
patients who did not undergo surgical excision
after HIFU treatment. These patients were either
at high risk for surgical complications or refused
surgery. Twenty-four patients with biopsy-proven
breast cancer received Tamoxifen as a primary
treatment and underwent ‘adjuvant’” MR-HIFU
ablation. All patients were free of metastases at
the start of the study. The effectiveness of
MR-HIFU ablation was assessed by multiple
biopsies in different areas of the tumor after one
or two treatments. After the first treatment, core
biopsies were negative in 58.3 % (14 patients). A
second MR-HIFU procedure yielded five more
tumor free patients, increasing the total number
of successful treatments to 19 (79 %). No patients
developed metastases during a mean follow-up of
20.2 months (range 12-39 months). All patients
reported mild to moderate pain during treatment
and one patient was found to have a second-
degree skin burn after treatment. It should be
mentioned that patients undergoing MR-HIFU
ablation had already been receiving Tamoxifen
therapy for variable periods of time. Therefore,
the treatment results cannot be entirely attributed
to MR-HIFU ablation (Gianfelice et al. 2003c¢).
The most recently published MR-HIFU study
was performed by Furusawa et al. Twenty-one
patients were treated with MR-HIFU ablation
without subsequent surgery and radiotherapy.
Four patients were treated twice to ensure abla-
tion of the entire tumor volume. During a mean
follow-up period of 15 months (range 3-26
months), one recurrence was observed. This was

F.M. Knuttel and M.A.A.J. van den Bosch

attributed to insufficient heating during treat-
ment, which was determined retrospectively.
Skin burns were observed in two patients, one
third-degree and one second-degree (Furusawa
et al. 2007). Furusawa et al. are continuing this
MR-HIFU study without resection, no additional
results have been published so far (Furusawa
2012). An overview of the existing literature is
presented in Table 4.1.

4.5 Clinical and Technical
Challenges
4.5.1 Challenges for Improvement

4.5.1.1 Patient Selection
As shown in the previous section, the MR-HIFU
ablation clinical results are variable. The minor-
ity of MR-HIFU treatments resulted in total
tumor ablation, indicating that the technique is
not yet ready for clinical practice. Adequate
patient selection proved to be very important for
successful MR-HIFU treatments, since not all
patients are candidates for MR-HIFU ablation.
Ideal candidates for MR-HIFU ablation have a
unifocal, small tumor with a maximum diameter
of around 2 cm, without ductal carcinoma in-situ
(DCIS). If MR-HIFU ablation was to be the pri-
mary treatment of breast cancer, the margin sta-
tus would not be able to be assessed since the
tumor is not surgically removed. Consequently, it
would be very important to minimize the risk of
leaving residual disease behind. This could be
achieved by selecting patients with “breast can-
cer of limited extent”, in whom no in-situ or inva-
sive disease is present outside a margin of 10 mm
around the index tumor (Faverly et al. 2001).
According to Schmitz et al., who investigated
the presence of additional disease in a 10 mm mar-
gin around the tumor visualized by MRI, these
tumors more frequently show persistent enhance-
ment (plateau) on DCE-MRI and are smaller. A
larger quantity of DCIS in the primary tumor was
also associated with the presence of disease outside
a 10 mm margin (Schmitz et al. 2012). Another
reason to exclude patients with DCIS is that MRI
cannot reliably assess its size and it may therefore



73

4 Magnetic Resonance-Guided High Intensity Focused Ultrasound Ablation of Breast Cancer

(panunuoo)

JuoN
umq urys

9a139p pug duQ
Kdeoy

Surnmp sured Jysi|
01 Pue 2JeIopOW ]

AN

uInq urys

90139p pug om],

Y 9¢—1C 10] pajean
ur JI0JWODSIp

pru syuened [y
Kderoyy

Surmp sured jy31s
 pue 9JeIopow §

(92139p pig

QUQ) suIng uys g
(sured prru

€ pue 9)eIopOUX

[ “9I0A3S [) SIUQAD
9SI9ApE JOUTW §
umngq unys

9a139p pIg QU

$10949 pIS

a3ewrep

[euLIay) [eyaf(qns)
rowAue A[qISIA
joU SUOIS9] 7 ‘@Sueyo
ou gz :syiuoul 70z
:dn-mofjo] uBaN
aAnegou Asdoiq :g1
aseasIp

[enpisal 9 ¢/L—0¢Y
aseasIp

[enpIsaL 9% 01> -6
SIS0I0U % (0] ‘¥

% €88

CTI—P siuaned ‘9 ¢'€p
1¢—T Suone  :oWN[oA
PISOIOAU UBIN
Q0ULINOY |

sypuow

1 dn-moj[oj ueoy

SISOIO0QU
% 696 ‘UL
SISOIOAU % O0T—ST
S)nsY

TN

L G'T ur pajer3aur

JI00npsue)
JUOWID[Q [SUIS

000¢T 2BIqVXH

000¢ 2reIqvXd

000¢C 2eIqVXHd

000¢T 2eIqVxHq

000¢T 2eIqVXH
901A9p NAIH

WO 80'¢

(ww 67-9)
ww 6] &

WO 8'8=11°0

(WO 8°8-11°0

(wwr g—)
ww G| &

(ww 6z—¢)
ww ¢ @
9ZIS UOIS]

J09sal pue jeal],

dn-mor[oy yim
uajIxowe ] + NATH

J09sal pue jeal],

109831 pue 18I,

dn-mor[oy yim
NATH

J09sal pue jeal],

090101

(T QAISBAUL |

O SAISEAUT T

O SAISBAUL

O daIseAul 7|

D QAISBAUI-UOU
PUE QAISBAUI [T

SIDAc
D dAIsEAUI 8T
siouwnf,

e

Ll

4!

0¢
sjuaned

(1002)
‘Te 19 I_qny

(0€000)

‘[& 32 921[oJuRID)

(2€007)

“[€ 30 Q0I[oJuRLD)

(a€002)

‘[& 30 @d1[oJuBID)

(L002)
‘2 19 eaveSNINg

(9000)
‘Te 10 emesnInj

Q0UQIRJY

SQIpMyS Isea1q NATH-UIA [BOTUI[O JO MIIAIOAQ L't 31qeL



F.M. Knuttel and M.A.A.J. van den Bosch

74

umnq urys
9a139p pug auQ
Aderoyy Sunmp ureg

AN

skep (] "xewr
‘eale JudUIRAI)
SSQUIOPUQ],
JseaIq Suroms
Jrosnw
[e10103d ewropyg
Kdeoty

Surmp sured jy31
¥ pue 9)eIopOUW
T “QIAIS |

$10949 pIS

aseasIp
[enpIsal 9 0601 ‘€
3sBasIp

[enpIsar 9, Q[ :¢
1005 o1doosoroTur
Tenpisal g

SISOIOAU % (0] 1T
aseasIp

[eNpISa1 % 06-0T :L
aseasIp

[enpIsar o, Q1> :11
SISOIOdU % (0T :8

sypuowr

9 18 PIsBaIOdP (WD 9°()
paeqe Ajrenied

10 Ae103 (% €L) 8
S)NSoYy

BUWIOUTOIRD JB[NQO] )7 ‘Pa1iodal Jou YA “BWOUTDIRD [eIonp ) ‘MiIS-1 BUWOUIdIRD [e}ONp §7) (7 BWOUIOIRD 1S81q DG

000¢C 2BIqVXHd

000¢ 2®1qVXd

RN

L S’ ur pajerdajur
JIoonpsuer)
JUQWID[Q [SUIS

901A9p NAIH

ww 7z @

O TTI-IT°0

(g2 ¢'9-L°0)

WO 6°1

9ZIS UOIS]

109831 pue 18I,

10983l pue jeal],

dn-morjoy

s NATH
090101

O daIseAUl O]

DT QAISBAUL |
OQ dAIseAUL GT

sewoudpeoIqy ||

siouwng,

(000
01 eded pue [oddrz

(9000)

94 LRERLILD: |
(1000

6 ‘Te 32 uQuAuAyg
sjuoned Q0UdIRJOY

(ponupuod) |y 3jqerL



4 Magnetic Resonance-Guided High Intensity Focused Ultrasound Ablation of Breast Cancer 75

partly be missed during treatment (Kropcho et al.
2012; Kuhl et al. 2007). Furthermore, patients with
an invasive lobular carcinoma (ILC) are often not
eligible. ILC has a diffuse growth pattern, hamper-
ing reliable visualization of the tumor boundaries
by MRI, and as a consequence accurate treatment
(Menezes et al. 2013).

4.5.1.2 Treatment Margins

As with surgical therapy, treating a margin around
the tumor is important to eradicate all cancer
cells. The size of this margin has not been estab-
lished with certainty. In general, a margin of
5 mm is considered to be safe (Furusawa et al.
2006). By others, one centimeter is deemed nec-
essary (Gianfelice et al. 2003b). Ablating a mar-
gin of 0.5-1 cm is comparable to the current
surgical treatment of breast cancer, which aims
for gross resection margins of 0.5-2 cm (Rutgers
and EUSOMA Consensus Group 2001; Parvez
et al. 2014). However, surgery may be less pre-
cise than image-guided treatment techniques,
especially in non-palpable breast lesions where
the surgeon cannot see or feel the lesion and has
to rely on a needle-wire for guidance of the exci-
sion. Based on the surgical literature and the pre-
cision of image-guided treatments, we propose a
treatment margin of 5 mm for MR-HIFU treat-
ments of breast cancer. A limitation of MR-HIFU
is the safety margin of 1 cm from the skin and rib
cage that has to be taken into account (Furusawa
et al. 2006). As a result, a proportion of patients
would not be eligible for MR-HIFU treatment. If
a treatment margin of 5 mm, with a safety margin
of 10 mm to both the skin and the pectoral muscle
is taken into account, approximately 46 % of
patients with early stage breast cancer would not
be eligible for MR-HIFU treatment (unpublished
data from our group).

When considering treatment efficacy and use
of margins, radiotherapy should also be taken
into account. Not all malignant cells might be
ablated, but lumpectomy might also not ensure
total removal of all tumor cells. In a pathology
study of 282 patients who underwent mastec-
tomy but were eligible for breast-conserving sur-
gery, additional foci within a 2 cm margin were
found in 20 %. In 43 %, tumor foci were found at

a distance of more than 2 cm from the primary
tumor (Holland et al. 1985). Schmitz et al.
reported the presence of tumor foci at a distance
of more than 1 cm from the tumor in 52 % of
patients (Schmitz et al. 2010). These findings
illustrate the importance of radiotherapy follow-
ing breast-conserving surgery or ablation. Adding
radiotherapy to breast-conserving surgery lowers
the risk of recurrence by 15.7 % within 10 years,
and reduces the 15-year mortality by 3.8 %
(Darby et al. 2011). Combining MR-HIFU abla-
tion with radiotherapy in the future will probably
result in more effective treatment and tumor con-
trol as occult residual disease after ablation will
be treated by irradiation. The role of radiotherapy
should be investigated once MR-HIFU technique
is sufficiently improved for gross tumor ablation
in the majority of patients.

4.5.2 Thermometry

An advantage of MRI-guidance of HIFU treat-
ments is the ability of real-time treatment moni-
toring based on temperature maps. Various
methods for non-invasive MR thermometry exist
where proton resonance frequency shift (PRFS)
is most widely used. This technique is based on
the temperature dependent electron screening of
hydrogen nuclei in water, causing a resonance
frequency shift in water protons that is propor-
tional to changes of tissue temperature. The lin-
ear temperature dependence makes PRFS a very
suitable thermometry method. PRFS-based tem-
perature maps can be constructed by MRI and
utilized for real-time treatment control (Rieke
and Butts Pauly 2008; Quesson et al. 2000).
Nonetheless, the PRFS method is only suitable
for aqueous tissues, that is, the tumor and the
glandular tissue. The temperature in adipose tis-
sue cannot be measured using PRFS. Most tumor
margins partly consist of adipose tissue, in which
the temperature, and thus treatment efficacy, can-
not be monitored. This could hamper total abla-
tion of the tumor margins. The radiologist would
not be capable of determining if high enough tem-
peratures are reached, risking under treatment.
Besides, being unable to monitor the temperature
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in the adipose tissue of the near field might lead to
an increased risk of overheating (sub)cutaneous
tissue. To mitigate the risk of overheating the near
field, a cool down period after every sonication is
required. The ideal cool down duration varies
between patients due to different breast composi-
tions. Therefore, cool down times are chosen con-
servatively  long, possibly  unnecessarily
prolonging HIFU treatments. Thermometry in
adipose tissue is indispensable to optimize HIFU
treatments. Methods to do so exist, but have not
yet been implemented in clinical studies.
Temperature mapping based on T, relaxation
times is a suitable thermometry method for adi-
pose tissue, as T, changes linearly with tempera-
ture. On the contrary, in aqueous tissues
temperature dependence is not linear and nonre-
versible, making T, thermometry inappropriate
for aqueous tissues (Baron et al. 2013). The ideal
approach would be a combination of two methods
to enable simultaneous thermometry in glandular,
as well as in adipose tissue. A hybrid method has
been developed using a combination of T, and
PRFS. For T, thermometry, a variable flip angle
method is employed. The two techniques are
combined, allowing for real-time simultaneous
temperature mapping in both types of tissues
(Todd et al. 2013a, b; Diakite et al. 2014). This
method is not yet applied in MR-HIFU treatments
of the breast, but is promising for obtaining better
treatment results in the future.

PRFS is very sensitive to patient movement
(Rieke and Butts Pauly 2008). Besides, cardiac
motion and breathing induce temperature errors,
impeding treatment monitoring. On average, car-
diac motion and breathing result in temperature
errors of 13 °C, greatly decreasing the precision
of temperature maps (Peters et al. 2009). A cor-
rection method should be applied to provide ade-
quate  temperature  monitoring.  Possible
correction methods are spectroscopic imaging for
internally-referenced temperature changes (Rieke
and Butts Pauly 2008; Kuroda 2005), and a look-
up table based multibaseline approach or model
based approach (Vigen et al. 2003; Hey et al.
2009). In most MR-HIFU studies, patients
receive local anesthesia, which is injected behind
the tumor, or light sedation. The long treatment
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duration and possibly pain sensation result in
reduced patient comfort, which is likely to cause
motion in patients who are not fully sedated
(Hynynen et al. 2001). Applying deep sedation
could result in improved temperature measure-
ments because patients receiving deep sedation
have a more regular breathing pattern and are
immobilized.

4.5.3 Pathology

Surgical removal of breast cancer enables pathol-
ogists to determine tumor size, receptor status
and tumor grade. These characteristics are neces-
sary for the selection of adjuvant systemic ther-
apy. In patients who undergo MR-HIFU, the aim
of the treatment is to destroy all malignant tissue.
No viable tissue will be available for the patholo-
gist. Therefore, tumor size, receptor status and
tumor grade have to be determined before
MR-HIFU ablation takes place. Tumor size can
be determined reliably by contrast-enhanced
MR, thus the excision specimen is not required
for tumor size assessment (Shin et al. 2012).
Vacuum-assisted or large core needle biopsy may
be used to obtain tissue for assessment of recep-
tor status and tumor grade prior to MR-HIFU
treatment (Chen et al. 2012; Park et al. 2009). For
tumor grade, the correlation between core needle
biopsy and surgical excision specimens is some-
what lower than for receptor status, which is the
result of undersampling. However, the correla-
tion is best in small tumors, in which MR-HIFU
treatment is mainly performed (Zheng et al.
2013; Harris et al. 2003; Badoual et al. 2005).
Also, experienced pathologists should assess the
core biopsies and the risk of erroneously deter-
mining indications for adjuvant therapy should
be kept in mind and discussed with the patient
(Schmitz et al. 2014).

4.5.4 Sentinel Lymph Node
Procedure

The sentinel node is the first lymph node to which
the tumor drains. In case of metastatic disease,
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Fig.4.5 Treatment planning on coronal and sagittal images. Two treatment cells of 6 mm are positioned in the tumor.
(a) coronal view. (b) sagittal view. (red dots)

this node is the first location to contain tumor
cells. Excision of the sentinel lymph node (senti-
nel lymph node biopsy, SLNB) should always be
performed in patients with breast cancer to deter-
mine the need for complete axillary lymph node
dissection (Lyman et al. 2005). This procedure
should also be performed in patients who undergo
MR-HIFU ablation. Concerns exist that HIFU
might alter lymphatic anatomy, causing difficul-
ties in finding the sentinel lymph node. Whether
this is true is currently unknown. No problems
with identifying the sentinel lymph node have
been described so far (Zippel and Papa 2005). In
case of doubt, the SLNB could be performed
before MR-HIFU treatment.

4.6 Experience
with the Dedicated Breast

System

Currently, the feasibility and safety of a dedi-
cated breast system (Sonalleve, Philips
Healthcare, Vantaa, Finland) is assessed in a clin-
ical study in the University Medical Center of
Utrecht, the Netherlands (Fig. 4.4) (Merckel
et al. 2013). One of the aims of this study is to
overcome technical challenges, which are always
present when a treatment is used for the first time.
Furthermore, the accuracy and safety of

MR-HIFU ablation with the dedicated breast sys-
tem are investigated.

A total of 10 patients have been treated with
the dedicated breast system. Patients were posi-
tioned in the MRI in prone position, with the
affected breast in the breast cup (Fig. 4.4b). After
positioning, a contrast-enhanced MRI scan was
performed for treatment planning. These breast
cancer patients underwent partial tumor ablation,
meaning that only a few sonications per tumor
were performed (Fig. 4.5).

Only treatment cells with a diameter of 6 mm
were used to ensure comparability. Accuracy was
measured by comparing the location of the actual
focal point and the planned focal point during
treatments, as measured by thermometry.
Furthermore, the size and location of thermal
damage at pathologic examination indicated
whether the ablations were accurate. Results will
soon be reported (Fig. 4.6).

4.7  Future Directions

MR-HIFU ablation is currently not ready for
clinical implementation. Possibly, the availability
and use of a dedicated breast system might
improve treatment results. The efficacy of a dedi-
cated breast system for tumor ablation is cur-
rently assessed in a phase 2 clinical trial at the
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Fig.4.6 Histopathologic result of a 6 mm treatment cell using the dedicated breast system. The size of thermal damage

is measured to assess accuracy and precision

University Medical Center of Utrecht, the
Netherlands.

Another potential application of MR-HIFU in
the breast is the use of hyperthermia for enhanced
local drug delivery in patients with an indication
for neo-adjuvant chemotherapy. MR-HIFU has the
potential to create mild hyperthermia (tempera-
tures of 4145 °C) (Diederich and Hynynen 1999).
Thermo-sensitive liposomes that accelerate the
release of their contents above a threshold tem-
perature have been developed. Intravenously
injecting these liposomes, while providing mild
hyperthermia in the breast tumor, could potentially
enhance the local release of cytostatic drug from
the thermo-sensitive liposomes in the tumor
microenvironment. Consequently, this would
result in substantially higher local cytostatic con-
centrations in the tumor than in the rest of the body
(Deckers and Moonen 2010; van Elk et al. 2014).
This combination therapy could potentially be
used as a neo-adjuvant therapy to downstage
tumor prior to surgical resection.

Conclusion

MR-HIFU ablation is an interesting technique
for the treatment of breast cancer and is still in
an early stage of development. The possibility
of treating breast cancer without affecting the
integrity of the breastis appealing. Additionally,
the breast is a very suitable organ for MR-HIFU
ablation due to its peripheral location and thus

easy targeting. More research is needed to find
solutions for existing technical challenges and
to determine which patient groups would ben-
efit most from this treatment.
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Abstract

Pancreatic cancer is one of the deadliest malignancies, with only a 6 %
5-year survival rate and over 50 % of patients being diagnosed at the
advanced stage. Current therapies are ineffective, and the treatment of
patients with advanced disease is palliative. In the past decade, HIFU abla-
tion has emerged as a modality for palliative treatment of pancreatic tumors.
Multiple preclinical and non-randomized clinical trials have been performed
to evaluate the safety and efficacy of this procedure. Substantial tumor-
related pain reduction was achieved in most cases after HIFU treatment and
few significant side effects were observed. In addition, some studies indicate
that combination of HIFU ablation with chemotherapy may provide a sur-
vival benefit. This chapter summarizes the pre-clinical and clinical experi-
ence obtained to date in HIFU treatment of pancreatic tumors and discusses

the challenges, limitations and new approaches in this modality.

Keywords
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5.1 Clinical Management

of Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDA), also
known as pancreatic cancer, is the 10th most
common cancer diagnosis among men and the
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9th most common among women in the United
States. It is also the deadliest cancer; it has a
5-year survival rate of only 6 %, which has not
substantially improved in the last 40 years
(American Cancer 2013). According to the 2013
Cancer Statistics report, the median survival
ranges from 4.5 months for stage IV disease, and
24.1 months for stage I disease. There are a num-
ber of characteristics of pancreatic cancer that
make it resistant to therapy; most importantly the
formation of a dense stroma. This results from a
desmoplastic reaction that creates a barrier
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Table 5.1 TNM staging system for pancreatic cancer (Edge et al. 2010; Bilimoria et al. 2007)
Median

Stage T N M

1A T1 NO MO 24.1
1B T2 NO MO 20.6
A T3 NO MO 154
1B T1,T20or T3 |NI1 MO 12.7
1 T4 NO, N1 MO 10.6
v any T NO, N1 Ml 4.5

Survival, months

Description

Tumor limited to the pancreas, <2 cm
in greatest dimension, resectable

Tumor limited to the pancreas, >2 cm in
greatest dimension, resectable

Tumor extends beyond the pancreas, but
does not involve the celiac axis or
superior mesenteric artery, resectable

Regional lymph node metastasis

Tumor involves the celiac axis and
superior mesenteric artery, unresectable

Distant metastasis

T describes the size of the primary tumor and whether it has invaded nearby tissue; N describes the degree of spread to
regional lymph nodes; M denotes the presence of distant metastases

between cancer cells and blood vessels (Hidalgo
2010). The stroma is not just a mechanical bar-
rier; rather, it constitutes a dynamic compartment
that is critically involved in the process of tumor
formation, progression, invasion and metastasis
(Chu et al. 2007; Mahadevan and Von Hoff 2007).
Stromal cells express multiple proteins, such as
vascular endothelial growth factor, which have
been associated with a poor prognosis and resis-
tance to treatment. In addition, a subgroup of
tumor cancer cells with cancer stem cell proper-
ties, such as tumor initiation, has been identified.
Pancreatic cancer stem cells are resistant to che-
motherapy and radiation therapy. This may
explain why these treatments are not very effec-
tive. High interstitial pressure within pancreatic
tumors, as well as poor vascularization, further
contributes to drug resistance.

Early stage pancreatic cancer usually has no
symptoms. When symptoms do occur, the tumor
has usually spread to surrounding tissues or dis-
tant organs. Common pancreatic cancer symp-
toms include mild abdominal discomfort, dull
and deep upper abdominal pain, jaundice (yel-
lowing of the skin or whites of the eyes) and
weight loss. Nausea and vomiting may occur
among patients with more advanced disease. If
pancreatic cancer is suspected in a patient, fur-
ther evaluation is focused on the diagnosis and
staging of the disease, as well as assessment of
tumor resectability. Multiphase, multidetector
helical computed tomography (CT) with

intravenous administration of contrast material is
the imaging procedure of choice for initial evalu-
ation (Miura et al. 2006). This technique allows
visualization of the primary tumor in relation to
the major arteries, and also in relation to distant
organs. In general, contrast-enhanced CT is suf-
ficient to confirm a suspected pancreatic mass,
and can be used to predict surgical resectability
with 80-90 % accuracy (Karmazanovsky et al.
2005). Positron-emission tomography and endo-
scopic ultrasonography are also used if the CT
findings are ambiguous. In addition, serum level
of CA 19-9 biomarker is commonly used for
therapeutic monitoring and early detection of
recurrent disease after treatment. The important
limitation of CA 19-9, however, is that it is not
specific for pancreatic cancer and may be ele-
vated in other conditions, such as choleostasis.
Therefore, CA 19-9 is only used in patients with
known pancreatic cancer (Hidalgo 2010).
Pancreatic cancer staging is based primarily on
assessment of resectability obtained by helical CT
(Edge et al. 2010). T1, T2 and T3 tumors are
potentially resectable, whereas T4 tumors, which
involve the superior mesenteric artery or celiac
axis, are unresectable (Table 5.1) (Bilimoria et al.
2007). For patients with resectable disease, sur-
gery remains the treatment of choice (Shaib et al.
2007). Depending on the location of the tumor, the
operative procedures may involve cephalic pan-
creatoduodenectomy (the Whipple procedure),
distal pancreatectomy or total pancreatectomy.
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A minimum of 12-15 lymph nodes should be
resected, and every attempt should be made to
obtain a tumor-free margin. Unfortunately, even if
the tumor is fully resected, the outcome in patients
with early pancreatic cancer is disappointing, with
a median survival of 20-22 months. Postoperative
treatment with gemcitabine alone-, or gemcitabine
in combination with fluorouracil-, based chemora-
diation has demonstrated improved survival in
these patients. This has been one of the most
important advances made in the management of
pancreatic cancer.

If the tumor is obstructing the bile duct, a stent
can be placed to relieve the blockage using non-
surgical approaches. If a patient develops gastric-
outlet obstruction, treatment may include
duodenal wall stents or percutaneous endoscopic
gastrostomy placement for decompression.
Occasionally, a patient may need surgery to cre-
ate a bypass (biliary bypass or gastric bypass) to
manage obstructive jaundice and gastric outlet
obstruction.

In the US, only about 15-20 % of pancreatic
cancer cases are diagnosed early enough to be
eligible for surgery. The majority of patients
diagnosed with pancreatic cancer already present
metastatic disease or they later develop meta-
static disease. This is mainly in the liver and peri-
toneal cavity. The treatment of these patients
remains palliative, and pain management is one
of the most important aspects of care, with pan-
creatic cancer causing severe pain in 50-70 % of
patients. This type of pain is multi-factorial and
may be caused by infiltration of nerve sheaths
and neural ganglia, increased ductal and intersti-
tial pressure, and gland inflammation (Staatas
et al. 2001). The current management of pancre-
atic pain starts with non-opioid analgesics, such
as nonsteroidal  anti-inflammatory  drugs
(NSAIDs), and progresses to increasing doses of
opioid analgesics. For pain that does not respond
to drugs, or when oral or topical medication leads
to unacceptable side effects, a nerve block may
be performed by injecting alcohol under endo-
scopic ultrasound or CT guidance into the nerves
(celiac plexus) that carry painful stimuli from the
diseased pancreas to the brain (Arcidiacono et al.
2011). This procedure, known as celiac plexus
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neurolysis, does provide temporary pain relief,
but the benefit is limited and continued use of
analgesics is often still necessary.

Thus, based on the current standard of care
described above, new treatment approaches that
would offer both local tumor control and pallia-
tion of symptoms would be beneficial to advanced
pancreatic cancer patients. HIFU was introduced
relatively recently as a modality for ablation of
unresectable pancreatic tumors to reduce the
tumor size and achieve pain relief. The first clini-
cal trials were performed in China and have been
reported in Chinese literature since 2001 (Jang
et al. 2010), with the first publication in English
literature in 2005 by Wu et al. Currently, HIFU
treatment of advanced pancreatic cancer is still
widely available in China, with limited availabil-
ity in South Korea, Japan and Europe.

5.2  Devices and Methods

There are three US-guided HIFU devices that are
commercially available outside of China for treat-
ment of pancreatic tumors, all manufactured in
China: The FEP-BY-02 HIFU tumor therapy device
(Yuande  Biomedical Engineering  Limited
Corporation, Beijing, China), HAIFU (Chongqing
Haifu Technology Co.) and HIFUNIT-9000
(Shanghai A&S Sci-Tech Co., Ltd, Shanghai,
China). All devices operate at similar ultrasound fre-
quencies (0.8-1.6 MHz) and similar acoustic pow-
ers (up to 300 W). In all three devices, an ultrasound
imaging probe is inserted into the opening at the
center of the HIFU transducer. B-mode ultrasound
serves three purposes in these devices: visualization
of the target, monitoring tissue changes during treat-
ment and assessment of the treatment outcome.
Unfortunately, to date, B-mode ultrasound imaging
can neither provide a direct map of the thermally
ablated region, nor does it have the capability of
performing tissue thermometry. However, it does
provide real-time imaging using the same energy
modality as HIFU. This is a significant benefit
because: 1. adequate ultrasound imaging of the
target suggests that there is no obstruction
(e.g., bowel gas or bone) to ultrasound energy reach-
ing the target, and: 2. the risk of causing thermal
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injury to unintended tissue is minimized. The
appearance of a hyperechoic region on the ultra-
sound image during treatment is one method often
used for confirmation of general targeting accuracy
and prediction of ablation efficacy. This region has
been shown to correspond to the formation of boil-
ing bubbles at the focal region when tissue tempera-
ture reaches 100 °C (Khokhlova et al. 2011).

Two recent studies attempted to evaluate the
ultrasound reflectance change during HIFU ther-
apy of pancreatic neoplasms and to correlate the
change with the degree of tumor ablation (Wang
et al. 2012; Ge et al. 2013). Wang et al. (2012)
found a strong correlation between the appear-
ance of a bright hyperechoic region and the
increase in both average ultrasound power and
total ultrasound energy delivered to the target.
This was consistent with the hypothesized forma-
tion of boiling bubbles at the focus. However, the
local response measured by CT in terms of tumor
size 1-month post treatment in 136 patients
enrolled in the study did not correlate with the
change in reflectance. This lack of correlation
may be related to the assessment criteria for local
response: the change in tumor size would not
accurately reflect the effects of HIFU ablation
due to tissue swelling and imperfections in the
CT evaluation. In the study by Ge et al. (2013),
the extent of tumor ablation effects following
HIFU in 31 patients was assessed by enhanced
CT. A good positive correlation was found
between the variation of ultrasound reflection
and tumor ablation ratio.

The operation characteristics of the two most
widely used treatment systems - FEB-BY-02 and
Haifu — are very similar, but there are some nota-
ble differences. The FEB-BY-02 system uses a
1 MHz transducer (aperture of 37 cm and a focal
distance of 25.5 cm) consisting of 251 elements,
all of which are driven in phase. The focal area
has a width of 3 mm and axial length of 10 mm at
—6 dB level. The change in the focus position in
tissue is achieved by mechanical scanning of the
transducer array in 3D from one treatment spot to
the next. The treatment spots are placed in over-
lapping fashion: The interval spacing in the lat-
eral dimension is 4-5 mm, in the axial
direction — 6-8 mm. The system has two identical
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transducers for two patient positioning options.
One transducer is located below the treatment
table, in a water bath, and the patient is posi-
tioned prone on the table. The other transducer is
located above the treatment table, and the patient
is positioned supine. Acoustic coupling in this
case is achieved by pressing a water-filled bal-
loon onto the patient’s abdomen. This position
was shown to be beneficial as it allows compres-
sion of the bowel and intestinal loops, as well as
reducing the amount of gas in the acoustic path-
way. The sonications are usually pulsed to allow
ultrasound imaging between HIFU pulses, with
pulse lengths of 150-1000 ms, duty factors of
33-60 % and 50-80 pulses per spot. For treat-
ment planning an in-situ target acoustic energy
dose (in J per spot) is set at 500-1250 J, taking
into account the attenuation of the intervening
tissues at each focal depth. The required output
electric power is then calculated accordingly, and
the treatment is delivered automatically spot by
spot. In most studies, therapy is divided into sev-
eral 60-min long sessions and performed without
sedation or anesthesia (Xiong et al. 2009; Hwang
et al. 2009; Zhao et al. 2010).

The HAIFU system offers the choice of three
single-element HIFU transducers with 12 cm
aperture, with different focal distances (9 cm,
13 cm or 16 cm) and different frequencies (0.8—
1.6 MHz) for tumors located at different depths.
The target tissue is exposed to focal peak intensi-
ties from 5000 to 20,000 W cm~2, depending on
the focal depth (Wu et al. 2004). The transducers
are located below the treatment table in a water
bath, with an expandable water balloon on top for
compression; the patient is positioned prone for
HIFU exposures. The treatment planning and
pulsing is performed differently to that by the
FEB-BY device; using US images of the tumor, it
is divided into several slices with 5-mm separa-
tion. The transducer is then continuously pow-
ered as the HIFU beam is scanned at the speed of
0.5-3 mm/s in successive sweeps from the deep
to shallow regions of the tumor. After each sweep
the HIFU transducer is turned off and the changes
in tissue reflectivity are evaluated; if the increase
in hyperechogenicity is not observed, the sweep
is repeated until the tissue is considered
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completely ablated. The major procedural differ-
ence compared to the operation of the FEB-BY-02
device is that the ablation is usually performed in
a single session, under sedation or general anes-
thesia. Sedation is performed to avoid deep
visceral-type pain that is experienced during
treatment by this device, most probably due to
the higher rate of energy deposition compared to
FEB-BY-02 (continuous sonication vs pulsed
sonication), and for immobilization purposes.
Recently, an MR-guided HIFU system
ExAblate (InSightec, Isracl) was used to treat a
limited cohort of locally advanced stage pancre-
atic cancer patients in Italy (Anzidei et al. 2014).
The transducer used in ExAblate system is a
1.1 MHz 206-element annular phased array
(aperture 12 cm, radius of curvature 16 cm) that
allows electronic beam steering in the axial direc-
tion (focal distance 60-200 cm). The transducer
is positioned below the treatment table, the
patient is positioned prone and a convex gel pad
is used to compress the abdominal wall. A 3 T
medical MR scanner (GE Medical Systems) is
used for treatment planning, as well as real-time
measurement of tissue temperature during treat-
ment using the proton chemical shift method
(Jolesz et al. 2005). Sonications are administered
to a given spot until the thermal ablation tempera-
ture threshold (65 °C) is reached in the focal area
according to the temperature maps. Follow-up
evaluation is performed by contrast-enhanced
MRI, allowing measurement of the non-perfused
volume of the tumor — likely a more accurate
method of measuring long-term local response
compared to tumor volume measurement.

5.3  Preclinical Studies

The first preclinical in-vivo studies of HIFU abla-
tion of the pancreas utilized the swine model
because of its size and similarity to human anat-
omy (Hwang et al. 2009; Xie et al. 2010; Liu et al.
2011). The animals did not bear tumors in the
pancreas, therefore it was not possible to evaluate
HIFU therapy survival; however, the main goal of
these studies was to systematically evaluate the
safety and efficacy of HIFU ablation of the pan-
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creas. In the earliest study the pancreas of 12
common swine was successfully treated in-vivo
using the FEP-BYO02 device. No significant
adverse effects, such as skin burns or evidence of
pancreatitis, were observed during the 7-day post-
treatment observation period (Hwang et al. 2009).
Three in-situ total acoustic energy doses were
tested — 750 J, 1000 J and 1250 J. Only the two
higher doses resulted in macroscopic ablation of
the pancreas. The highest dose resulted in a
greater degree of ablation, but was also associated
with greater collateral damage; minor skin burns,
abdominal wall injuries and bowel ulceration.

A subsequent study by another group also in
swine used the HAIFU device. They used both
light microscopy and electron microscopy to con-
firm that complete necrosis is confined to the tar-
get regions, with clear boundaries and no damage
to adjacent tissues (Xie et al. 2010). Pancreatitis
was an important safety concern because the
mechanical effects of HIFU can cause cell lysis
and release of pancreatic enzymes. Although the
cavitation, or boiling bubble activity, during HIFU
was confirmed by electron microscopic examina-
tion (intercellular space widening and formation
of numerous vacuoles of different sizes in the
cytoplasm), pancreatitis was not observed, thus
confirming the safety of the treatment protocol.
Another preclinical study showed that a combined
treatment of HIFU ablation followed by radiation
therapy may be a promising method. The injury to
the targeted pancreas was increased compared to
either modality alone, without additional injury
outside of the targeted region (Liu et al. 2011).

One other important safety consideration for
HIFU ablation of pancreatic neoplasms is main-
taining the endocrine and exocrine functions of
the pancreas. These both play an important role
in metabolism of glucose, fat and protein. A
recent study in felines (Mao et al. 2014) addressed
this concern by monitoring serum glucose and
amylase levels after HIFU ablation of 25 % and
50 % of pancreatic tissue for 21 days. Both serum
amylase and glucose levels had a short peak after
the treatment, but returned to normal 14 days and
3 days after the treatment, respectively, thus not
presenting a threat to the patient’s health.
Histopathological study also revealed that new
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pancreatic ducts formed on the 7th day, and
fibrous tissue completely substituted destroyed
parenchyma by the 21st day.

In order to evaluate the effect of HIFU on pan-
creatic tumor and the benefit in survival, a study
in a small animal tumor model was performed
(Jiang et al. 2013). Jiang et al. used a nude mouse
model subcutaneously injected with SW1990
human pancreatic cancer cells. The tumors were
ablated with US-guided HIFU, and the success of
treatment was confirmed by the increase in tissue
reflectivity in the ultrasound images. Following
HIFU, a 100 % reduction in tumor volume was
observed within 28 days after treatment. The lim-
itation of this study, however, was that the mouse
model did not exhibit metastatic disease, the pri-
mary concern in most pancreatic cancer patients.

5.4  Ultrasound-guided HIFU

System Clinical Trials

HIFU was first used for the palliative treatment of
pancreatic cancer in an open-label study in China
in 251 patients with advanced pancreatic cancer
(TNM stages II-1V) (He and Wang 2002). HIFU
therapy resulted in significant pain relief in 84 %
of the patients. In some cases, significant reduc-
tion of tumor volume was achieved without any
significant adverse effects or pancreatitis, which
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appeared to prolong survival. Multiple nonran-
domized studies followed; they were reported in
the Chinese literature (Wang and Sun 2002; Xie
et al. 2003; Xiong et al. 2005; Xu et al. 2003;
Yuan et al. 2003), and later in English literature
(Wu et al. 2005; Xiong et al. 2009; Orsi et al.
2010; Wang et al. 2011; Sung et al. 2011). These
studies provided additional evidence showing that
HIFU does provide palliation of tumor-related
pain, and also achieves local disease control in
some cases, but does not cause adverse effects.
These trials are discussed in more detail below.
The general patient inclusion criteria were
similar in all trials: Diagnosis of unresectable
stage III-IV pancreatic cancer and adequate
physical condition to undergo the treatment.
Before the treatment, bowel preparation was per-
formed which included preoperative fasting and
catharsis. In some cases, placement of a nasogas-
tric tube to evacuate the gas from the stomach
and colon was required. These preparations are
of great importance to the success of treatment as
gas and food debris harboring bubbles are known
to reflect and redistribute HIFU energy, prevent-
ing it from reaching the target, also causing
adverse effects such as burns and bowel perfora-
tion. To further eliminate the bowel gas from the
acoustic pathway, expandable water balloons
were used in all studies to compress the bowel
and the intestinal loops. Figure 5.1 illustrates

Target lesion in

Fig.5.1 A schematic
representation of patient
positioning for HIFU
ablation of pancreatic
neoplasms. Evacuation of
gas and food debris from
the acoustic pathway is
achieved by bowel
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patient positioning during HIFU procedure. In
some studies (Wu et al. 2005; Wang et al. 2011),
toreduce the likelihood of pancreatitis, 14-peptide
somatostatin, a strong inhibitor of pancreas exo-
crine secretion, was administered before the
HIFU treatment.

The treatment outcome was measured in terms
of pain palliation, using a numerical rating scale
from O to 10 (0: no pain, 10: worst pain imagin-
able), as well as local tumor response, using
contrast-enhanced CT or MRI to measure unper-
fused volume of the tumor, and finally survival.
Table 5.2 summarizes the findings of these stud-
ies. Notably, pain relief was achieved in most
patients immediately after or within 24-48 h
after HIFU ablation, and the response was long-
lasting. Some studies reported complete remis-
sion of pain for the entire follow-up period of
several months (Wu et al. 2005), in others, pain
relief lasted for an average of 10 weeks (Wang
et al. 2011). For comparison, celiac plexus block
usually provides pain relief for 3—4 months, but
carries a higher risk of complications (Rykowski
and Hilgier 2000). As mentioned previously, the
mechanism for pain relief remains unknown, but
it is hypothesized to be related to the ablation of
the nerve fibers in the tumor, and possibly thermal
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injury to the celiac plexus. Interestingly, as noted
in the study by Xiong et al. (2009), pain relief
was observed both in patients who had local
tumor response (unperfused areas on contrast-
enhanced CT after HIFU ablation) and in those
who did not, which suggests that nerve fibers
may be more susceptible to damage by HIFU.
All the studies report at least partial local
response of the tumor (14-100 %), and some
even suggest survival benefit, although this is
difficult to determine since the studies were not
designed to assess this outcome. The method
used to evaluate local response is the subject of
further debate. Several reports in the literature
suggest that contrast-enhanced MRI or CT are
appropriate methods to evaluate the efficacy of
thermal ablation (Damianou et al. 2004; Lu et al.
2007). However, contrast enhanced-CT scan or
MRI can only assess for change in tumor size and
possible necrosis by noting the absence of vascu-
larity within the tumor. However, these methods
are not able to assess for tumor viability. PET or
PET-CT can be a useful adjunctive imaging
method for diagnosing and staging of pancreatic
cancer, as well as for evaluating response to treat-
ment (Balci and Semelka 2001; Bang et al. 2006;
Mertz et al. 2000). Xiong et al. (2009) and Wang

Table 5.2 Clinical trials of ultrasound-guided HIFU ablation for palliative treatment of pancreatic cancer

Median
Author N HIFU device Pain reduction Local tumor response | survival, months
Wu (2005) 8 Haifu, 1-2 Complete: 8 (100 %) Full/Partial: 11.2
sessions 8(100 %)
Xiong (2009) | 89 FEB-BY-02, Complete: 21 (31.3 %) Partial: 13(14.6 %) 11.2 (stage III)
4-10 sessions | Partial: 33 (49 %) No change: 5.4 (stage IV)
None: 13 (19.4 %) 51(57 %) 8.6 (overall)
Progressive disease:
25(28.1 %)
Orsi (2010) 7 Haifu, once Partial: 6 (85 %) Not reported 7
None: 1 (15 %)
Wang (2011) |40 Haifu, once Complete: 9 (22.5 %) Partial: 7(17.5 %) 10 (stage IIT)
Partial: 26 (65 %) No change: 6 (stage IV)
None: 5 (12.5 %) 28(70 %) 8 (overall)
Progressive disease:
5(12.5 %)
Sung (2011) 46 Haifu, once Complete/partial: 24 (52 %) | Full: 38(77.5 %) 7

Average pain score:
before HIFU: 4.9+1.1

Partial: 11(24 %)
None: 0 %

after HIFU: 2.1+1.1

N denotes the number of patients in the study
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Fig. 5.2 (a) A contrast-enhanced CT scan performed
before HIFU demonstrating a tumor in the head of the
pancreas. (b) A PET-CT scan performed before HIFU
demonstrating a maximum standardized uptake value
(SUV i) of 9.1 g/mL. (¢) A contrast-enhanced CT scan

et al. (2011) used PET-CT to assess the efficacy
of HIFU therapy in a limited subset of patients
(Fig. 5.2). The results demonstrate that the maxi-
mum and mean standard uptake values of the
treated pancreatic cancer decreased after HIFU
treatment, even if contrast enhanced-CT imaging
did not demonstrate necrosis or decreased tumor
volume. PET-CT scan may thus potentially be a
better imaging method to evaluate the effect of
HIFU treatment in pancreatic cancer.

Ge et al. (2014) performed a retrospective
analysis of the different factors that may influ-
ence the degree of tumor ablation by HIFU in 136
patients. The major factor that was found to be
negatively correlated with tumor ablation was
posterior tumor depth, and the posterior depth of
7 cm was considered a critical value for the pro-
cedure: Tumor ablation rate of 30 % was almost
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demonstrating no change 1 month after HIFU. (d) The
PET-CT scan performed 1 month after HIFU demon-
strated that SUV . value decreased to 3.1 g/mL. All four
images were taken from the same patient (Reproduced
with permission from Xiong et al. 2009)

10 times better in tumors at <7 cm depth than the
tumors at >7 cm depth. This finding may be well
explained by the increase in the ultrasound atten-
uation losses as the target depth increases, and by
the increased probability of encountering obsta-
cles in the acoustic pathway that may refract,
reflect or absorb the ultrasound energy. Acoustic
attenuation is partly accounted for during treat-
ment planning; however, the operator relies on a
certain “average” attenuation value, which in
reality may vary in a wide margin depending on
the tissue type and between patients.

HIFU ablation is generally considered to be
non-invasive and safe, and most studies do not
report any adverse effects. However, some stud-
ies report frequent minor complications which
quickly subside without any special treatment,
such as nausea, mild abdominal pain, first and
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second degree skin and abdominal wall burns,
vertebral body necrosis (asymptomatic) and tran-
sient pancreatitis (Xiong et al. 2009; Sung et al.
2011; Jung et al. 2011). More serious but infre-
quent complications included third-degree burns
(in 1 patient), pancreaticoduodenal fistula (2
patients) and deep vein thrombosis (1 patient)
(Orsi et al., Sung et al. 2011; Jung et al. 2011). A
separate study by Jung et al. (2011) analyzed the
reasons for the complications in the patients
enrolled in the previously reported study by Sung
et al. (2011). The third degree skin burn case was
related to inadequate acoustic coupling and
improper positioning of the water balloon, which
once again enhances the importance of pretreat-
ment preparation of the acoustic pathway. Both
cases of the pancreaticoduodenal fistula were
potentially related to the presence of a metallic
stent in the acoustic pathway. Metallic stent is
highly reflective and therefore may efficiently
redistribute ultrasound energy around it causing
collateral damage. Therefore, tumors adjacent to
a bowel loop with a stent may be a contraindica-
tion for HIFU.

5.5 MR-guided HIFU System

Clinical Trials

The clinical experience with MR-guided ablation
of pancreatic tumors to date is very limited but
encouraging. A recent report from Italy (Anzidei
et al. 2014) describes the treatment of two
patients with unresectable pancreatic adenocarci-
noma with the MR-guided system Insightech.
Treatments were performed on a 3 T scanner
under general anesthesia and controlled respira-
tion to avoid respiratory motion of the target dur-
ing treatment. Both the lesions (24 and 37 mm in
size) and 4-5 mm tumor-free margin were
ablated, as evidenced by the MR-controlled tem-
perature maps (temperature over 62°). The proce-
dures took approximately 70 min, and the patients
were discharged uneventfully the next day.
Contrast-enhanced MR follow-up was performed
immediately post treatment and then at 1, 3 and
6 months to evaluate the non-perfused volume of
the tumor. Pain was also evaluated on a numeric
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scale of 1-10. Immediate post-treatment MR
evaluation and I-month follow-up confirmed
almost complete ablation of both pancreatic
lesions, with a non-perfused volume respectively
of 80 and 85 %. Due to accurate, MR-aided plan-
ning, no signs of damage to adjacent structures
were observed, and little regrowth of tumor tissue
along the ablation margins was demonstrated at
the 3- and 6-month MR follow-up in both cases
(non-perfused volumes of 70 and 80 % respec-
tively). The mean pain score decreased from
6.7+5 at baseline, to 2.0+2 at 1 month, and then
increased slightly to 2.3+2 at 3 months and
3.0+2 at 6 months. One of the patients died at
13 months post treatment from metastatic disease
(pain score of 2 at the time of death), and the
other was still alive at 8 months post treatment
with a pain score of 4. Therefore, adequate local
tumor control and pain relief were achieved in
this study with no side effects.

5.6 Clinical Experience
with HIFU Treatment

of Neuroendocrine Tumors

Pancreatic neuroendocrine tumors (PNETSs) form
in the islet cells that control hormone production
(e.g., insulin, glucagon, gastrin) and remain quite
rare; they represent only 2 % of all pancreatic
neoplasms (Delaunoit et al. 2008). Although
PNETs have a better prognosis compared to pan-
creatic cancer, most of them are functional, i.e.,
make extra amounts of hormones. Different
patient symptoms occur depending on the hor-
mone produced. For example, insulinomas pro-
duce increased amounts of insulin and may cause
hypoglycaemia, and gastrinomas may cause
abdominal pain, stomach ulcers and diarrhea.
Non-functioning PNETs are usually malignant.
The therapy of choice for patients with PNETs is
surgical resection. This is associated with an
80 % 5-year survival rate in nonfunctioning
PNET cases (Hellman et al. 2000), and was
reported to be curative in 75-98 % of the patients
with functioning insulinomas (Tucker et al.
2006). In the case of inoperability, there is no
standard care for patients with advanced
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pancreatic endocrine tumors, and HIFU ablation
may represent a viable solution for local tumor
control and symptom management.

To date, HIFU ablation of PNETSs has been
reported in two case studies. In the first study
from Italy, two inoperable young female patients
with insulinomas that were not responding to
medical treatment were treated using the HAIFU
system under general anesthesia (Orgera et al.
2011). Similarly to the previous studies, echo-
genicity changes were used as an indication of
successful ablation, and according to the post-
operative CT scans, the tumor was 70 % and
100 % ablated in the two patients, correspond-
ingly. Both patients suffered from severe episodes
of hypoglycemia before the treatment, but the
symptoms disappeared completely immediately
after the treatment. The patients remained symp-
tom-free for the 9-month follow up period and no
complications were noted. In the second study
from China, an 80-year old man with a large non-
functioning PNET underwent 3 sessions of HIFU
ablation (every 2—-3 months) to achieve the anal-
gesic effect and local control of the lesion (Chen
et al. 2013). The ablation was performed using the
HAIFU system under general anesthesia with no
complications. Encouragingly, after three ses-
sions of treatment the abdominal pain signifi-
cantly reduced (pain score decreased from 8 to 1
out of 10) during the follow up period of
25 months, and the tumor remained stable, with
no distant metastases detected. Both of these stud-
ies indicate that HIFU represents both a palliative
and a curative treatment option for unresectable
PNETSs, however more studies are needed to con-
firm this observation.

Concurrent Gemcitabine
and HIFU Therapy

5.7

Several large clinical trials have shown that in
patients with resectable disease, postoperative
administration of systemic chemotherapy
improves progression and overall survival
(Hidalgo 2010). Since HIFU ablation may be
considered a substitute to surgical resection in
inoperable patients, with an added benefit of pain
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palliation, concurrent administration of chemo-
therapy seems like a viable strategy to improve
survival. The survival benefit of this strategy was
investigated in two studies where HIFU ablation
was used in combination with gemcitabine. In the
first study from China (Zhao et al. 2010), 37
patients with locally advanced pancreatic cancer
(stages II-IIT) were treated with multiple (1-8)
cycles of chemotherapy (1000 mg/m? gem-
citabine, administered on days 1, 8 and 15) and
concurrent HIFU ablation (performed on days 1,
3 and 5) using the HIFUNIT system. The treat-
ment was performed every 28 days until patient
refusal or disease progression. The median time
for progression for all patients was 8.4 months,
and the estimated median survival time was
12.6 months. The 1-year overall survival rate in
this study was 50.6 %, which is comparable with
recently published phase II trials on chemoradio-
therapy in locally advanced pancreatic cancer -
40-63 % (Haddock et al. 2007; Hong et al. 2008).
Chemoradiotherapy is limited by the total radia-
tion dose, whereas HIFU has no exposure limita-
tion. In addition, consistent with previous studies
of HIFU treatment alone, pain was relieved in
78 % of patients.

In a more recent report from Korea, 12 patients
with stage III-IV pancreatic cancer were treated
with several weekly rounds of concurrent chemo-
therapy and HIFU using the FEB-BY system
(Lee et al. 2011). The major difference from the
first study was that HIFU was performed no more
than 24 h after the administration of gemcitabine.
Unfortunately, only three of twelve patients were
able to complete at least three full cycles of con-
current therapy due to adverse reactions to che-
motherapy. The survival times of these three
patients were 11, 21 and 26 months, with excel-
lent physical conditions and no complications.
These results were even better than the previous
study results, possibly due to the small time inter-
val between HIFU ablation and chemotherapy
infusion, meaning the two treatments could work
synergistically. HIFU not only causes tissue heat-
ing, and therefore increased blood supply, but
also causes additional mechanical effects
(primarily acoustic cavitation). In combination,
these may make the tumor more permeable for
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chemotherapy. According to the measured CA
19-9 level and the CT findings, the growth inhi-
bition period appeared to extend beyond 8 months
from the time of initiating chemotherapeutic
agents in all three patients. This is likely to have
contributed to their prolonged survival times. In
conclusion, although the number of cases was
small in this study, the improved survival times
achieved by the patients suggest that concurrent
chemotherapy and HIFU therapy has potential to
become an effective and safe modality for treat-
ing unresectable pancreatic cancer.

Conclusions

HIFU ablation has been shown to be a promis-
ing method for palliative treatment of pancre-
atic tumors, which, in combination with
systemic chemotherapy may offer a survival
benefit in addition to palliation of pain. As the
design of HIFU devices is improved over
time, and physicians become more comfort-
able and experienced with the procedure,
fewer complications are being observed. In
addition, the rate of successful ablations is
increasing with enhanced targeting and treat-
ment planning methods (Anzidei et al. 2014).
Further clinical trials will help to define the
future role of HIFU in the treatment of patients
with pancreatic cancer.
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Abstract

Previous chapters introduced the ability of using focused ultrasound to
ablate tissues. It has led to various clinical applications in the treatment of
uterine fibroid, prostate or liver cancers. Nevertheless, treating the brain
non-invasively with focused ultrasound has been considered beyond reach
for almost a century: The skull bone protects the brain from mechanical
injuries, but it also reflects and refracts ultrasound, making it difficult to
target the brain with focused ultrasound. Fortunately, aberration correction
techniques have been developed recently and thermal lesioning in the thal-
amus has been achieved clinically. This chapter introduces the aberration
effect of the skull bone and how it can be corrected non-invasively. It also
presents the latest clinical results obtained with thermal ablation and intro-
duces novel non-thermal approaches that could revolutionize brain ther-
apy in the future.
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6.1 Influence of the Skull Bone
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For many different reasons, the influence of the
skull bone is the major issue for transcranial
brain HIFU. First of all, its acoustic properties
(local density and sound speed) strongly differ
from soft tissues and present strong spatial varia-
tions. All ultrasound imaging devices perform
hundreds of thousands of sonographic exams all
over the world every day, based on the correct
assumption that soft tissue is an almost
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Fig. 6.1 The skull bone.
A complex medium for
transcranial ultrasonic

propagation
Outer table \
(c = 3000 mﬂ
Inner table
(c = 3000 m.s™1)
homogeneous medium. Unfortunately, this

assumption becomes irrelevant for the particular
case of transcranial focusing. The large discrep-
ancy in acoustic velocities between brain tissue
and skull tissue (about 1500 m.s~! versus 3000 m.
s! respectively) and the severe attenuation of
ultrasound in the skull bone strongly degrade the
beam shape and consequently reduce the diag-
nostic and therapeutic performances. This prob-
lem was first discovered by (White et al. 1968)
during investigation of brain imaging.

Secondly, the human skull bone itself com-
prises strong speed of sound and absorption het-
erogeneities. It is made of three successive layers
of very different porosities. Two cortical dense
bones (inner and outer tables) surround a trabec-
ular porous region named diploe, see Fig. 6.1.
Moreover, the acoustic impedance mismatch at
skin/bone and bone/dura mater interfaces is very
high and limits the acoustic transmission. In Fry
and Barger 1978 published extensive experimen-
tal work on not only the acoustic scattering prop-
erties of the trabecular component of the skull
(diploe), but also on the sound velocity, disper-
sion and attenuation in both cortical and trabecu-
lar components (Fry and Barger 1978). This
pioneering work remains today a benchmark,
giving access to experimental acoustic parame-
ters of the human skull bone.

Sound speed within the skull bone ranges
between 1500 m/s in the liquid phase of porous

J.-F. Aubry and M. Tanter

Diploe : trabecular layer
(c =2700 m.s1)

regions, and 3000 m/s in dense cortical regions
(Fry and Barger 1978). Local density in the skull
ranges between 1000 kg/m? in the liquid phase of
porous regions and 2200 kg/m? in dense cortical
regions. The speed of sound spatial heterogene-
ities strongly varies from one region to another
and from one individual to another. A major rea-
son for this high variability is the micro-structured
architecture of the skull bone.

The inner and outer tables are defined by a
very low porosity with a pore size ranging
between 50 and 100 pm. For typical HIFU fre-
quencies (500 kHz to 1.5 MHz), this pore size is
very small compared to the ultrasonic wavelength
in the bone (~3 mm at 1 MHz) and these cortical
layers can be considered as a relatively homoge-
neous medium. On the contrary, the pore size is
much larger in the trabecular layer (diploe) and is
not negligible compared to the ultrasonic wave-
length. Consequently, the acoustic propagation is
influenced by the inner geometry of the skull
bone (Aubry et al. 2003). Mode conversion and
acoustic diffusion are more significant in the dip-
loe than in inner and outer layers. This leads to a
much higher attenuation of the ultrasonic beam
in this inner region of the skull. In the classical
frequency domain of transcranial HIFU (300 kHz
to 1 MHz), the skull attenuation is due to both
acoustic diffusion (reversible phenomenon) and
absorption (irreversible phenomenon). The part
of ultrasonic attenuation resulting from acoustic



6 MR-Guided Transcranial Focused Ultrasound

diffusion is more significant than that resulting
from absorption (Fry and Barger 1978; Pinton
et al. 2012a).

This complex medium introduces both strong
phase aberrations and attenuation on the ultra-
sonic beam during its transcranial propagation.
These aberrations have been extensively explained
by Fry and Barger, but have remained a bottleneck
for non-invasive transcranial therapy for several
decades. To compensate for these distortions,
Phillips et al. (1975) introduced for diagnostic
applications the idea of adaptive focusing by
applying a correcting phase on the transmit signal
of each element of the ultrasonic array. This con-
cept has been adapted for therapeutic applica-
tions, as presented in the following section.

6.2  Skull Aberration Correction
Techniques
6.2.1 Minimally Invasive Correction

In 1996, Thomas and coauthors introduced the
concept of time reversal mirror for transcranial
HIFU therapy (Tanter et al. 1996; Thomas and
Fink 1996). They proposed embedding a minia-
ture hydrophone on the surgeon’s catheter used
during the biopsy. Then by spatial reciprocity
they recorded the signal transmitted from a point
located close to the targeted area (tumor) to the
HIFU array. At the end of the minimally invasive
biopsy exam and after removing the catheter, the
HIFU device would be used if the tumor malig-
nancy was confirmed. In order to perform adap-
tive focusing of the ultrasonic therapeutic beam,
the HIFU system would emit the time-reversed
version of the initial experimental signals
acquired during the biopsy. In conjunction with
the phase aberration correction performed by the
time reversal process, an amplitude compensa-
tion was also proposed in order to correct for
both speed of sound and absorption aberrations
caused by the skull. Using this time reversal
focusing concept, they demonstrated both a
10 dB improvement of the focusing quality, and
the ability to focus at the initial target location,
thus cancelling the shifts induced by the skull.
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Initially limited to ultrasonic adaptive focusing at
the sole location of the initial miniaturized hydro-
phone, this concept was extended in 1998 by
Tanter et al. to adaptive focusing in large regions
around the initial autofocus point (Thomas and
Fink 1996; Tanter et al. 1998). In order to elec-
tronically steer the beam and heat the whole tar-
get spot by spot without moving the therapeutic
array, the authors proposed combining the time
reversal process with a numerical back-
propagation and steering algorithm. They experi-
mentally demonstrated the feasibility of this
approach on ex-vivo human skull bones.

In 1998, Hynynen and Sun numerically mod-
eled a phase conjugation technique (equivalent to
the time reversal process for phase aberration
correction of monochromatic signals) with a high
intensity ultrasound system (Sun and Hynynen
1998). In 2000 and 2002, Clement et al. evalu-
ated this phase conjugation technique from a
single point location and extended the sonication
regions around the initial focus by using a steer-
ing technique equivalent to the one introduced by
Tanter et al. Clement et al. validated this approach
at high power by performing in-vitro necrosis at
the geometrical center of a spherical transducer
array using a therapeutic beam steered from an
implantable hydrophone located 1 cm away from
geometrical focus (Clement and Hynynen
2002b). In 2004, Pernot et al. performed a first
preclinical trial on 20 sheep using the time rever-
sal focusing concept (Pernot et al. 2004, 2007).
Transcranial adaptive focusing was achieved
using a 300-element HIFU array driven by a fully
programmable system with 300 independent
electronic channels. The histological examina-
tion confirmed that thermal necrosis had been
induced in the targeted area and that no skin and
skull burns occurred.

6.2.2 Non Invasive Correction

Some years later, the possibility to assess the
acoustic properties of each patient skull from
MRI (Clement and Hynynen 2002a, b) or CT
images (Aubry et al. 2003) raised new hopes for
fully noninvasive brain therapy. Thus, the
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minimally invasive procedures described in
(Tanter et al. 1998, Clement and Hynynen 2002)
were replaced by a totally non-invasive method
guided by imaging modalities to predict skull
aberrations. Hynynen et al. proposed MRI guid-
ance (Clement and Hynynen 2002a, b) for
extracting the skull profile without information
on internal heterogeneities. Although this simpli-
fied model improves the focusing beam quality, it
is not sufficient to completely model the phase
aberrations induced by the skull. Heterogeneous
speed of sound and density maps can be extracted
from high-resolution CT images. For this reason,
CT imaging is more suited for modeling the
ultrasonic properties of the skull (Pernot et al.
2003; Marquet et al. 2006).

Aubry et al. (2003) suggested and validated a
way to extract local acoustic properties of the
skull from 3D CT scans and then used these
parameters in a numerical model of the wave
propagation based on three-dimensional finite dif-
ferences. By taking into account the internal bone
structure (heterogeneities in density, speed of
sound and ultrasonic absorption coefficient), this
finite difference simulation models all the defo-
cusing effects first highlighted by White et al.
(1968). The feasibility of such transcranial ultra-
sound therapy based on the prior acquisition and
guidance of 3D CT-scans was confirmed in-vitro,
and the performances of the fully adaptive focus-
ing protocol was studied by Marquet et al. (2006).
They demonstrated that this focusing approach
based on 3D CT scans and numerical modeling
was reaching an excellent focus localization with
a spatial variance of the focal spot being of the
order of 1 mm (i.e. comparable to the CT scan
voxel size). The same system was used to perform
preclinical demonstration of such noninvasive
CT-based HIFU treatment on 5 monkeys (Tanter
et al. 2007; Marquet et al. 2013). Monkeys were
sacrificed 2 weeks after the treatment and no skin
burn was reported. The histological examination
confirmed thermal acidophilic necrosis in the area
treated with the CT based time reversal correc-
tion, whereas no necrosis was induced in regions
without adaptive focusing. The first clinical appli-
cation of CT-based adaptive focusing of ultra-
sonic therapeutic beams was performed on 11
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patients suffering from chronic therapy-resistant
neuropathic pain during TcMRgFUS-induced
thalamotomy (Martin et al. 2009).

In conclusion, adaptive focusing techniques
for transcranial ultrasonic therapy are based on
time-reversal processing (Thomas and Fink 1996;
Tanter et al. 1998) or phase conjugation focusing
(Sun and Hynynen 1998; Clement and Hynynen
2002a, b), and have been shown to restore a good
focusing quality down to 20 dB, which is known
to be sufficient for ultrasonic therapy. Two kinds
of correction algorithms are used: 3D finite differ-
ence simulations of the full propagation through
the skull bone structure for the time reversal
approach (Aubry et al. 2003), and a layered wave-
vector-frequency estimation for the phase conju-
gation technique (Clement and Hynynen Clement
and Hynynen 2002a, b). The focusing quality was
further improved down to 40 dB by correcting
both phase and amplitude thanks to spatio-tempo-
ral inverse filtering (Tanter et al. 2000; Aubry
et al. 2001; Tanter et al. 2001; Vignon et al. 2006)
for future optimal transcranial brain imaging.

Recently, another adaptive focusing approach
was proposed that does not require the use of
numerical modeling (Herbert et al. 2009; Larrat
et al. 2010). Correction of the therapeutic beam is
performed by maximizing the local displacement
induced at the targeted location by the radiation
force of transmitted ultrasonic signals, as imaged by
MR-Acoustic Radiation Force Imaging (Hertzberg
et al. 2010; Larrat et al. 2010; Kaye et al. 2011;
Marsac et al. 2012). To date, this approach was vali-
dated only in human cadaver heads (Marsac et al.
2012) and further clinical translation requires fur-
ther developments. If successful, this approach
could be of great interest, as it does not rely on any
numerical modeling of transcranial propagation, but
rather on the direct observation and optimization of
acoustic beam intensity using MRI.

6.3  Thermal Therapy

The technological developments presented in pre-
vious sections have led to the development of two
brain therapy devices. The devices have been first
tested on cadaver (Marsac et al. 2012; Chauvet
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et al. 2013; Monteith et al. 2013b), as illustrated in
Fig. 6.2, and have been recently translated into
clinics for non-invasive TCMRgFUS thalamotomy
(see next section). Current research focuses on
expanding the treatment envelope to other areas of
the brain, as presented later in this chapter.

6.3.1 Thalamotomy

The thalamus is a neurological relay that plays a
major role in many movement disorders such as
Essential Tremor, Parkinsonian tremor or
Dyskinesia, but also in neuropathic pain. It is
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deeply seated in a central area of the brain and is
thus an ideal candidate for TcMRgFUS from an
ultrasonic point of view given it allows a high
antenna gain (ratio between the surface of the
beam intercepting the skull and the transverse
surface of the beam in the focal plane).

Surgical intervention was proposed in the 70s
to address tremor with radiofrequency lesioning or
electrical stimulation of the ventralis intermediate
nucleus of the thalamus (Tasker 1998).
Radiofrequency ablation in the medial thalamus
also showed long term reduction of neurogenic
pain (Jeanmonod et al. 2001). Nevertheless, in
both cases patients are reluctant to undergo such
invasive surgeries. Targeting the thalamus with
focused ultrasound is thus of great potential. This
was actually demonstrated in-vivo in pigs (Elias
et al. 2013b). This study showed that long sonica-
tion (typically 10-30 s) of high power focused
ultrasound (typically 1 kW/cm? at focus) can
locally increase the temperature and induce ther-
mal necrosis that evolves similarly to radiofre-
quency lesions, as assessed by MRI, histology and
theoretical modeling (Elias et al. 2013a, b).

Example — Neuropathic pain

The first TcMRgFUS-induced thalamotomy was
performed in Zurich on 11 patients suffering from
chronic therapy-resistant neuropathic pain. Short
term outcomes of the first 9 patients were reported
in a preliminary paper (Martin et al. 2009) and a
complete report was published with two additional
patients (Jeanmonod et al. 2012). Peak tempera-
tures of 51 and 53 °C were achieved in the first two
patients in the posterior part of the central lateral
thalamic nucleus, as measured by MR-based tem-
perature mapping. The acoustic power was
increased for patients 3-9, and the peak tempera-
ture ranged between 51 and 60 °C. Power was fur-
ther increased and a peak temperature of 64 °C
was achieved in the last two patients. All patients
experienced somatosensory and vestibular mani-
festations during sonication, but only six patients
experienced immediate and persisting somatosen-
sory improvements. Sensory improvements were
not correlated to the peak temperature at focus
(Table 6.1). The precision of the targeting was fur-
ther investigated in (Moser et al. 2012). The
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Table 6.1 Summary of thalamotomy treatments using
focused ultrasound for neuropathic pain

Max
Case temperature at | Sensory Side
number | target (°C) improvements effects
1 53 +
2 51 +
3 57 +
4 59 -
5 55 +
6 58 +
7 57 -
8 55 -
9 60 -
10 64 +
11 64 - !
Overall 57.5

Adapted from Jeanmonod et al. (2012)
“Right-sided motor hemineglect associated with bleeding
centered in the targeted thalamic central lateral nucleus

authors computed the global accuracy as the dif-
ference between the coordinates of the center of
the lesion as seen on post-operative MR images
and the coordinates of the target as defined on the
pre-treatment MR coordinates of the target. The
mean global error was 0.54+0.34 mm in the
antero-posterior direction, 0.72+0.42 mm in the
medio-lateral direction and 0.72+0.39 mm in the
dorso-ventral direction. In 45 % of the patients
(patients #1, #2, #3, #7 and #11) the error along
one axis exceeded 1 mm. Thus, lack of sensory
improvement does not correlate with largest tar-
geting errors.

Right after the last sonication of the treatment,
patient #11 suffered an acute appearance of right-
sided motor hemineglect with dysmetria of the
arm and leg and dysarthria (Jeanmonod et al.
2012). Post-treatment MR images showed a
10 mm bleed centered in the targeted thalamic
central lateral nucleus, as well as ischemic
changes in the posterior part of the thalamic
motor ventral lateral nucleus. An 80 % reduction
in the motor symptoms were reported over the
next 24 h and dysmetric manifestations almost
disappeared, except during activation of the finer
functions of speaking and writing.

Bleeding can be induced by the violent
collapse of ultrasound-induced bubbles created
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during sonication by a process called acoustic
cavitation (Leighton 1994). The brain is very sen-
sitive to such collapse and hemorrhagic effects
have been reported in dog brains by Fry et al.
(1995) at the cortical gray and subcortical white
matter interface when multiple adjacent focal
sites where exposed to ultrasound. Acoustic
emission induced by the collapse of cavitation
bubbles can be detected by passive cavitation
detectors and passive mapping can be sensitive
up to single cavitation events (Gateau et al.
2011a). Passive cavitation detection can thus be
used to trigger a shutdown of the system at the
early onset of cavitation (Gyongy and Coussios
2009). Following the adverse event reported in
(Jeanmonod et al. 2012), passive cavitation
detection was implemented on the Exablate 4000
system for upcoming clinical trials.

Example — Essential Tremor

Between 2011 and 2012, 15 drug-resistant
patients participated in a phase I study on essen-
tial tremor with the Exablate 4000 system at the
University of Virginia (Elias et al. 2013a, b). The
treatment consisted of a controlateral thalomot-
omy of the ventralis intermediate nucleus (VIM).
A series of low-power sonications were delivered
to the intended target to validate the location of
the target. Once verified, thermal rise was
achieved until the measured thermal dose was
higher than 240 cumulative equivalent minutes
(CEM). The maximum temperatures reached
ranged between 55 and 63 °C. The results showed
an average decrease of the tremor of 67 % 1 year
after treatment, resulting in a reduction of disabil-
ity of 83 %. However, a mild facial paralysis and
numbness of the fingers were observed in some
cases (transiently for 9 patients, and persistent
after 1 year for 4 patients). At the end of 2012,
four patients with essential tremor of the hand
were also treated in Toronto (Lipsman et al. 2013).
The targets were in the VIM opposite to the most
affected hand. The focus was verified by moder-
ate heating and adapted so as not to affect the
adjacent sensory areas. The lesions were gradu-
ally extended by increasing the power or duration
of emissions (between 12 and 29 times in incre-
ments between 0 and 2 °C and between 10 and
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25 s) until the disappearance of tremor or occur-
rence of adverse effects. Temperatures between
56 and 63 °C were reached. The tremors decreased
significantly during treatment and after 3 months.
However, paresthesia at the tip of the thumb
occurred in one patient during treatment, still per-
sisting after 3 months. Another patient had a deep
vein thrombosis, which, according to the authors,
was potentially linked to the duration of treat-
ment. More recently, 11 patients were treated at
Yonsei University College of Medicine, Seoul,
Korea (Chang et al. 2014), showing an overall sig-
nificant decrease in tremor symptoms (Table 6.2),
but treatment was not possible for three patients:
The maximum temperature at target was less than
42 °C, even with up to 24 000 acoustic joules
emitted by the transducer (1200 W during 20 s).
Improvement of the tremor was significant for
the three clinical trials summarized in Table 6.2.
All studies also reported adverse effects, mostly
paresthesia. (Chang et al. 2014) reported minimal
adverse effects. In (Lipsman et al. 2013), two out
of three patients developed paresthesias during
sonication; paresthesias in the tips of the thumb
and index finger persisted at the 3-month follow-
up for one patient. (Elias et al. 2013a, b) reported
a detailed list of transient and one-year lasting
adverse effect observed in the 15 patients treated;
three paresthesias were reported, but the only seri-
ous adverse effect was dysesthesia in one patient.

6.3.2 Expansion of Treatment
Envelope

The non-invasive, radiation-free and precise
properties of ttMRgFUS would make it an ideal
candidate for many other brain indications out-
side of the thalamus, such as trigeminal neural-
gia, epilepsy, cingulotomy or brain tumors
(Monteith et al. 2013a, b). Nevertheless, transcra-
nial focused ultrasound therapy becomes chal-
lenging when the target is in proximity of bony
structures. The ratio between the acoustic inten-
sity at focus and on the skull decreases indeed as
the target approaches the skull, as illustrated in
Fig. 6.3 (top row compared to bottom row). As
the ultrasonic absorption coefficient of the bone
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Table 6.2 Summary of essential tremor treatments with focused ultrasound

Max temperature at

Reference Case number target (°C)

Lipsman et al. (2013) |1 56
2 63
3 59
4 59
Overall Mean 59.25

Elias et al. (2013a, b)

N/A (55-63)
N/A (55-63)
N/A (55-63)
N/A (55-63)
10 N/A (55-63)
11 N/A (55-63)

Chang et al. (2014)

<42

N/A (48-61)

<42
<42

N/A (48-61)
10 N/A (48-61)
11 N/A (48-61)

Overall mean

is higher than in soft tissue (White and Hanna
1974; Pinton et al. 2012a, b), maximum
temperature in the brain can be higher at the outer
surface of the brain than at the targeted location.
Several approaches have been proposed to
expand the treatment envelope to off-center parts
of the brain.

6.3.2.1 Improvements in Aberration
Correction

As mentioned in previous sections, central loca-

tions of the brain are particularly suited for

1 N/A (55-63)
2 N/A (55-63)
3 N/A (55-63)
4 N/A (55-63)
5 N/A (55-63)
6
7
8
9

N/A (48-61)
N/A (48-61)
N/A (48-61)

1
2
3
4
5 N/A (48-61)
6
7
8
9

Sensory improvements

Baseline CRST 3 months CRST

(total) (total)
63 28

82 42

47 24

91 47
70.75 35.25

N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55
N/A average: 55

N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25
N/A average: 25

N/A average: 55 N/A average: 25
Baseline CRST 6 months CRST
(A+B+C) (A+B+C)

34 8

22 1

36 18

N/A N/A

29 7

27 0

N/A N/A

N/A N/A

40 19

24 0

40 1

31.5 6.75

focused ultrasound and early developments of
transcranial focused ultrasound took advantage
of the geometry of the skull: For thalamic targets
the ultrasonic beam crosses the skull almost per-
pendicularly to the skull surface. In this case,
transcranial propagation is composed of longitu-
dinal waves: Mode conversion from longitudinal
to transverse waves can be neglected and the
skull can be modeled as a fluid in aberration cor-
rection algorithms. This remains valid for inci-
dent beam angles lower than the critical angle
(approximately 25° at the skin/skull interface),
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Fig. 6.3 Numerical modeling of the mechanical index
distribution in the head using 3D finite differences
computing at 220 kHz (Left column) and 1 MHz (Right

but does not hold anymore when the focus is
directed at the periphery of the brain. Advanced
numerical models of transcranial wave propaga-
tion in solid structures have thus been introduced
to take into account mode conversion (Pinton
et al. 2010; Pulkkinen et al. 2011).

6.3.2.2 Choice of the Frequency

Low frequency ultrasound beams are less dis-
torted than higher frequency ones when crossing
the skull bone. For this reason, a low frequency
brain device operating at 220 kHz was constructed
to expand the treatment envelope (Xu et al. 2014).
However, low frequency ultrasound is likely to
induce acoustical cavitation in the brain, which
can lead to massive hemorrhage (Daffertshofer
et al. 2005; Baron et al. 2009). For this reason,
cavitation detectors have been added to brain
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column). Top row: Target located in the thalamus. Bottom
row: Target located at the skull base (Extracted from
Pinton et al. 2012a, b)

devices to automatically shut down the system if
cavitation occurs (Clark et al. 1971; Jeanmonod
et al. 2012). On the opposite range of frequency, it
has been shown that high frequency waves can
take advantage of a smaller size of the focal spot
to reach targets close to the skull base (Pinton
etal. 2010), as illustrated in Fig. 6.1 (bottom row).
Low frequency ultrasound could thus expand the
treatment envelope toward the skull vault, whereas
high frequency ultrasound could expand the treat-
ment envelope toward the skull base.

6.3.2.3 Cavitation-Enhanced Heating

The absorption coefficient of ultrasound in tissues
increases linearly with frequency (White and
Hanna 1974). Heat transfer is thus more efficient at
higher frequencies. Stable and inertial cavitation
are known to generate high ultrasonic frequencies
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(Leighton 1994) and can thus lead to cavitation-
enhanced tissue heating. For brain therapy, the non-
linear response of the bubbles advantageously
enhances the effects of the slight difference in pres-
sure levels between the target and the outer surface
of the brain when the target gets close to the skull.
Cavitation activity has been so far either triggered
by ultrasound pulses of high intensity (Kieran et al.
2007; Gateau et al. 2010) or facilitated by injection
of microbubbles (Zhang et al. 2011) or nanoemul-
sions (Jenkins and White 1972).

6.4 Non Thermal Therapy

6.4.1 Mechanical Ablation

Ultrasound interacts with biological tissues via
two major mechanisms: Thermal and mechanical
mechanisms. Previous sections discussed the use
of thermal effects in the brain, but mechanical
effects can also be taken advantage of. Mechanical
effects are of several types. Acoustic cavitation
(Leighton 1994) is the most violent and most
effective (Xu et al. 2010), corresponding to the
stable or inertial oscillation of microbubbles
(either injected or generated spontaneously).

Example — Mechanical ablation by ultrasonic
cavitation

Alkins et al. performed -cavitation-enhanced
noninvasive third ventriculostomy in live pigs at
650 and 230 kHz (Alkins et al. 2013).
Ventriculostomy was achieved by tissue fraction-
ation. Two sets of experiments were performed
on craniectomized animals: With and without a
human skull inserted between the transducer and
the animal’s head. At 650 kHz, a peak pressure
higher than 22.7 MPa was needed at focus for 1 s
toreliably create a ventriculostomy. Transcranially
at this frequency the ExAblate 4000 was unable
to generate the required intensity to fractionate
tissue, although cavitation was initiated. This is
consistent with previous observations that pres-
sure levels higher than 18 MPa were needed to
nucleate cavitation in living sheep brains (Gateau
et al. 2011b). At 230 kHz, ventriculostomy was
successful through the skull with a peak pressure
of 8.8 MPa.

J.-F. Aubry and M. Tanter

Example — Optic nerve sparing by
microbubble enhanced low-intensity low-
duty-cycle sonication

McDannold et al. used a 525 kHz single-element
focused transducer in 29 rats to ablate tissue
structures close to the optic tract at the skull base.
Intravenous injection of a contrast agent (Definity,
Lantheus Medical Imaging Inc.) was first per-
formed. Low-intensity, low-duty-cycle ultra-
sound sonications were then applied for 5 min.
Lesions were induced in the gray matter, while
the adjacent optic tract and white matter tracts
suffered no damage, or little damage (no signifi-
cant changes were found in the magnitude or
latency of visual evoked potential recordings).
The enhancing therapeutic effect of the micro-
bubbles helped in the production of sharp lesions
with optic nerve sparing. The authors hypothe-
size that lesions were produced via non-thermal
destruction of the vasculature and subsequent
ischemia in downstream tissues.

6.4.2 BBB Opening

Hynynen et al. (2001) demonstrated that the use
of low power focused ultrasound combined with a
systemic injection of lipid- (or polymer-) shelled
microbubbles enabled noninvasive, local and tran-
sient disruption of the BBB. Following this pio-
neering study, extensive literature established
optimal ultrasound parameters leading to required
brain tissue penetration without causing tissue
damage (Hynynen et al. 2005; Choi et al. 2007,
Sheikov et al. 2008; O’Reilly et al. 2011; O’Reilly
et al. 2011; O’Reilly and Hynynen 2012). Other
groups quantified the permeability of the dis-
rupted brain tissue (Vlachos et al. 2010; Vlachos
et al. 2011) and the dynamics of BBB closure
after its disruption using low power focused ultra-
sound (Marty et al. 2012). The potential of BBB
opening using low power focused ultrasound was
studied in preclinical models for a large variety of
pathologies including tumors (Treat et al. 2007;
Chen et al. 2010; Liu et al. 2010) and Alzheimer’s
disease (Raymond et al. 2008; Jordao et al. 2010).
For a more detailed description of ultrasound
BBB opening, the reader should refer to the chap-
ter dedicated to this application.
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6.4.3 Neuromodulation

In 1958, Fry and co-authors (Fry et al. 1958)
demonstrated that transmission of ultrasound
waves to the lateral geniculate nucleus sup-
presses the induced response in the primary
visual cortex in cats, as evidenced by electroen-
cephalogram recordings (EEG). In 1976,
Gavrilov and colleagues (Gavrilov et al. 1976)
demonstrated that focused ultrasound was a
powerful tool for stimulating nerve structures
and produced different thermal, tactile and pain
responses to ultrasound beams focused in the
human arm. More recently, Tyler and colleagues
(Tyler et al. 2008; Tufail et al. 2010) proved the
ability of low-frequency, low-intensity ultra-
sound waves to induce motor stimulation with-
out producing damage to brain tissue. Yoo et al.
(2011) obtained similar results in rabbits in 2010
and used an MR-compatible transducer to visu-
alize the activation of the motor cortex using
functional MRI. As shown in previous sections,
ultrasound can be focused through the intact
human skull using multi-element transducers
and phase correction, thus making it possible to
translate these animal studies to humans.

Compared to current non-ultrasonic neuro-
stimulation techniques, such as transcranial direct
current stimulation (tDCS) (Nitsche et al. 2008),
implanted electrodes (Ressler and Mayberg
2007), Transcranial Magnetic Stimulation (TMS)
(Hallett 2000) or optogenetics (Szobota et al.
2007; Zhang et al. 2007), transcranial ultrasonic
neuromodulation offers a unique combination of
high resolution in space (a few millimeters) and
time (few hundreds of milliseconds). This is also
together with access to deep brain structures and
non-invasiveness. Transcranial ultrasound neuro-
modulation could thus open the door to unique
high resolution and non-invasive neuromodula-
tion applications. Recent results confirm this
potential, as focused ultrasound was shown to be
able to modulate the level of cortical neurotrans-
mitters (Yang et al. 2012) and thus, may have
diagnostic as well as therapeutic implications for
psychiatric disorders.

Important questions on the mechanisms
behind ultrasound neuromodulation remain. On
the physiological scale, different hypotheses have
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been proposed from the ultrasound-induced
release of neurotransmitters inside the synaptic
cleft (Borrelli et al. 1981) to the ultrasound-
induced opening of mechano-sensitive channels
on the membrane (Krasovitski et al. 2011; Plaksin
et al. 2014) that would then trigger action poten-
tials (Tyler et al. 2008). However, the existence of
a lower bound acoustic threshold for the effect
has been questioned as, interestingly, Tufail et al.
(2010) reported higher electromyography (EMG)
responses when lower acoustic intensities were
used. In contrast, King et al. (2013) and Younan
et al. (2013) reported an acoustic threshold below
which no stimulation was observed for ultrasonic
neuromodulation in rats. The stimulation of very
specific structures, such as the oculomotor sys-
tem or single whisker, was observed (Younan
et al. 2013), even though the wavelength at
320 kHz is approximately 5 mm. Simulation
using a finite-difference-time-domain software
and CT scan shown ultrasound reverberations in
the head cavity yielding a 1.8-fold increase in the
spatial peak - time peak pressure compared to
free water, and a 2.3-fold increase in spatial peak,
pulse averaged intensity (Younan et al. 2013). At
such a low frequency, the acoustic field resulting
from the reverberations needs to be carefully
taken into account for small animal studies at low
frequencies.

More recently, low intensity FUS stimulation
has been shown to causally modulate behavior in
an awake nonhuman primate brain (Deffieux
et al. 2013): The latency of an anti-saccade task
was significantly delayed (p<0.05) in the pres-
ence of ultrasonic beam focused in the Frontal
Eye Field. Sham experiments did not show any
significant change in the latencies (Deffieux et al.
2013). The activity of primary somatosensory
cortex was recently modulated with transcranial
ultrasound in humans, as evidenced by Legon
et al. (2014).

Conclusions and Future
Prospects

6.5

Treating the brain non-invasively with focused ultra-
sound has long been considered as beyond reach.
The first study reporting successful ultrasonic
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thermal lesioning of the thalamus was published no
more than 5 years ago (Martin et al. 2009), rapidly
followed by very promising results on essential
tremor (Elias et al. 2013, Lipsman et al. 2013; Chang
etal. 2014). Thermal lesioning will continue to ramp
up with novel clinical applications, such as treatment
of tumors, obsessive-compulsive disorders or par-
kinsonian tremor and dyskinesia. Additionally, a
second breakthrough is already about to occur: Non-
thermal treatments of the brain. Reversible opening
of the blood brain barrier (to deliver therapeutic
agents) and neuromodulation (to modulate brain
activity) are on their way to the clinic.
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Abstract

Shock wave lithotripsy has generally been a first choice for kidney stone
removal. The shock wave lithotripter uses an order of microsecond pulse
durations and up to a 100 MPa pressure spike triggered at approximately
0.5-2 Hz to fragment kidney stones through mechanical mechanisms. One
important mechanism is cavitation. We proposed an alternative type of
lithotripsy method that maximizes cavitation activity to disintegrate kid-
ney stones using high-intensity focused ultrasound (HIFU). Here we out-
line the method according to the previously published literature
(Matsumoto et al., Dynamics of bubble cloud in focused ultrasound.
Proceedings of the second international symposium on therapeutic ultra-
sound, pp 290-299, 2002; Ikeda et al., Ultrasound Med Biol 32:1383—
1397, 2006; Yoshizawa et al., Med Biol Eng Comput 47:851-860, 2009;
Koizumi et al., A control framework for the non-invasive ultrasound the
ragnostic system. Proceedings of 2009 IEEE/RSJ International Conference
on Intelligent Robotics and Systems (IROS), pp 45114516, 2009;
Koizumi et al., IEEE Trans Robot 25:522-538, 2009). Cavitation activity
is highly unpredictable; thus, a precise control system is needed. The
proposed method comprises three steps of control in kidney stone treat-
ment. The first step is control of localized high pressure fluctuation on the
stone. The second step is monitoring of cavitation activity and giving feed-
back on the optimized ultrasound conditions. The third step is stone track-
ing and precise ultrasound focusing on the stone. For the high pressure
control we designed a two-frequency wave (cavitation control (C-C)
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waveform); a high frequency ultrasound pulse (1-4 MHz) to create a cavi-
tation cloud, and a low frequency trailing pulse (0.5 MHz) following the
high frequency pulse to force the cloud into collapse. High speed photog-
raphy showed cavitation collapse on a kidney stone and shock wave emis-
sion from the cloud. We also conducted in-vitro erosion tests of model and
natural kidney stones. For the model stones, the erosion rate of the C-C
waveform showed a distinct advantage with the combined high and low
frequency waves over either wave alone. For optimization of the high fre-
quency ultrasound intensity, we investigated the relationship between sub-
harmonic emission from cavitation bubbles and stone erosion volume. For
stone tracking we have also developed a non-invasive ultrasound therag-
nostic system (NIUTS) that compensates for kidney motion. Natural
stones were eroded and most of the resulting fragments were less than
1 mm in diameter. The small fragments were small enough to pass through
the urethra. The results demonstrate that, with the precise control of cavi-
tation activity, focused ultrasound has the potential to be used to develop a

less invasive and more controllable lithotripsy system.

Keywords

Lithotripsy ¢ Focused Ultrasound

7.1 Introduction

Shock wave lithotripsy (SWL) uses an order of
microsecond pulse durations and up to a 100 MPa
pressure spike triggered at about 0.5-2 Hz to frag-
ment kidney stones through mechanical mecha-
nisms, as shown in Fig. 7.1. One important
mechanism is cavitation (Coleman et al. 1987,
Crum 1988). Other mechanisms, such as spallation
(Chaussy et al. 1980), shear stress (Gracewski et al.
1993) and squeezing (Eisenmenger 2001;
Eisenmenger et al. 2002) are also important. A
number of studies suggest the importance of cavi-
tation collapse in SWL (Church 1989; Carnel et al.
1993; Philip et al. 1993; Bailey 1997; Cathignol
et al. 1998; Sapozhnikov et al. 2002; Pishchalnikov
et al. 2003), and cavitation control has been
attempted. The goal has been to accelerate com-
minution while minimizing tissue damage (Zhong
etal. 1997; Williams et al. 1999; Bailey et al. 1999;
Zhu et al. 2002; Evan et al. 2002). Research has
included modifying the shock waveform and the
timing between shock waves to control the expan-
sion and collapse of cavitation bubbles (Cleveland
et al. 2000a, b; Xi and Zhong 2000; Loske et al.

2002; Sokolov et al. 2001, 2003). Xi and Zhong
(2000) attempted to enhance cavitation bubble col-
lapse with two different shock wave generators and
observed accelerated stone fragmentation com-

40 ....... E. .............................................
: P+: ~ 40 MPa

P-: ~ 40 MPa

Pressure [MPa]

Time [us]

Fig.7.1 Schematic of a typical shock wave pulse used in
SWL. High pressure, which exceeds 40 MPa, is followed
by a long tail of negative pressure. The repeated positive
and negative pressure yields dynamic stress in the stone.
The negative pressure also produces cavitation on the
propagating path. Both the shock wave stress and collapse
pressure of the cavitation bubble are important mecha-
nisms of stone disintegration
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pared to that from a standard forcing scheme.
Sokolov et al. (2001, 2003) investigated a dual-
pulse lithotripter to localize the cavitation area near
the stone and effectively reduced cell lysis and
observed accelerated fragmentation. Duryea et al.
(2011, 2013) used extremely high-intensity ultra-
sound pulse (histotripsy pulse) for stone comminu-
tion. Maxwell et al. (2015) investigated the
characteristics of stone comminution using the
burst waves of focused ultrasound.

In this chapter, high-intensity focused ultra-
sound (HIFU), which has a higher frequency
(>500 kHz) than a lithotripsy shock wave, is used
to erode kidney stones. Specifically, a tone burst
of one frequency is used to generate a cloud cavi-
tation (bubble cloud) at the surface of a kidney
stone. A second lower frequency wave is used to
collapse the cloud and this erodes the stone (cavi-
tation control (C-C) waveform). We investigated
the development and optimization of focused
ultrasound lithotripsy using the C-C waveform
(Matsumoto et al. 2002; Ikeda et al. 2006;
Yoshizawa et al. 2009). Different from a litho-
tripter shock wave, focused ultrasound has a
smaller focal volume. As the cavitation phenom-
enon is highly unpredictable and destructive, a
fine control system is needed. We propose a con-
trol method composed of three steps for kidney
stone treatment. The first step is control of local-
ized high pressure on the stone. The second step is
monitoring of cavitation activity and feedback on
the optimized ultrasound conditions (Yoshizawa
et al. 2009). The third step is stone tracking and
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precise ultrasound focusing on the stone, which is
altered in accordance with respiration (Koizumi
et al. 2009a, b). The three control steps are out-
lined, and the feasibility of a focused ultrasound
lithotripter is discussed in this chapter.

7.2  Localized High Pressure
on Kidney Stones
7.2.1 Cavitation Control Waveform

(C-C waveform)

The two-frequency ultrasound wave of the C-C
waveform used in this study is shown in Fig. 7.2.
The acoustic pressure is recorded using a mem-
brane hydrophone (MHB200B, NTR systems,
Seattle, WA, United States) placed at the focus of
a concave lead zirconium titanate (PZT)
transducer.

First, the high frequency ultrasound wave
(3.82 MHz, 175 cycles in this case) is transmit-
ted. Immediately after the high frequency wave is
stopped, a short pulse of a low-frequency wave
(545 kHz, 6 cycles) follows. For the high fre-
quency wave in Fig. 7.2, the focal pressure is the
maximum positive pressure |P+|=10.0 MPa, and
the maximum negative pressure |P—|=6.0 MPa.
For the low frequency part; |P+|=16.0 MPa and
|P-|=6.5 MPa. High frequency ultrasound is
designed to produce a localized cavitation bubble
cloud on a stone, and low frequency ultrasound
triggers the bubble cloud into violent collapse.
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Fig. 7.2 Acoustic pressure of typical cavitation control
(C-C) waveform. Ultrasound acoustic pressure was mea-
sured with a membrane hydrophone located at the focal
point. The ultrasound wave is a high frequency one

(3.82 MHz, 175 cycles (46 ps)), and a low frequency
(545 kHz pulse (6 cycles)) ultrasound follows immedi-
ately after the high frequency wave has stopped
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Cloud cavitation is a densely populated clus-
ter of cavitation bubbles that has lost the charac-
teristics of individual bubble behavior and the
global behavior as a cluster increases. Bubbles
are dynamically coupled through fluid motion
and acoustic wave propagation inside the cloud
(d’Agostino and Brennen 1988, 1989). Cloud
collapse has been shown to be more destructive
to high speed turbo-pumps and ship propellers
than the collapse of individual bubbles.
Numerous experimental studies (Knapp 1955;
Soyama et al. 1992; Kato et al. 1996; Reisman
and Brennen 1996; Reisman et al. 1998; Konno
et al. 2002) and analytical/numerical studies
(van Wijngaarden 1964; Mgrch 1981; Omta
1987; Chahine and Duraiswami 1992;
d’Agostino and Brennen 1988, 1989; Wang and
Brennen 1995, 1999) have been conducted to
investigate the dynamics of cloud collapse and to
calculate the pressure generated in a cloud. The
indirect experimental measurements of the max-
imum pressure inside a cloud of up to O(108 ~ 10°)
Pa have been reported (Kato et al. 1996; Reisman
et al. 1998). Shimada et al. (2000) used a numer-
ical model for a spherical bubble cloud consider-
ing the individual oscillating bubbles to
investigate the converging shock wave within the
cloud. They argued that the shock wave conver-
gence inside the cloud led to a center bubble col-
lapse pressure of O(10°) Pa, when a bubble cloud
with bubbles of radius 20 pm and a cloud radius
of 5 mm was subjected to stepwise pressure
decrease and increase. Their work has been
extended for initial and boundary conditions
appropriate for focused ultrasound applications
(Yoshizawa et al. 2004; Matsumoto and
Yoshizawa 2005), although the model was
restricted to lower ultrasound pressure ampli-
tudes than those used clinically. They investi-
gated the behavior of spherical cloud cavitation
with uniform bubble size and distribution excited
using medical ultrasound. They also showed that
a violent cavitation cloud collapse occurs with a
frequency range much less than the resonance
frequency of the individual bubbles inside the
cloud, with a collapse pressure up to 1000 times
the ultrasound pressure amplitude, which forces
the cloud into strong collapse. They also showed
a broadening of the resonance bandwidth when
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the cloud was subjected to relatively large pres-
sure amplitude. Their results provide the basis
for our method for eroding kidney stones. A one-
frequency wave is used to generate a cloud of
bubbles, and then a lower frequency wave excites
the cloud at its broad resonance to create high
collapse pressure. Due to the broad resonances
of the cloud, the low and high frequencies do not
need to be precisely fixed.

7.2.2 Observation of Cavitation
on Stones

The cavitation phenomenon at the focus of the
focused ultrasound is recorded with a high speed
image converter camera, Imacon 200 (DRS
Hadland; at present, DRS Data & Imaging
Systems, Oakland, NJ, USA). The Imacon 200
can take 8 photographs at a rate of up to 200 mil-
lion frames/s, with a 5 ns minimum exposure.
This is suitable for observing cavitation in the
frequency bandwidth of the experiment
(0.5-4 MHz), as this corresponds to a compara-
bly shorter exposure time than the ultrasound
cycle (250 ns—2 ps) and a faster frequency than
ultrasound. Interframe and exposure time are var-
ied by the software control, and the double shut-
ter mode of Imacon 200 can obtain 16 frames
with time intervals between frames of greater
than 300 ps. An air-backed ultrasound transducer
with a concave PZT ceramic element (C-213,
Fuji Ceramics, Japan) was fixed in an acrylic
water tank. Both the aperture and focal length of
the PZT element were 80 mm.

7.2.2.1 High Frequency

Acoustic cloud cavitation in the focus of the
focused ultrasound is visualized for the different
ultrasound frequencies of 1.08, 1.64, 2.75, 3.27
and 3.82 MHz, after 100-200 ps irradiation.
Figure 7.3a—d show the bubble clouds made from
four of the five different ultrasound frequencies
at the focal point.

After 100-200 ps of ultrasound irradiation,
the hemispherical bubble clouds maintained their
shape and size. Figure 7.3e shows the measured
characteristic lengths of the bubble clouds for
different frequencies. This length is the maximum
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Fig. 7.3 Frequency dependence of cloud cavitation. (a—
d) Cloud cavitation exhibits constant shape and size for
different ultrasound frequencies. Ultrasound irradiation
duration is from 100 to 200 ps. (e) Characteristic length of
cloud cavitation: For different frequencies, the length of
the acoustic cloud cavitation generated at the surface of

length of the cloud cavitation in the axial direc-
tion of focused ultrasound, i.e., the horizontal
direction in Fig. 7.3a—d. The length of the cloud
approximately fits one-quarter of the ultrasound
wavelength. The determination coefficient R? is
0.97. This is consistent with the distance from the
antinode (at the solid surface) to the node of the
standing wave created by the incident and
reflected ultrasound wave. These results demon-
strate that the size of the bubble cloud generated
by the focused ultrasound can be controlled with
respect to the ultrasound frequency. The cavita-
tion region is within 1 mm (axial direction) when
the ultrasound frequency is higher than 1 MHz.
Hence, in the focused ultrasound field, the acous-
tic cavitation at the solid surface can be con-
trolled in space by altering the ultrasound
frequency.

7.2.2.2 Low Frequency

The forced collapse of the bubble cloud and the
shock wave emission from the cloud were also
photographed. The bubble clouds, which were
generated using higher frequency focused ultra-
sound (2.75 and 3.82 MHz, shown in Fig. 7.3),

Frequency [MHz]

the aluminium ball was measured. In every case, the ultra-
sound irradiation duration was 100-200 ps and the length
was measured in the axial direction (parallel to the ultra-
sound focusing direction). The cloud cavitation length
showed strong relationship with 1/44 the ultrasound wave-
length (R?=0.97)

were forced to oscillate due to low frequency
ultrasound (545 kHz).

Figure 7.4 shows photographs of the bubble
cloud forced into oscillation. Immediately after
the 100 ps irradiation of the 2.75 MHz ultrasound
was stopped, the 545 kHz pulse ultrasound was
focused on the cloud. The interframe and expo-
sure times for the photograph were 325 and 50 ns.
In Fig. 7.4, the first to the fifth frames correspond
to one cycle of the 545 kHz ultrasound, and the
sixth to the tenth frames correspond to the next
cycle. In the first frame in Fig. 7.4, a hemispheri-
cal cloud cavitation was observed on the solid sur-
face. The cloud was forced to oscillate due to the
545 kHz ultrasound. The bubble cloud shrank
during the positive phase of the 545 kHz ultra-
sound and was forced to collapse, as shown in the
fourth frame. In the fifth frame, the bubbles
rebounded, and the next collapse occurred at the
eighth frame. During the photographic sequence,
the boundary of the cloud (the border between the
water and the two-phase medium) did not
significantly change its position, whereas the
image density of bubbles in the bubble cloud dras-
tically changed.
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Fig. 7.4 Forced

collapse of cloud cavitation:
Hemispherical cloud cavitation generated due to
2.75 MHz focused ultrasound (shown in Fig. 7.3) forced
into collapse by 545 kHz ultrasound. The camera inter-
frame time was 325 ns with an exposure of 50 ns. During
the first frame, the low frequency ultrasound’s second

Bubble cloud

Low frequency u

Stone

Fig. 7.5 Shock wave emission from cloud cavitation.
Forcing ultrasound in C-C waveform (Fig. 7.2, high fre-
quency 3.82 MHz, low frequency 545 kHz). The camera
interframe time was 105 ns with an exposure of 5 ns. The pho-
tograph time corresponds to the low frequency wave immedi-

The phenomena exhibited in Fig. 7.4 shows
the resonance phenomena as the cloud underwent
oscillation. Every bubble in the cloud collapsed
at approximately the same time. In the fourth
frame of Fig. 7.4, it is thought that the bubbles
close to the solid surface, i.e., near the center of
the hemispherical bubble cloud, violently col-
lapsed, such that a very high pressure might have
occurred at the aluminum ball surface. The
boundary of the cloud (interface of bubble flow
and water) maintained its position, but the indi-
vidual bubbles collapsed, decreasing in their
respective sizes. Likewise, this result also

S o
Al

positive phase started. During the fourth frame, the bubble
cloud collapsed with each bubble radii decreasing in size.
At that time, high pressure was hypothesized to be local-
ized at the solid surface. The bubbles rebounded during
the fifth frame, and the next collapse occurred during the
eighth frame

ately focused after the high frequency was stopped. Shortly
after the second positive phase of the 545 kHz ultrasound hit
the cloud cavitation (first frame), the bubble cloud collapsed
in the second frame, then a spherical shock wave propagated
outwards from the cloud cavitation (third and fourth frames)

suggests that the cloud cavitation collapse in
Fig. 7.4 is related to the wave propagation of the
low frequency part through the bubble flow,
rather than the volumetric oscillation of the cloud
cavitation region, such that the boundary of the
cloud behaved like a wall of single bubbles (col-
lapse of a bubble cloud similar to that reported
previously, Pishchalnikov et al. 2003). This cloud
cavitation collapsing phenomena occurred almost
at the same frame for each test run, indicating the
high reproducibility of the phenomena.

Figure 7.5 shows a shadowgraph photograph
of the bubble collapse. The shock wave emitted
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from cloud cavitation (produced by the C-C
waveform) is visualized. The high frequency
(3.82 MHz, 175 cycles) wave was immediately
followed by the 545 kHz ultrasound. In the first
frame of Fig. 7.5, low-frequency ultrasound
just reached the bubble clouds on the kidney
stone. In the second frame, upon the low fre-
quency hit on the bubbles, the bubbles were
simultaneously forced into collapse. The sizes
of the bubble in the images are very small
(almost disappeared). In the third frame, a
strong shock wave shadow, with a high contrast
to background, was emitted from the cloud cav-
itation. In the fourth frame, hemispherical
shock wave propagated out of the imaging area.
This shock wave emission was photographed in
the same frame for different test runs, again
demonstrating the reproducibility of the phe-
nomena. These results suggest that the C-C
waveform successfully localizes the cavitation
bubbles on the stone and controls the high col-
lapse pressure of cloud cavitation acting on the
stone surface.

7.2.3 Stone Fragmentation

Stone-erosion tests were conducted to investigate
the applicability and efficiency of C-C waveform
for lithotripsy applications. The erosion rate was
also determined to investigate the efficiency of
cavitation erosion in stone disintegration. The
model stones are the test materials that were pre-
viously developed for research with commercial
SWL machines. The U-30 stones were supplied
by McAteer et al. (2005). These stones were
cylindrical and longer (6.4~10.1 mm) than the
wavelength of ultrasound (0.38 ~3.0 mm), and a
-6 dB beam width of the focused ultrasound
(0.6~4.0 mm). It took 72 h to completely rehy-
drate the U-30 stones in the atmospheric pressure
(McAteer et al. 2005). Since the trapped gas
inside the stone potentially affects the amount of
erosion and distorts the acoustic profile, every
stone was dipped in a desiccator filled with
degassed water maintained at 10 kPa. They were
left to stand for more than 48 h until there were
no observable gas bubbles rising from the stone
surfaces.
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The acoustic waves for the stone-erosion tests
were designed to demonstrate the advantage of
the C-C waveform, which has combined high and
low frequency waves. The C-C waveform was
compared with waves with only a high or low fre-
quency wave. The test waves for stone erosion
were as follows: (a) High frequency alone
(3.82 MHz, 175 ps), (b) low frequency alone
(545 kHz, 6 cycles), and (c) high frequency and
low frequency combined (C-C waveform). The
ultrasound wave of the C-C waveform is shown
in Fig. 7.2, and was also used in the experiment
shown in Fig. 7.5.

In each case, the pulse repetition frequency
(PRF) of the waves transmitted from the PZT
transducer was fixed at 25 Hz, such that a
39.94 ms interval elapsed before the next pulse of
the C-C waveform (c) (39.95 ms for (a) and
39.99 ms for (b)).

The upper graphs in Fig. 7.6 show the
measured weight losses of the U-30 stones for
each wave. The ultrasound irradiation time was
3,6, 12, 18 min. Two samples were tested for
each wave and irradiation time. The lower pho-
tographs correspond to the eroded model stones
for each ultrasound irradiation time for the C-C
waveform. In this experiment, each stone was
moved in an attempt to achieve erosion over the
entire stone surface. Two operators moved the
stones while monitoring them with a micro-
scope equipped with an ocular ruler with
0.1 mm resolution. In the transverse direction,
the operators moved the stone so that the focus
entirely covered the whole area of the stone’s
base circle. The round trip of diameter scanning
was maintained at 4 s. In the axial direction, the
stones were also moved as the ultrasound focus
was maintained on the base circle. This stone-
erosion test protocol was applied for every sam-
ple (48 samples). The erosion rate was
calculated using the least square fit of linear
regression between the weight loss and ultra-
sound irradiation time. The calculated erosion
speeds of the C-C waveform, low frequency
alone and high frequency alone were 0.3, 2.2
and 5.0 mg/min, respectively. The determina-
tion coefficient R? between the weight loss and
ultrasound irradiation time was 0.66, 0.91 and
0.99, respectively.
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Fig. 7.6 Erosion rate measurement using U-30 model
stones. The weight losses for different times were mea-
sured for different waves; (a) high frequency wave
(3.82 MHz) alone, (b) low frequency wave (545 kHz)
alone, and (c) C-C waveform. The PRF of each ultrasound
wave was 25 Hz. The lines in the upper figures are the
results of the least square fit of linear regression between
the weight loss and ultrasound irradiation time (R? is also
shown). The lower photographs correspond to the eroded
model stones for each ultrasound irradiation time for the
C-C waveform

As shown in Fig. 7.6, the C-C waveform
eroded the stones more efficiently compared with
the high frequency alone and low frequency
alone waves. The calculated erosion rate reveals
that the erosion rate of the C-C waveform (c) is
double the rate of the sum of the high frequency
alone (a) and low frequency alone (b). The high
frequency causes localized cloud cavitation on
the stone surface, but the amount of erosion is
small, possibly because the cloud cavitation
shields the stone surface. The low frequency
wave alone creates a wider region of cavitation
bubbles, so the eroded region is wider than the
high frequency alone case. These bubbles
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collapse independently, such that the maximum
pressure is not as high in comparison to the col-
lapse of the cloud cavitation. The C-C waveform,
with the high and low frequency in combination,
forces the bubble cloud into a violent collapse,
and the C-C waveform’s advantage might be a
result from the controlled cloud cavitation col-
lapse on the stone surface.

Ultrasound irradiation of the C-C waveform
was applied to two types of natural kidney stones:
Cystine and staghorn. The ultrasound wave was
the same as that in Fig. 7.2, and the PRF of the
cycle was 25 Hz. The upper photographs in
Fig. 7.7 are of the eroded stones and their frag-
ments, (a) cystine stone and (b) staghorn stone.

Erosion holes can be seen in both. The lower
figures are the size-frequency of the number-size
distribution of the fragment diameter D, for (a)
cystine stone and (b) staghorn stone. The D, was
calculated from the binary processed image of
photographed stone fragments. From the area and
peripheral length of the fragments, the D, was
calculated for each particle. For the cystine stone,
the mean diameter was 0.13+0.070 mm for 756
fragments, and 0.187+0.120 mm for 1393 frag-
ments of the staghorn stone. Every cystine stone
particle was less than 0.8 mm. Almost all the
staghorn fragments were less than 1.0 mm,
although three fragments of D, =1.2 mm, and one
particle of D,=1.5 mm, were observed. The size
distribution for each stone had slightly different
characteristics. The staghorn stone fragments had
a typical size-frequency distribution of frag-
ments, with a long tail for increasing fragment
size. The cystine stone’s distribution also had a
long tail for the larger fragment sizes, whereas
the small fragments did not have a local maxi-
mum. This is possibly due to the fact that very
small fragments could not be completely col-
lected due to water convection in the tank, so they
did not all fall into the beaker placed just beneath
the stone.

Almost all the eroded fragments were less
than D,=1 mm, except the three fragments of
D,=1.2-1.5 mm for the staghorn stone. These
results show one of the main advantages of using
cavitation erosion. Using cavitation erosion,
fragmentation is expected to result in small stone
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Fig. 7.7 Natural kidney stones and their fragments after
irradiation by C-C waveform. (a) Cystine stone and frag-
ments, (b) staghorn stone and fragments. Upper figures
are photographs of each stone and lower figures are the

fragments (1-2 mm) of clinically passable size
from the initial stage of treatment. Cystine stones
have been reported to be the most difficult to
break by SWL. Zhong et al. (1992) argues that
cystine stones are non-breakable due to their duc-
tility in spite of their small surface hardness
value. Figure 7.7 shows that the cystine stone was
eroded by cavitation from the surface into small
fragments of less than 1 mm.

Finally, the estimated acoustic power of the
C-C waveform is in the range between the inten-
sity of the Power Doppler (15 W/cm?) and typical
HIFU for the treatment of tumors (500-2000 W/
cm?) (ter Haar 2001; Bailey et al. 2001). Although
the intensity was small compared with that of
HIFU treatment, and there is the large time

121

e = T v T 1
20 - § 0.20 ur T T T T -¢:
3 0.15 |
9 5
o 15 - ] 010 -
> o 1
: oML, W1 |
(0] 10 L - 4 N 4
> | 0608101214 16]
3 |
T Dp [mm] |
H Mean: 0.187 mm J
0 ]'1 C SQ: 0.130 mm
0.0 0.4 0.8 1.2 1.6

Dp [mm]

size-frequency of the number-size distribution of frag-
ment diameter D,. The resulting fragments were typically
less than 1 mm in diameter. Three fragments of
D,=1.2~1.5 mm were calculated for the staghorn stone

interval between C-C waveform pulses, the effect
of unwanted tissue heating should be examined
through in-vivo studies.

7.3  Ultrasound Lithotripsy
with Cavitation Monitoring
7.3.1 Experimental Setup

and Ultrasound Sequence
for Subharmonic Detection

In the experiment discussed in Sect. 7.2, the cavi-
tation activity in the C-C waveform sequence was
well visualized and seemed to be well controlled
in-vitro in degassed and distilled water. Whereas
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Fig. 7.8 Ultrasound sequence for subharmonic detec-
tion. Immediately after 100-cycle (60 ps) exposure to
1.67 MHz ultrasound, much lower intensity ultrasound at

in the human body, the cavitation phenomena
should be different and unpredictable because the
physical property of the medium in which the
stone exists is totally different. Thus, specially
designed cavitation monitoring is necessary to
optimize stone comminution under in-vivo
conditions.

Passive and active cavitation detection has
been investigated through SWL (Coleman et al.
1996; Cleveland et al. 2000a, b; Bailey et al.
2005). In two-frequency ultrasound lithotripsy
using the C-C waveform, it is important to detect
cavitation generation as stone erosion efficiency
by the low frequency ultrasound wave depends
on the state of cavitation bubbles induced by the
high frequency wave. Cavitation bubbles were
generated on a stone in a small region from the
high frequency wave, as shown in Fig. 7.3, and
acoustic emission intensity from the bubbles dur-
ing high frequency exposure was much lower
than that of the reflected ultrasound from the
stone surface. Therefore, a sensitive detection
method is required. The subharmonic ultrasound
signal is a specific frequency component emitted
from highly, nonlinear scatter, such as cavitation
bubbles. The subharmonic detection method and
the relation between the signal amplitude and
stone erosion volume (Yoshizawa et al. 2009) are
introduced in this section.

The experimental setup was similar to that
discussed in the previous section. An air-backed
ultrasound transducer with a concave PZT
ceramic element (C-213, Fuji Ceramics, Japan)
was fixed in an acrylic water tank. Both the aper-
ture and focal length of the PZT element were
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i High-frequency ultrasound of C-C waveform
1.67 MHz, 100 cycles, |P—|: 2.2 ~ 12.7 MPa

High - frequency ultrasound for subharmonic detection
1.67 MHz, 600 cycles, Pp_p: 340 kPa

the same frequency was used. The subharmonic compo-
nent of the 1.67 MHz ultrasound was detected during
lower intensity ultrasound exposure

80 mm. The resonance frequency of the trans-
ducer was 552 kHz. The resonance frequency
was used to generate the low frequency wave of
the C-C waveform, and the 3rd harmonics of the
transducers, 1.67 MHz, was used to generate the
high frequency wave. A function generator
(WF1946B, NF Corporation) created the driving
signal, which was amplified using a radio-
frequency-band amplifier (AG1024, T&C Power
Conversion) or a high power pulser receiver
(RPR-4000, RITEC Inc.). A model stone was
placed at the focus of the ultrasound. The acrylic
water tank was filled with degassed and distilled
tap water. Continuous filtering through a deion-
izer activated carbon filtering; a 0.45 pm mesh
filter was used. The O, concentration was 7 ppm.
The temperature of the water was kept at room
temperature for every experiment, 19-23 °C. The
electroconductivity of the water was kept to less
than 5 pS/cm. The focal pressure was measured
with a membrane hydrophone (MHB200B, NTR
systems) without the solid surface and in the
absence of cavitation for the highly degassed (O,
concentration was less than 1.0 ppm) and dis-
tilled (electroconductivity was less than 2 pS/cm)
water. A concave focused hydrophone (diameter
12 mm, focal length 42.2 mm, TORAY
Engineering) was used to measure the acoustic
pressure reflected from the cavitation bubbles.
Figure 7.8 shows the ultrasound sequence for
subharmonic detection. In the sequence, 100-
cycle ultrasound at a frequency of 1.67 MHz was
followed by 600-cycle ultrasound at the same fre-
quency. The 100-cycle ultrasound was the same
used for the high frequency wave of the C-C
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waveform. The peak negative pressure was 2.2—
12.7 MPa. The peak-to-peak pressure of the 600-
cycle ultrasound was 0.34 MPa to avoid
generating cavitation with ultrasound exposure.

The subharmonic component of the 1.67 MHz
ultrasound was detected during lower intensity
ultrasound exposure. The detected subharmonic
acoustic emission was classified into four groups
by its signal amplitude. The subharmonic signal
amplitude was calculated by subtracting the
amplitude of the frequency components around
the subharmonic from the subharmonic ampli-
tude in the FFT spectrum of the acoustic pres-
sure. After the determination of the subharmonic
signal level of the stone, the C-C waveform,
which consists of high and low frequency waves,
was exposed to erode the stone for 600 s. The low
frequency wave was 3 cycles, frequency 552 kHz
and its peak negative pressure was 9.5 MPa. The
PREF of the C-C waveform was 10 Hz, and a total
of 19 stones were exposed to the C-C wave. The
erosion volume was estimated from 1D measure-
ment of the erosion depth with a laser displace-
ment meter, assuming axial symmetry of the
eroded shape.

7.3.2 Subharmonic Signal Level
and Stone Erosion Volume

Figure 7.9 shows eroded model stones and the
erosion volume of the stones. The intensity of the
high frequency ultrasound of the C-C waveform
in group (I) was the smallest, and that in group
(IV) was the largest. The subharmonic signal was
not detected in group (I). The intensity of the sub-
harmonic signal was relatively small in group
(II), the intensity of the subharmonic signal was
relatively large and the n/3, n/4 signal was often
observed in group (III). In group (IV), the sub-
harmonic signal peak in the spectrum decreased
compared with the other frequency components.
The peak negative pressure of the high frequency
ultrasound was 2.2-3.1 MPa in group (I), 4.5-
6.4 MPa in group (II), 5.7-8.8 MPa in group (III)
and 11.2-12.7 MPa in group (IV). The number of
eroded stones was 3 in group (I), 6 in group (II),
6 in group (III) and 4 in group (IV). Comparing
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Fig. 7.9 Eroded model stones and erosion volume with
various intensities of high frequency ultrasound. Each
stone was subjected to 10 min ultrasound exposure. The
results were divided into four groups using subharmonic
signal amplitude measured with a focused hydrophone
during the customized ultrasound sequence, as shown in
Fig. 7.8 before the C-C waveform was used to fragment
the stones. The subharmonic signal was not detected in
group (/). By increasing the intensity of the high fre-
quency ultrasound, the subharmonic signal was observed
in group (/). By further increasing the intensity, the sub-
harmonic signal became relatively large, and the n/3, n/4
(n=1, 2, 3...) signal was often observed in group (/I]). In
group (I/V), the subharmonic signal peak in the spectrum
decreased. The peak negative pressure of the high fre-
quency ultrasound was 2.2-3.1 MPa in group (/), 4.5—
6.4 MPa in group (1), 5.7-8.8 MPa in group (/II) and
11.2-12.7 MPa in group (IV)

the results of the 4 groups, the erosion volumes in
groups (II) and (IIT) were clearly larger than those
in groups (I) and (IV). In many cases, the shape
of the eroded stones in groups (II) and (IIT) were
similar, and their eroded depths were compara-
ble. The eroded depths in groups (I) and (IV)
were much shallower, and the eroded area in
group (IV) was much smaller.

7.3.2.1 Subharmonic Signal Level

These results indicate the importance of the opti-
mization of the C-C waveform. They also show
that there is clearly an “optimal condition” for
stone erosion. The erosion volume and eroded
area in group (IV) were smaller than those in
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group (I). This suggests that large cavitation
induced by the strong high frequency ultrasound
in this experiment had lower resonance frequency
than 552 kHz and shielded the stone from the low
frequency ultrasound. As a result, efficiency in
group (IV) was lower than that not only in groups
(II) and (II), but also that in group (I). This
means that optimization of the high frequency
intensity wave is an important factor in stone ero-
sion with the C-C waveform. For practical use, as
optimization depends on many parameters, which
vary case by case, a feedback system would be
helpful. The subharmonic acoustic pressure is
one possible signal for the feedback system.
Though the proposed method seems to be a good
direction towards optimization, there is still room
for improvement in terms of the sensitivity of the
subharmonic signal detection. Some stones in
groups (II) and (III) had remaining “islands”,
corresponding to the high frequency focal region,
and the erosion shape was sometimes like a
doughnut. This suggests that the high frequency
ultrasound intensity in groups (II) and (III) was in
some cases still too large. Recently, active ultra-
sound detection using ultrafast plane wave imag-
ing has been used for the detection of cavitation
bubbles induced by high-intensity focused ultra-
sound pulses (Gateau et al. 2011). A method
using ultrafast imaging, or the combination of
ultrafast imaging and subharmonic detection,
would be useful to more precisely optimize
parameters of the C-C waveform.

7.4 Motion Compensation
System for Ultrasound
Lithotripsy

7.4.1 Image-guided Motion

Compensation System

A serious problem in removing a kidney stone
using ultrasound lithotripsy is the movement of
the kidney containing the stone to be treated.
Therefore, not only the surrounding healthy tis-
sue may be damaged during the focused ultra-
sound therapy, but also the stone erosion rate may
decrease. To solve this problem, it is necessary to
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compensate for stone motion. We now review
related work on the targeting technology for vari-
ous kinds of targets in the body.

Nakamura et al. (2001) developed a surgical
robot system to compensate for organ motion
during surgery by using a 955 fps high speed
CCD camera. Ginhoux et al. (2005) proposed a
model predictive control and an adaptive observer
for the surgical system of a beating heart by using
a 500 fps high speed CCD camera. Tuna et al.
(2013) developed a heart motion prediction algo-
rithm using an adaptive filter to estimate the
future point of interest on the beating heart sur-
face and achieved high tracking performance
(0.160-0.350 mm). Among the applications in
the field of radio surgery, Cyber Synchrony™,
which is a real-time image-guided system of
CyberKnife™, uses externally placed optical
markers on a patient’s skin for target detection
and motion compensation (Ozhasoglu et al.
2008). Optical/magnetic position sensors, inertial
sensors, ECG signals, efc. are used in the system.
To and Mahfouz (2013) developed an inertial
measurement system for human body motion
tracking to satisfy the demand of reliability and
high accuracy in biomedical applications. Li
et al. (2010) developed an algorithm for real-time
volumetric image reconstruction and 3D tumor
localization based on a single x-ray projection
image for lung cancer radiotherapy. Arnold et al.
(2011) developed a 3D organ motion prediction
system, called “pencil beam”, by using dia-
phragm motion for MR-guided high-intensity
focused ultrasound. Brix et al. (2014) developed
a 3D motion tracking system that involves stereo
MRI images.

Several guidance methods for ultrasound imag-
ing have been introduced. Abolmaesumi et al.
(2002) developed a robot-assisted ultrasound diag-
nostic system with a visual servo controller. In this
system, an operator, robot controller and ultra-
sound image processor share control over the
motion of the robot positioning the ultrasound
transducer. Speckle decorrelation change can be
used to estimate out-of-plane motion with a single
ultrasound plane (Krupa et al. 2009). A spatial
probability map of the target body position was
introduced to guide surgical tools (Thienphrapa
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et al. 2014). The contact force between the ultra-
sound probe and body surface can be used to
obtain proper ultrasound images (Aoki et al.
2010). Mura et al. (2014) developed US-based
tracking algorithms for endoluminal devices for
cardiovascular surgery. Kubota et al. (2014) pro-
posed an ultrasound-based tracking method by
applying a Pyramidal LK method for radiation
beam therapy. It consists of multiple templates
obtained at the time of the maximum inspiration or
expiration of the patient’s breathing,.

7.4.2 Body Motion Compensation
System for Focused
Ultrasound Treatment

The main problem in removing kidney stones is
organ movement due to respiration, heartbeat,
etc. A non-invasive ultrasound theragnostic sys-
tem (NIUTS) was proposed and developed
(Koizumi et al. 2013) to compensate for body
movement by using a focal lesion servo (FLS)
function by bi-plane ultrasound imaging during
HIFU exposure (Fig. 7.10).

Theragnostics is a compound word composed
of therapeutics and diagnostics. The NIUTS has a
spherical piezoelectric transducer and two ultra-
sound probes (Fig. 7.10a), one of which is located
in the center of the piezoelectric transducer, and
the other of which is located on the lateral side of
the transducer. In the image taken by the center
probe, the long axis of a kidney phantom with an

Cont. signal (1 kHz)

g Controller

HIFU focus position (1 kHz)

Ultrasound
device

Ultrasound

Ultrasound|signal

1
T generator
HIFU wave form

', Tip of system

[—————

Position data (40-100 Hz)

~
Sync. data
(80-200 Hz) o (15-30 Hz)

@ : Diagnostic part

2 : Therapeutic part

125

artificial stone is parallel to the body axis. The
image plane of the phantom by the lateral probe
is perpendicular to the long axis (Fig. 7.10b).
These images are then used to identify the 3D
positioning data of the focal region and move the
focus point of HIFU onto the kidney stone. In the
control, the focus point tracks and follows the tar-
get kidney stone using the 3D positioning data. It
should be noted that servo errors cause ultra-
sound images to change due to the fluctuation in
the viewpoints of the ultrasound probes, which in
turn increases the servo error. This negative spiral
worsens servo performance. However, if servo
performance can be improved by some method
that results in a positive spiral, the possibility of
dramatically enhancing servo performance
increases. We take two approaches to solve the
above-mentioned problems: Approach 1; mini-
mize the servo error to reduce the changes in
viewpoint, Approach 2; reduce the effect of servo
error.

With respect to the first approach, we have
developed two solutions to enhance not only
servo performance, but also patient safety. One
solution is robust extraction, tracking, following
and a monitoring method of the focal lesion
based on the information in the ultrasound image
(Koizumi et al. 2009a, b, 2013, 2014). The sec-
ond solution is a controller that compensates for
the quasi-periodical respiratory motion of the
focal lesion (Koizumi et al. 2009a, b). With
respect to the second approach, we proposed two
solutions. One solution is HIFU irradiation con-
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Fig.7.11 Body motion compensation performance from
focal lesion servo (FLS) function of NIUTS. (a) Trajectory
of human kidney movements with/without FLS functions

trol, in accordance with the servo error, based on
the identified HIFU irradiation pattern (Seo et al.
2010, 2011; Koizumi et al. 2011). The second
solution is a recovering algorithm to automati-
cally track the status by using the robust template
matching method and 3D positioning sensor data
(Koizumi et al. 2014).

As a result, with the NIUTS, tracking perfor-
mance within 2.5 mm was achieved for a healthy
human kidney (Koizumi et al. 2013). Figure 7.11
shows the experimental results showing the
effectiveness of the FLS function of
NIUTS. Figure 7.11a s the trajectory of the servo
target with/without the FLS function. The stan-
dard deviation of the position of the servo target
was 1.92 mm with FLS, while it was 13.2 mm
without FLS. In other words, 86 % of body move-
ment could be compensated for by using
NIUTS. Without our NIUTS, the healthy tissue

in ultrasound images. (b) Kidney looks almost still in
ultrasound images with FLS function. (¢) Kidney moves
in accordance with respiration without FLS function

surrounding the focal lesion may be damaged by
HIFU irradiation, meaning we cannot take advan-
tage of the localized HIFU therapy with the C-C
waveform against the conventional SWL. Our
NIUTS with the FLS function can be an effective
tool to cancel out kidney motion to remove kid-
ney stones by localized HIFU therapy with C-C
waveform, minimizing damage to the surround-
ing healthy tissues.

Conclusion

Shock wave lithotripsy has been the first choice
for removing kidney stones and will continue
to be the gold standard. However, the large
focal volume of shock wave is probably a side
effect and tissue trauma cause. More localized
and controlled stone comminution is one pos-
sible direction of lithotripsy technology in the
future. The use of focused ultrasound may be
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an alternative solution for less side effects and
more patient-friendly kidney stone treatment
because of its shorter wavelength and more
localized cavitation volume than conventional
shock wave pulses. The aim of ultrasound lith-
otripsy introduced in this chapter is to maxi-
mize cavitation activity to disintegrate kidney
stones using high-intensity focused ultrasound
(HIFU). Cavitation activity is highly unpre-
dictable; thus, we proposed a method involv-
ing three controlled steps in kidney stone
treatment. We outlined the method according
to our previously published literatures.

The first step is the control of localized high
pressure fluctuation on the stone. We proposed
a method for disintegrating the stone by acous-
tic cavitation collapse. The two-frequency
combined wave (C-C waveform) was used for
controlling cloud cavitation collapse. This cav-
itation control method efficiently concentrates
very high pressure on the stone surface with
the localized cavitation region. Stone erosion
tests in-vitro suggested the stone erosion
mechanism attributed mostly to cavitation ero-
sion. Fragmentation of natural and model kid-
ney stones was achieved with small fragment
sizes of less than 2 mm, and mostly less than
1 mm, showing one of the advantages of using
cavitation for lithotripsy application. The sec-
ond step is the monitoring of cavitation activity
by subharmonic detection. This method seems
to be a good direction towards optimization of
the C-C waveform in clinical use. The third
step is a motion compensation system for stone
tracking. The standard deviation of the target
position in kidney was less than 2 mm.

We have shown that the cavitation phenom-
enon has a close relationship with ultrasound
frequencies and amplitude. Further optimiza-
tion of the ultrasound parameters can lead to
more efficient stone comminution. Moreover,
complementary in-vivo studies are needed to
investigate the applicability of the C-C wave-
form with respect to tissue environments. The
ultimate goal of this research was the develop-
ment of a less invasive lithotripsy treatment
with minimal tissue damage as the stone is
chipped into small fragments.
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Abstract

The ideal cancer therapy not only induces the death of all localized tumor
cells with less damage to surrounding normal tissue, but also activates a
systemic antitumor immunity. Heat-based tumor ablation has the potential
to be such a treatment as it can minimal-invasively ablate a targeted tumor
below the skin surface, and may subsequently augment host antitumor
immunity. This chapter primarily introduces increasing pre-clinical and
clinical evidence linking antitumor immune response to thermal tumor
ablation, and then discusses the potential mechanisms involved in ablation-
enhanced host antitumor immunity. The seminal studies performed so far
indicate that although it is not possible to make definite conclusions on the
connection between thermal ablation and antitumor immune response, it is
nonetheless important to conduct extensive studies on the subject in order
to elucidate the processes involved.
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solid malignancy. It employs various kinds of
physical energy for in-situ destruction of a tar-
geted tumor, instead of local tumor removal. This
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is achieved by either raising the temperature
between 56 and 100 °C, or by using extremely
cold temperatures. The main advantage of this
alternative is a decrease in less invasiveness ver-
sus surgical procedures, resulting in an associated
reduction in mortality, morbidity, hospital stay,
cost and improved quality of life for cancer
patients (Cabibbo et al. 2009; Timmerman et al.
2009; Liapi and Geschwind 2007; Hong et al.
2006; Hafron and Kaouk 2007, Dacadt and
Siriwardena 2004). Due to various energy sources,
the thermal ablation techniques include high-
intensity focused ultrasound (HIFU), radiofre-
quency, laser, microwave and cryoablation. All of
them can selectively destroy a targeted tumor via
either percutaneous or extracorporeal approaches.
As curative and palliative intentions, they have
partially replaced some open surgery procedures
in the clinical treatment of patients with solid
tumors, including those of the liver, prostate, kid-
ney, lung, breast, pancreas, brain, bone and soft
tissues.

It has been observed for a long time that large
amounts of tumor debris remain in-situ after ther-
mal ablation. As a normal process of the healing
response, tumor debris is gradually reabsorbed
and then replaced by scar tissue in the patient. It
usually takes a period from months to years,
which depends on the size of the ablated tumor.
However, it is still unclear what kind of biologi-
cal significance may exist during the absorption
period of the ablated tumor. Some studies have
recently shown that an active immune response to
the treated tumor could be developed after ther-
mal ablation, and the host immune system could
become more sensitive to the tumor cells (Wu
et al. 2007a, b; Gravante et al. 2009; Fagnoni
et al. 2008; Sabel 2009). This may lead to a
potential procedure that reduces or perhaps elim-
inates metastases, thus preventing local recur-
rence in cancer patients who have had original
dysfunction of antitumor immunity before treat-
ment. In this chapter we will introduce the stud-
ies that focused on the host immune responses
after thermal tumor ablation, and provide experi-
mental and clinical data available to assess
whether they could be potential for understand-
ing of this complex phenomenon.
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Methods of Thermal
Ablation Technique

8.2

Local tumor destruction occurs when physical
energy is transmitted into a tumor lesion and all
targeted cancer cells can be completely destroyed.
Minimally invasive thermal techniques rely on
heat as the major mode of tumor ablation. They
vary based on the processes involved in heat gen-
eration and their delivery. Due to differences in
energy sources, these thermal techniques can be
classified into five categories as follows: High-
intensity focused ultrasound (HIFU) ablation,
radiofrequency ablation (RFA), laser ablation
(LA), microwave ablation (MWA) and cryoabla-
tion. Each method has unique characteristics for
tumor ablation with regards to the method of
energy delivery through the skin, conduction of
energy and length of time required, real-time
imaging for targeting/monitoring and a variety of
other specific issues. A summary comparing the
varied methods is shown in Table 8.1.

8.2.1 High-Intensity Focused

Ultrasound Ablation

Concerning all minimally invasive therapies, HIFU
ablation is the only non-invasive approach proposed
to date (Kennedy 2005). It employs extracorporeal
ultrasound energy to ablate a targeted tumor at
depth without any needle insertion. Thus, there is no
damage to the skin and overlying tissues. Ultrasound
is a high frequency pressure wave. It can be brought
to a tight focus at a distance from its source while
propagating through tissues. If the concentrated
energy is sufficient, energy absorption by the living
tissue causes measurable temperature rises (56—
100 °C), resulting in coagulation necrosis of the tis-
sue solely within the focal volume (Chaussy et al.
2005). In addition, non-thermal effects, such as
cavitation, can induce local tissue destruction due to
cavitation-induced high pressures and temperatures
(Wu 2006). A single exposure ablation zone (1-3 s)
is small, ellipsoidal sized, approximately
1.5% 15 mm under normal exposure parameters at
1.0 MHz. By placing numerous individual ablation
zones side-by-side, conformal confluent ablation
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Table 8.1 Comparison of thermal ablation methods for tumors
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Energy Imaging Ablation
Methods conduction | Ablation volume | Energy delivery | guidance time (min) | Ablation expense
HIFU Heat Conformal Transcutaneous | Ultrasound | 30-120 Expensive device
cavitation | ablation No probe MRI No probe charge

No tumor size insertion
limitation

RFA Heat No conformal Percutaneous Ultrasound 10-30 Cheap device
ablation Electrode probe |CT Expensive probe
Tumor size
limitation

Laser Heat Not Conformal Percutaneous Ultrasound | 25-30 Expensive device
ablation Optical fiber MRI Probe charge
Tumor size
limitation

Microwave Heat Not Conformal Percutaneous Ultrasound | 20-60 Cheap device
ablation Electrode CT/MRI Probe charge
Tumor size Antenna
limitation

Cryoablation | Cold Not conformal Percutaneous Ultrasound | 15-30 Cheap device
ablation Applicator CT Expensive
Tumor size applicator
limitation

volumes of clinically relevant size can be achieved
(ter Haar 2007). On the other hand, while HIFU
ablation only takes 1-3 s per exposure; the total
time can be substantial, longer than other minimally
invasive therapies.

8.2.2 Radiofrequency Ablation

RFA uses an electromagnetic energy source with
frequencies less than 900 kHz to generate heat
(Decadt and Siriwardena 2004). An electrode
probe is percutaneously placed into a targeted
tumor. Through the probe, there is transmission
of low voltage alternating current that creates
ionic agitation and heating (Lau and Lai 2009).
Ablation temperatures reach 50-100 °C, result-
ing in the coagulation necrosis of the targeted
tumor (Curley 2001). While the tissue surround-
ing the tip of the probe reaches in excess of
100 °C, it will vaporize and char. This decreases
the absorption of the energy, and reduces the
ablative size of the surrounding tissue (Goldberg
et al. 1996).

8.2.3 Laser Ablation

The term LA is also referred to as laser photo-
coagulation or laser interstitial thermal ther-
apy (Goldberg et al. 2005). LA employs
infrared light energy to produce heat and
ablate a targeted cancer. The light energy is
transmitted through an optical fiber with a
bare tip, and thus induces coagulation necrosis
of the targeted tumor while it diffuses through
the target (Gough-Palmer and Gedroyc 2008).
The Nd-YAG (neodymium:yttrium aluminum
garnet) laser with a wavelength of 1064 nm,
and diode laser with shorter wavelengths
(800-980 nm), are the most widely used
devices for laser ablation of solid tumors.
They can both induce tissue photocoagulation
at low power, or vaporization and cavitation at
a higher output. The extent of tissue necrosis
is typically limited, dependent on the amount
of deposited energy. Thus, multiple fiber
applicators are necessary in clinical applica-
tion for ablation of larger lesions (Sabharwal
et al. 2009).
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8.2.4 Microwave Ablation

MWA employs electromagnetic energy to ablate a
targeted tumor via an electrode-antenna placed
within the lesion (Carrafiello et al. 2008). While
electromagnetic microwaves (900-3,000 kHz)
travel through the tissues, they evoke agitation
and vibration of ionic molecules, such as water
molecules, within cells. The rapid motion of these
ionic molecules causes frictional heating, raising
the local temperature range from 60—100 °C in the
cellular environment, resulting in tissue coagula-
tion necrosis (Simon et al. 2005). Compared to
RFA, microwave ablation can actively heat a
much larger area, with less effect on the heat sink,
but there is no tissue boiling and charring during
ablation procedure (Beland et al. 2007).

8.2.5 Cryoablation

Cryoablation is an alternative technique that uses
extreme cold to freeze a targeted tumor in the
form of an “ice-ball.” It is one of the oldest abla-
tion methods, with less peri- and post-procedural
pain (Rybak 2009). Cryoablation has recently
gained an increased interest due to the use of an
argon-gas cryotherapy technique, which induces
controlled tissue freezing by inserting a percuta-
neous applicator into a targeted lesion (Dumot
and Greenwald 2008). A typical cryoablation ses-
sion involves a freeze-thaw-freeze cycle. The
argon and helium gases are alternately delivered
to achieve extra- and intra-cellular ice crystal for-
mation and tissue osmosis. This process causes
protein denaturation, cell membrane rupture and
cellular death (Babaian et al. 2008).

Mechanisms of Thermal
Ablation and Immune
Response

8.3

The absorption of physical energy delivered by
thermal ablation technique can result in a mea-
surable temperature elevation in living tissue.
The thermal effects on tissue are directly depen-
dent on how heat interacts with the tissue. When
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temperatures are increased to 42-45 °C for a
period of 30-60 min, cells become more subject
to damage by other agents such as radiotherapy
and chemotherapy (Hill and ter Haar 1995).
Increasing the temperature can obviously shorten
the exposure time for therapeutic effects. If the
temperature is increased a few degrees more to
50-52 °C and maintained for 4—6 min, irrevers-
ible cellular damage is induced (Thomsen 1991).
Between 60 and 100 °C, instantaneous induction
of protein coagulation occurs, resulting in the
permanent destruction of key mitochondrial
enzymes and nucleic acid-histone complexes
(Goldberg et al. 2000). Temperatures greater than
105 °C can cause tissue vaporization and carbon-
ization (Goldberg et al. 1996).

Thermal ablation technique is a different ther-
apy to hyperthermia, which has been applied by
physical heating technology to elevate targeted
regions to temperatures in the 42—-45 °C range.
This “conventional” hyperthermia usually main-
tains uniform temperature distributions in a nar-
row therapeutic range for a period of 30-60 min,
and is applied once or twice a week (Diederich
and Hynynen 1999). However, the temperature
distributions induced in-vivo are usually non-
uniform because of tissue cooling by blood flow,
and it is extremely difficult to avoid local cold
spots that do not reach the required therapeutic
temperature level (Lubbe and Bergemann 1994).
The efficiency of hyperthermia is highly depen-
dent on the ability to localize and control the
successful temperature distributions, which are
often influenced by tissue heterogeneities and
blood flow. As a result, hyperthermia cannot be
used alone in its clinical application, but can be
only implemented as an adjuvant method to
combine with either radiation therapy or chemo-
therapy in the treatment of malignant tumors
(Dewey 1994). Two types of mechanism are
commonly involved to explain the rational for
this combined therapy. Heat is a radio-sensitizer
that increases radiation damage and prevents
subsequent repair. Hyperthermia can also pro-
duce biological effects on targeted tumors,
including direct cellular toxicity, hypoxia, low
pH and indirect blood perfusion deprivation in
the tumor (Overgaard 1989).
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Thermal ablation can cause direct and indirect
damages to a targeted tumor. Direct heat injury
occurs during the period of heat deposition, and it
is predominately determined by the total energy
delivered to the targeted tumor (Nikfarjam et al.
2005a, b, c). Indirect heat injury usually occurs
after thermal ablation, which produces a progres-
sion in tissue damage. It may involve a balance of
several factors, including microvascular damage,
cellular apoptosis, Kupffer cell activation and
altered cytokine release (Nikfarjam et al. 2005a,
b, ¢). Direct injury is generally better defined
than the secondary indirect effects.

Direct Thermal and Non-
thermal Effects on Tumor

8.3.1

The effects of thermal ablation on a targeted tumor
are determined by increased temperatures, thermal
energy deposition, rate of heat removal and the
specific thermal sensitivity of the tissue. As the tis-
sue temperature rises, the time required to achieve
irreversible cellular damage decreases exponen-
tially. At temperatures between 50 and 55 °C, cel-
lular death occurs instantaneously in cell culture
(Wheatley et al. 1989). Protein denaturation,
membrane rupture, cell shrinkage, pyknosis and
hyperchromasia occur ex-vitro between 60 and
100 °C, leading to immediate coagulation necrosis
(Wheatley et al. 1989). Additional to this necrosis,
tissue vaporization and boiling occur at tempera-
tures greater than 105 °C. Carbonization, charring
and smoke generation occur when the temperature
is over 300 °C (Heisterkamp et al. 1997).

In addition, acoustic cavitation, one of mechan-
ical effects induced by HIFU ablation, is the most
important non-thermal mechanism for tissue dis-
ruption in the ultrasound field (Germer et al.
1998a, b). The presence of small gaseous nuclei
within subcellular organelles and tissue fluids are
the source of cavitation. These bubbles can
expand and contract under influence of the acous-
tic pressure. During the collapse of bubbles, the
acoustic pressure is more than several thousand
Pascals, and the temperatures reach several thou-
sand degrees Celsius, resulting in the local
destruction of the tissue (Maris and Balibar 2000).
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Histological changes are evident in tumor tis-
sue after thermal ablation (Clement 2004). In
addition to HIFU ablation, four cellular change
zones are described in the liver after thermal
ablation as follows: Application, central, transi-
tion and reference tissue zones (Ozaki et al.
2003a, b; Germer et al. 1998a, b; Ohno et al.
2001). The application zone is where the heat
source contacts the tissue. The central zone
immediately surrounds the application zone and
consists of damaged tissue. The transition zone
contains apparently undamaged tissue, but exhib-
its signs of subacute hemorrhage. The reference
zone refers to normal tissue surrounding the tran-
sition zone.

8.3.2 Direct Thermal Effects
on Tumor Blood Vessels

Structural and functional changes are directly
observed in tumor blood vessels after thermal
ablation. These changes are not as well described
as the thermal effects on tissues, but they do rely
on varying temperatures. At temperatures
between 40 and 42 °C, there is no significant
change in tumor blood flow after 30-60 min
exposure (Ozaki et al. 2003a, b). Beyond
4244 °C, there is an irreversible decrease in
tumor blood flow, with vascular stasis and throm-
bosis resulting in heat trapping and progressive
tissue damage (Emami and Song 1984). While
temperatures exceed 60 °C, immediate destruc-
tion of tumor microvasculature occurs (Tranberg
2004). It cuts the blood supply to the tumor
directly through the cauterization of the tumor
feeder vessels, leading to nutrient and oxygen
deprivation. Thus, tissue destruction can be
enhanced by the damage caused by thermal abla-
tion to tumor blood vessels.

Indirect Effects After Thermal
Ablation

8.3.3

Indirect injury is a secondary damage to tissue
that progresses after the cessation of thermal
ablation stimulus (Muralidharan et al. 2004). It is
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based on histological evaluation of tissue damage
at various time points after thermal ablation
(Matsumoto et al. 1992). The full extent of the
secondary tissue damage becomes evident 1-7
days after thermal ablation, depending on the
model and energy source used (Wiersinga et al.
2003; Benndorf and Bielka 1997). The exact
mechanism of this process is still unknown.
However, it may represent a balance of several
promoting and inhibiting mechanisms, including
induction of apoptosis, Kupffer cell activation
and cytokine release.

Cellular apoptosis may contribute to progres-
sive tissue injury after thermal ablation. It is well
established that apoptosis increases in a
temperature-dependent manner, and tempera-
tures between 40 and 45 °C cause inactivation of
vital enzymes, thus initiating tumor cell apopto-
sis (Barry et al. 1990; Hori et al. 1989). Thermal
ablation creates a temperature gradient that pro-
gressively decreases away from the site of probe
insertion. The induction of apoptosis at a distance
from the heat source may potentially contribute
to the progression of injury. An increased apopto-
sis rate is observed in the liver 24 h after micro-
wave ablation (Ohno et al. 2001). The stimulation
of apoptosis may be directly induced by tempera-
ture elevations, alterations in tissue microenvi-
ronment and the release of various cytokines
after thermal ablation. Kupffer cell activity may
be one of the major factors involved in progres-
sive injury after thermal ablation (Heisterkamp
et al. 1997). Heat induces Kupffer cell IL-1
(Decker et al. 1989) and tumor necrosis factor-o
(TNF-a) (Adams and Hamilton 1984) secretion,
which are known to have in-vivo antitumor activ-
ity and increase cancer cell apoptosis (Hori et al.
1989). Kupfter cells also induce the production
of interferon that augments liver-associated natu-
ral killer cell activity (Kirn et al. 1982).

Thermal ablation may induce both regional
and systemic production of cytokines through
activation of inflammatory cells. Compared with
controls, the circulating level of IFN-y and vascu-
lar endothelial growth factor levels markedly
increase after RFA (Napoletano et al. 2008;
Evrard et al. 2007a, b). The increased level of
IL-1 and TNF-« is also observed after RFA (Ali
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et al. 2005). These cytokines may have direct
cytotoxic effects, such as inducing tumor endo-
thelial injury and rendering tumor cells more sen-
sitive to heat-induced damage (Watanabe et al.
1988; Isbert et al. 2004). However, contrasting
results are obtained for TNF-a levels in two stud-
ies (Evrard et al. 2007a, b; Schell et al. 2002) and
IL-1 level in one study (Schell et al. 2002), where
levels remain unchanged after thermal ablation.
Cryoablation may cause pathophysiological
changes, which are similar to those observed
after endotoxin administration (Chapman et al.
2000a, b, c; Wudel et al. 2003). These changes
cause significant increases in capillary permea-
bility in the lung, leading to secondary injury
(Washington et al. 2001). It is generally believed
that all alterations may be associated with post-
cryosurgery activation in the lungs of the nuclear
factor-kB factor and derived cytokines, including
TNF-o and macrophage inflammatory protein-2,
along with an increase in serum thromboxane
levels (Seifert et al. 2002; Sadikot et al. 2002).

8.4 Antitumor Immune
Response After Thermal
Ablation

8.4.1 HIFU Ablation

As shown in Table 8.2, there is increasing evi-
dence from animal studies that indicate that
HIFU may modulate host antitumor immunity
after tumor ablation. Yang and colleagues (Yang
et al. 1992) used HIFU to treat C1300 neuroblas-
toma implanted in mouse flanks, followed by the
re-challenge of the same tumor cells. A signifi-
cantly slower growth of re-implanted tumors was
observed in these mice compared with the con-
trols. After HIFU treatment, the cytotoxicity of
cytotoxic T lymphocytes (CTLs) and the number
of activated tumor-specific CTLs was signifi-
cantly increased in the H22 tumor bearing mice
treated with HIFU. Adoptive transfer of the acti-
vated lymphocytes could provide better long-
term survival and lower metastatic rates in the
mice re-challenged by the same tumor cells when
compared with sham-HIFU and control groups.
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This is indicative that HIFU ablation could acti-
vate tumor-specific T lymphocytes, thus inducing
antitumor cellular immunity in the mice (Xia
et al. 2012). Similar results were confirmed in the
mice implanted with MC-38 colon adenocarci-
noma and melanoma after HIFU ablation.

HIFU treatment could also induce an enhanced
CTL activity in-vivo, thus providing protection
against subsequent tumor re-challenge (Xing
et al. 2008). In addition, HIFU could enhance
infiltration of dendritic cells (DCs) in the treated
tumor and subsequent migration to the draining
lymph nodes. Compared to thermal HIFU treat-
ment, antitumor immunity induced by mechani-
cal HIFU treatment (being a pulsed HIFU
exposure with no significantly elevated tempera-
ture increase in tumor tissue and thermal necro-
sis) was significantly stronger in terms of DC and
CTL activation, and a superior protection against
tumor re-challenge was reported (Hu et al. 2007).

After HIFU ablation, large amounts of tumor
debris remain in-situ, and the host gradually
reabsorbs the debris as the normal process of the
healing response. Using a murine hepatocellular
carcinoma model, Zhang and colleagues (Zhang
et al. 2010) demonstrated that the remaining
tumor debris induced by HIFU could be immu-
nogenic, thus an effective vaccine to elicit tumor-
specific immune responses. In this study, these
included induction of CTL cytotoxic activity,
enhanced activation of DCs and protection
against lethal tumor challenge in naive mice.
When the tumor debris was loaded with imma-
ture DCs, it could significantly induce DC matu-
ration, increase cytotoxicity and CTL TNF-a and
IFN-y secretion, thus initiating a host-specific
immune response after H22 challenge in the vac-
cinated mice (Deng et al. 2010). Immediately
after HIFU exposure to MC-38 colon adenocarci-
noma cells in-vitro, the release of endogenous
danger signals, including HSP60, was observed
from the damaged cells. These signals could sub-
sequently activate antigen-presenting cells
(APCs), leading to an increased expression of co-
stimulatory molecules and enhanced secretion of
IL-12 by DCs and TNF-a by macrophages (Hu
et al. 2005). In addition, HIFU could upregulate
in-vitro and ex-vitro molecular expression of
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HSP70 (Kruse et al. 2008; Hundt et al. 2007).
This is an intracellular molecular chaperone that
can enhance tumor cell immunogenicity, result-
ing in potent cellular immune responses.

The potency of DC infiltration and activation
following mechanical lysis and sparse-scan
HIFU was much stronger than that from thermal
necrosis and dense-scan HIFU exposure, sug-
gesting that optimization of a HIFU ablation
strategy may help in enhancing immune responses
after treatment (Liu et al. 2010). Heat and acous-
tic cavitation are two major mechanisms involved
in HIFU-induced tissue damage, while cavitation
is a HIFU-unique effect when compared with
other thermal ablation techniques. It causes
membranous organelles to collapse, including
mitochondria and endoplasmic reticulum, as well
as cell and nuclear membranes. This breaks
tumor cells up into small pieces, by which the
tumor antigens can remain intact, or it may lead
to the exposure of an immunogenic moiety that is
normally hidden in tumor antigens. Zhou and
colleagues (Zhou et al. 2007) used either heat-
exposed or HIFU-treated H22 tumor vaccines to
inoculate naive mice. The vaccination times were
four sessions once a week for four consecutive
weeks, and each mouse was challenged with H22
tumor cells 1 week after the last vaccination.
They found that the HIFU-treated tumor vaccine
could significantly inhibit tumor growth and
increase survival rates in the vaccinated mice,
suggesting that acoustic cavitation could play an
important role in stimulating the host antitumor
immune system.

Emerging clinical results revealed that sys-
temic cellular immune response was observed in
cancer patients after HIFU treatment, as shown in
Table 8.3. Rosberger and colleagues (Rosberger
et al. 1994) reported five consecutive cases of
posterior choroidal melanoma treated with
HIFU. Three patients had abnormal, and two
patients normal CD4*/CD8* ratios before treat-
ment. One week after treatment, the ratio in two
patients reverted to normal, while another was
noted to have a 37 % increase in CD4* T cells
relative to CD8" cells. Wang and Sun (2002) used
multiple-session HIFU to treat 15 patients with
late stage pancreatic cancer. Although there was
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an increase in average numbers of NK cells, T
lymphocytes and subsets in ten patients after
HIFU treatment, a significant statistical differ-
ence was only observed in NK cell activity before
and after HIFU treatment (p<0.05). Wu and col-
leagues (Wu et al. 2004) observed changes in cir-
culating NK, T lymphocyte and subsets in 16
patients with solid malignancy before and after
HIFU treatment. The results showed a significant
increase in the CD4* T lymphocyte population
(p<0.01) and the ratio of CD4*/CDS8* cells
(p<0.05) after HIFU treatment. The abnormal
levels of CD3* lymphocytes returned to normal
in two patients, CD4*/CD8* ratio in three patients,
CD19* lymphocytes in one patient and NK cells
in one patient, in comparison to the values in the
control group. In addition, serum levels of immu-
nosuppressive cytokines, including VEGF, TGF-
B1 and TGF-p2, were significantly decreased in
peripheral blood of cancer patients after HIFU
treatment, indicating that HIFU may decrease
tumor-induced immunosuppression and renew
host antitumor immunity (Zhou et al. 2008).

Clinical evidence suggests that HIFU treat-
ment may also enhance local antitumor immunity
in cancer patients. Kramer and colleagues
(Madersbacher et al. 1998; Kramer et al. 2004)
found that HIFU treatment could alter the presen-
tation of tumor antigens in prostate cancer
patients, which was most likely to be stimulatory.
Histological examination showed significantly
upregulated expression of HSP72, HSP73 and
glucose regulated protein (GRP) 75 and 78 at the
border zone of HIFU treatment in prostate can-
cer. Heated prostate cancer cells exhibited
increased Thl-cytokine (IL-2, IFN-y, TNF-a)
release, but decreased Th2-cytokine (IL-4, -5,
-10) release from tumor infiltrating lymphocytes
(TIL). The upregulated expression of HSP70 was
confirmed in the tumor debris of breast cancer
after HIFU ablation (Wu et al. 2007a, b), indicat-
ing that HIFU may modify tumor antigenicity to
produce a host immune response.

Xu and colleagues (2009) found the number
of tumor-infiltrating APCs, including DCs and
macrophages, increased significantly along the
margin of HIFU-treated human breast cancer,
with an increased expression of HLA-DR, CD80
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and CD86 molecules. Activated APCs may take
up the HSP-tumor peptide complex, which
remains in the tumor debris and present the chap-
eroned peptides directly to tumor-specific T lym-
phocytes with high efficiency, resulting in potent
cellular immune responses against tumor cells
after HIFU treatment.

Furthermore, HIFU could induce significant
infiltration of TILs in human breast cancer,
including CD3*, CD4*, CD8*, B lymphocytes
and NK cells. The number of the activated CTLs
expressing FasL*, granzyme* and perforin* sig-
nificantly increased in the HIFU-treated tumor,
suggesting that specific cellular antitumor immu-
nity could be locally triggered after HIFU treat-
ment (Lu et al. 2010).

8.4.2 Radiofrequency Ablation

With regards to minimally invasive therapies,
RFA is only one technique that has been widely
used in the clinical management of solid tumors,
particularly in hepatocellular carcinoma (HCC).
As coagulative necrosis is immediately induced
in a targeted tumor after thermal ablation,
necrotic cell death can be recognized by the
immune system as a result of dangerous events,
according to the “danger” model of immunity by
Matzinger (Gallucci et al. 1999; Matzinger
2002). It is also accompanied by the release of
“danger signals” from the heat-stressed cells,
such as acute phase proteins, pro-inflammatory
cytokines and heat shock proteins (HSPs), thus
developing a temporary inflammatory stress.
This stress may be associated with positive pro-
cesses similar to the healing of injured tissues,
but could also lead to the stimulation of tumor
growth (Gravante et al. 2009). After RFA treat-
ment, a moderate and temporary systemic inflam-
matory response has been observed in cancer
patients, as demonstrated by the increase in
plasma levels of pro-inflammatory cytokines and
acute phase reactants (Evrard et al. 2007a, b;
Schell et al. 2002; Meredith et al. 2007; Schueller
et al. 2003; Fietta et al. 2009).

HSPs are families of highly conserved pro-
teins involved in mechanisms of cell repair. They
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are intracellular molecular chaperones that physi-
ologically bind tumor peptide antigens and
enhance tumor cell immunogenicity (Pockley
2003). APCs take up HSP-tumor peptide com-
plex and present the chaperoned peptides directly
to tumor-specific T lymphocytes with high effi-
ciency, resulting in potent cellular immune
responses against tumor cells (Todryk et al.
2003). Around the necrotic ablated area, RFA
produced sub-lethal injury in the zone of
transition that showed apoptosis, and increased
HSP70 expression in the liver of normal swine
(Schueller et al. 2004). Schueller and colleagues
found that there was an increased synthesis and
cell surface expression of HSPs (HSP70, 90)
after RFA in nude rats bearing human hepatocel-
lular carcinoma (Rai et al. 2005). In addition,
large amounts of tumor debris could induce local
infiltration of activated DCs, the most potent
APC for induction of adaptive immunity against
cancer (Melief 2008). Activating signals, includ-
ing necrotic tumor cells and HSPs, could induce
the progression of infiltrating DCs from an imma-
ture to a mature stage, resulting in the presenta-
tion of tumor antigens by mature DCs to naive T
lymphocytes in a MHC-restricted fashion (Lutz
and Schuler 2002). Ali and colleagues demon-
strated that a transient function of myeloid DCs
could be activated in HCC patients 7-14 days
after RFA, with an increased ability to stimulate
CD4+ T cells (Ali et al. 2005). Up to 7 % of DCs
present in the draining lymph nodes contained
tumor antigens in the ablated tumor after
RFA. Compared to untreated HCC and normal
liver tissue, expression of costimulatory mole-
cules, such as CD80 and CD86, was significantly
enhanced by incubation with RFA-treated HCC
(den Brok et al. 2006). Similar results were also
demonstrated by Zerbini and colleagues (2008)
in HCC patients; indicative that local tumor abla-
tion could lead to efficient antigen loading,
migration and maturation of APCs, including
DCs and monocytes. Direct evidence has recently
been found that RFA could induce weak tumor-
induced immunity in a murine tumor model har-
boring APC infiltration and amplification, and
that enhanced systemic antitumor T cell immune
responses and tumor regression was associated
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with increased infiltration of DCs after subtotal
RF ablation (Dromi et al. 2009). These results
suggest that the generation of heat-altered tumor
antigens, in combination with the “dangerous
signals”, may help to overcome immune toler-
ance or allergy towards the remaining tumor.

The effects of RFA on antitumor T cell
responses have been studied in animal models. A
local influx of immune cells was observed after
RFA in tumor-free domestic pigs and in the livers
of rabbits implanted with epithelial tumors
(Hinsler et al. 2002). The latter was located in the
periphery of the coagulated area, and consisted of
lymphocytic and plasma cell infiltrates.
Concomitantly, a specific T cell proliferative
response to the tumor cells was also detected in
the peripheral blood of RFA-treated animals
(Wissniowski et al. 2003). Den Brok and col-
leagues (2004) found that a weak, but detectable,
immune response was present after RFA in mice
bearing ovalbumin-transfected melanoma. This
antitumor immunity was mediated by antigen-
specific CD8* T cells, and adoptive transfer of
splenocytes could induce partial protection
against tumor challenge in syngenic mice.
Compared to surgical resection and control
groups, RFA could efficiently stimulate activa-
tion and proliferation of splenocytes in mice
bearing H22 tumor, and the cytotoxicity of sple-
nocytes to tumor cells was significantly enhanced
in RFA-treated animals, with an increased secre-
tion of IL-2 and IFN-gamma (Zhang et al. 2006).
After in-situ RFA of liver tumor, resistance to
local and systemic tumor rechallenge was
increased in mice bearing CC531 colon carci-
noma (van Duijnhoven et al. 2005). However, no
inhibitory effect on tumor growth was observed
in the nearby untreated liver tumors.

Similar results have been also demonstrated in
cancer patients treated with RFA. Zerbini and
colleagues (2006) showed convincing evidence
that RFA could activate a systemic antitumor T
cell response in 20 HCC patients. Using an
ELISPOT assay, the reactivity of circulating T
cells to autologous HCC lysate was assessed
before and after RFA treatment. They found that
the specific T cell response was increased in three
patients immediately after RFA, compared to no
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patients before treatment. Importantly, this boost-
ing effect still persisted at 4 weeks after RFA, and
the number of patients showing the same T cell
response increased up to nine. These data were
confirmed by another study where both HCC and
colorectal liver metastasis were treated with RFA
(Hénsler et al. 2006). After RFA treatment, both
HCC and colorectal cancer cells could signifi-
cantly stimulate a specific immune response,
resulting in an increase of circulating CD4* and
CDS8* T cells and cytotoxic activity. In contrast,
one study observed a decrease in circulating
CD3* and CD4* T cells after RFA treatment in
metastatic cancer patients, together with no
change in HCC patients. However, RFA induced
trafficking of naive and memory CD62L" T cells
from the circulation to tissues, and enhanced the
function of T cells, including in-vitro responses
to phytohaemagglutinin (PHA) and tumor associ-
ated MUCI1 antigen (Napoletano et al. 2008).

In order to improve the RFA-induced weak
immune response, the combination of RFA with
immunotherapy has been investigated in labora-
tory settings. RFA could be efficiently combined
with immune modulation by anti-CTLA-4 anti-
bodies or regulatory T cell depletion. These com-
bination treatments protected mice from the
outgrowth of tumor challenges and led to in-vivo
enhancement of tumor-specific T cell numbers,
which produced more IFN-y upon activation (den
Brok et al. 2006). Saji and colleagues (2006)
demonstrated that RFA, plus intratumoral injec-
tion of naive DCs, could induce DC migration to
regional lymph nodes and induce adoptive antitu-
mor immunity in a mouse tumor model. The com-
bination of RFA with IFN injection could
significantly increase antitumor effects in an
orthotopic murine model with squamous cell car-
cinoma, upon comparison with single therapy and
control groups (Saito et al. 2005). In this study,
the RFA treatment stimulated tumor specific T
cells to move to tumor sites, whereas IFN acti-
vated DCs and enhanced antigen presentation. All
of the mice survived for 50 days in the combined
therapy group. Using both neu-overexpressing
mouse mammary carcinoma in FVBN202 trans-
genic mice and 4 T1 tumors in Balb/c mice, RFA
treatment was followed by the administration of
intratumor IL-7 and IL-15. This induced immune
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responses against tumors, inhibited tumor devel-
opment and lung metastasis, and reduced myeloid-
derived suppressor cells (Habibi et al. 2009).

8.4.3 Laser Ablation

In addition to local destruction with thermal
energy, LA can induce an immunogenic effect
on cancer in both animal tumor models and
cancer patients. Compared to surgical resec-
tion, LA could reduce metastatic liver tumor
spread in rats bearing a liver adenocarcinoma
(Moller et al. 1998). Furthermore, with HSP70
shifts from the cytoplasm to the nucleus in
LA-treated liver cancer cells, an increase in
HSP70 immunoreactivity in tumors was
observed, leading to increased numbers of
tumor-infiltrating  macrophages and an
increased presence of HSP70 in the membrane
and cytoplasm of these macrophages (Ivarsson
et al. 2003). LA could also induce a significant
increase in HSP70 expression in the colorectal
liver metastasis mouse model (Nikfarjam et al.
2005a, b, c) and prostate cancer (Paulus et al.
1993; Rylander et al. 2006). While two inde-
pendent adenocarcinomas were implanted into
both lobes of the liver in rats (one as a control
in the right and one treated with LA in the left
lobe), the control tumor volumes were signifi-
cantly smaller in the LA group than those in the
hepatic resection group. The expression of CD8
and B7-2 (CD86) was significantly higher in
the control tumor after LA (Isbert et al. 2004).
Moreover, compared to surgical extirpation,
complete eradication of reimplanted tumor, as
well as increased local infiltration of ED1 mac-
rophages and CD8 lymphocytes, were observed
in the LA group 48 days after tumor challenge
(Ivarsson et al. 2005). Overall, this suggests
that LA could enhance antitumor immune
response to eradicate a challenging tumor,
which might be associated with increased num-
bers of tumor-infiltrating macrophages and
CD8+ lymphocytes.

Immunological assays followed by LA proce-
dure for cancer patients are still limited in the
clinical setting. An early systemic inflammatory
reaction was observed after LA in patients with
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malignant liver tumors (Kallio et al. 2006).
Serum level of IL-6, TNFRI and CRP increased
significantly up to 72 h after LA procedure, while
the TNF-a, IL-1p and IL-10 levels remained
unchanged. Using an IFN-y secretion assay and
flow cytometry, Vogl and colleagues (2009) stud-
ied peripheral T lymphocyte (CD3*, CD4*, CD8*)
activation against autologous tumor tissue, and T
cell cytotoxicity against allogenic colorectal can-
cer cells (CaCo). This was carried out before and
after LA in patients with liver metastases of
colorectal cancer. They found that tumor-specific
cytotoxic T cell stimulation was detected after
LA treatment, with a significant increase in cyto-
lytic activity against CaCo cells, indicative that
LA could trigger T lymphocyte-mediated antitu-
mor immune response against autologous tumor
tissue in patients.

8.4.4 Cryoablation

In the early introduction of cryoablation to clinical
practice, there were occasional reports of patients
with spontaneous regression of tumor metastases
after ablation of a primary tumor, suggesting a
potential systemic benefit to a local therapy (Sabel
2009). However, the mechanisms behind the exis-
tence of a cryo-immunologic response were
unclear because immunologic assays were limited
at the time of many of these observations.
Subsequently, an immune response induced by
cryoablation was investigated using a variety of
animal tumor models. The results revealed that
tumor-specific immunity, as measured by resis-
tance to rechallenge in tumor-bearing animals
undergoing cryoablation of primary tumor, was
significantly greater in the cryoablation-treated
animals when compared with surgical excision or
naive animals (Redondo et al. 2007; den Brok
et al. 2006; Sabel et al. 2005). In addition, cryoab-
lation could significantly inhibit the growth of
contralateral tumors (Joosten et al. 2001; Shibata
et al. 1998), and reduce metastatic deposits in the
lung and liver in tumor-bearing animals (Miiller
et al. 1985; Urano et al. 2003).

On the contrary, some studies found that cryo-
ablation failed to induce antitumor immune
responses. There was no significant inhibition on
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secondary tumor growth after rechallenge in cryo-
treated rats (Hoffmann et al. 2001). Cryoablation
alone couldn’t directly cause a tumor-specific
CTL response and a protective anti-metastatic
impact when compared to cryotherapy combined
with subsequent in-situ injection of immature
DCs (Udagawa et al. 2006; Machlenkin et al.
2005). Moreover, immunosuppressive effects
induced by cryoablation on host antitumor immu-
nity were also observed in tumor-bearing animals,
resulting in a decreased resistance to a secondary
tumor challenge and an increase in pulmonary
metastases after cryoablation (Shibata et al. 1998;
Hanawa 1993; Miya et al. 1987). This has led to
controversy whether a cryo-immunologic
response would exist after cryoablation of malig-
nant tissue.

Recently, due to a better understanding of the
relationships between the innate and adaptive
arms of the immune response, more detailed
studies of the mechanism behind cryo-
immunology have offered insight into why cryo-
ablation may alternate between immune
enhancement and immune suppression. It is evi-
dent that several changes induced by cryoabla-
tion (cytokine profile, availability of tumor
antigens processed by APCs, mechanism of cell
death (apoptosis or necrosis)), and the subsets of
phagocytic cells (DCs or macrophages) respon-
sible for ablated cell clearance, may either posi-
tively or negatively impact the immune response
(Sabel 2009). For instance, although apoptosis
and necrosis are the primary mechanisms of
tumor cell death, they have a significantly differ-
ent impact on the immune response (Viorritto
et al. 2007). Apoptosis results in the uptake of
cellular debris without causing inflammation or
releasing the intracellular contents. APCs that
take up the apoptotic cells do not only not gener-
ate an immune response, but also can lead to
clonal deletion and anergy (Viorritto et al. 2007;
Peng et al. 2007; Savill et al. 2002; Liu et al.
2002). In contrast, necrotic cell death is charac-
terized by cellular breakdown and release of
intracellular contents, many of which are danger
signals. These signals promote cross-presentation,
maturation of DCs and ultimately the activation
of antigen-specific T cells (Gallucci et al. 1999;
Sauter et al. 2000; Skoberne et al. 2004). As both
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necrosis and apoptosis play a role in tumor cell
death after cryoablation, the relative contribution
of necrosis and apoptosis in the death of the
tumor cells may shift the immune response from
stimulatory to suppressive. Cryoablative tech-
niques that result in large areas of apoptotic cell
death, as opposed to necrosis, may result in
immunosuppression. However, some studies
have suggested that apoptotic tumor cells may be
superior to necrotic cells in stimulating an antitu-
mor immune response (Rock et al. 2006; Scheffer
et al. 2003; Schnurr et al. 2002).

In addition to animal models, some clinical
studies have recently attempted to reveal how
cryoablation has profound effects on the immune
system in cancer patients. Osada and colleagues
(2007) measured serum levels of IL- 2, IL-4, IL-6,
IL-10, TNF-a and IFN-y in 13 patients with unre-
sectable hepatic tumors before and after cryoabla-
tion. Decreased levels of serum tumor markers and
local tumor necrosis detected on CT scan were
observed in all patients, including five cases who
presented evidence of necrosis in metastatic
tumors away from the treated lesions. Serum IL-6
level was increased in all patients after cryoabla-
tion, but no change in the IL-2 level was observed.
There was a significant increase in serum TNF-a
level and Th1/Th2 ratios in the patients showing
necrosis of secondary tumors. The effects of cryo-
ablation on humoral immune compartments were
also analyzed by Ravindranath and colleagues
(2002) in 35 patients with liver metastases origi-
nated from colon cancer. They found an increase
in the production of IgM antibodies against tumor-
released gangliosides. Interestingly, these antibod-
ies were not significantly increased in patients
undergoing RFA or routine surgery. Si and col-
leagues (2008) observed a specific cytotoxic T cell
response induced by cryoablation in 20 patients
with high-risk prostate cancer. Four weeks after
cryoablation, there was a significant increase in
serum TNF-a and IFN-y levels, as well as Thl/
Th2 ratios, when compared with the values before
cryoablation. However, no changes were observed
in the serum levels of IL-4 or IL-10. Tumor-
specific T cell responses were significantly
increased 4 weeks after cryoablation, while
peripheral blood mononuclear cells were co-incu-
bated with human prostate cancer cells (LNCaP),
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indicating that cryoablation could improve tumor-
specific cytolytic activity of CTLs in prostate can-
cer patients. This immune response was only
sufficiently maintained for a period of 4 weeks.
However, when cryoablation was combined with
granulocyte macrophage colony-stimulating factor
(GM-CSF) administration to treat metastatic hor-
mone refractory prostate cancer, the response
could last for at least 8 weeks (Si et al. 2009).

For the case of freezing large tumors, cryoabla-
tion may cause a serious complication known as
“cryoshock™, a syndrome of coagulopathy, dis-
seminated intravascular coagulation and multior-
gan failure (Seifert and Junginger 2004). As it is
similar to those observed after endotoxin adminis-
tration and other systemic inflammatory stimuli,
cryoshock is believed to be caused by the systemic
release of inflammatory cytokines after cryoabla-
tion, including IL-1, IL-6 and TNF-a (Chapman
et al. 2000a, b, c; Sadikot et al. 2002; Seifert et al.
2002). This is different from the RFA-treated liver
tissue, where there is a coagulative destruction of
the hepatocyte organelles within an intact plasma
membrane (Chapman et al. 2000a, b, ¢). Cryoshock
remains rare in the cryoablation of renal and pros-
tate tumors, but a more common side effect of
hepatic cryoablation.

8.4.5 Microwave Ablation

The effect of microwaves on immune cells was
initially investigated in murine B16 melanoma
models. Microwave hyperthermia, in combination
with ethanol injection, could significantly prolong
the survival of the tumor bearing mice with an
increased infiltration of T lymphocytes and NK
cells in the ablated melanoma (Nakayama et al.
1997a, b). Whole body microwave hyperthermia
could cause a significant enhancement in TNF-o
secretion in murine peritoneal macrophages and
splenic T lymphocytes (Fesenko et al. 1999). Yao
and Yang (2007) found that a murine CT-26 tumor
treated with microwave ablation could sensitize
immature DCs, which subsequently induced in-
vitro proliferation of T cells and activated CTL
cytotoxicity. In addition, the sensitized DCs could
significantly inhibit in-vivo tumor growth and
prolong the survival of the mice.
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Clinical studies related to the immune response
were initially conducted on prostate cancer treated
by microwave energy. A transient, yet significant
increase in the CD4*/CD8* ratio, PHA and Con-A
transformation indices was observed after micro-
wave hyperthermia in 15 prostate cancer patients,
and the peak effect of this immune response was
noted at 2 months, followed by a subsequent
decrease (Szmigielski et al. 1991). Fan and col-
leagues (1996) treated 58 patients with malignant
bone tumors by surgical procedure in combina-
tion with microwave hyperthermia and adjuvant
immunotherapy. The immune response, including
T cell subsets, IL-2 and sIL-2, was monitored
3-38 months (mean 19 months) after the com-
bined therapies. The immune function was sig-
nificantly improved in the majority of the patients,
though oncologic outcome was similar to that
obtained by limb-saving procedure.

The MWA-induced immune response was
studied in majority by Dr Dong and colleagues in
78 patients with hepatocellular carcinoma.
Ultrasound-guided core needle biopsy was per-
formed after treatment for determining the local
infiltration of immunocytes within the treated
lesion. The results demonstrated a significantly
increased infiltration of T lymphocytes, memory
T lymphocytes, NK cells and monocytes in the
ablated tumor, with no change in B lymphocytes,
suggesting that MWA could only enhance cellu-
lar immune response in HCC patients (Zhang
etal. 2002; Dong et al. 2002, 2003). This response
was maximal on the third day after thermal abla-
tion, but persisted to day 30. The extent of infil-
tration was negatively related to serum
a-fetoprotein and tumor size (Dong et al. 2002).
However, interestingly, patients with a high
degree of immune cell infiltration in the treated
tumor had lower recurrence rates than those with
low levels of infiltration, and there is a statistically
significant correlation between survival outcome
and the extent of immunocyte infiltration (Dong
et al. 2003). In addition, IL-6 serum levels, IL-1ra
and C-reactive protein were significantly elevated
1 day after laparoscopic MWA, and returned to
the preoperative levels at day 7 postoperatively
(Sadamori et al. 2003). Furthermore, MWA com-
bined with either local injection of staphylococin,
or oral uptake of Shenqi (a Chinese herb) mix-

ture, could enhance the cellular immune response
once compared with the control group, improv-
ing survival time and reducing local recurrence in
HCC patients (Lin et al. 2005; Han et al. 2009).

Conclusion

As a minimally invasive therapy, thermal abla-
tion has been increasingly used in clinical
practice for the local treatment of solid malig-
nancy. Beyond optimization of technical and
physiological parameters, it is clear that ther-
mal ablation should be undertaken when there
is precise knowledge not only of the number
and location of the lesions, but also of the bio-
logical characteristics and natural history of
the tumor. The goal of tumor therapy is that all
cancer cells should be completely killed in the
patient’s body. A similar multidisciplinary
approach including other modalities is impor-
tant in the treatment of solid malignancies. For
patients with cancer, the therapeutic strategy
for the disease should be a multiple treatment
plan, which includes local treatments, such as
surgery and radiotherapy, and systemic ther-
apy, such as chemotherapy and immunother-
apy. Thus, success achieved in the application
of thermal ablation is mainly dependent not
only on the ablation technique, but also on a
better understanding of the natural character-
istics of tumors.

A review of the literature strongly supports
academic evidence that thermal ablation may
elicit a systemic antitumor immune response.
It may lead to a post-ablative procedure that
reduces, or perhaps eliminates distant disease,
and prevents local recurrence through the
immune system in cancer patients who have
had original dysfunction of antitumor immu-
nity after ablation. Evidence ranges from
anecdotal observations in a clinical setting, a
variety of animal models and correlative
immune studies in patients undergoing ther-
mal ablation. It is not surprising that there is
great concern about a close relationship
between thermal ablation and antitumor
immune response, as thermal ablation may
have the potential to be both local and sys-
temic therapies. However, the generation of an
antitumor immune response is complex, and
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several factors can not only preclude the
development of a positive response, but tilt
that response towards immunosuppression
that is observed in cryoablation. As the clini-
cal use of thermal ablation expands, it becomes
increasingly crucial that we better understand
the means by which thermal ablation modu-
lates the immune system in cancer patients.

Although the mechanism for ablation-
induced immunologic changes is still unclear,
several possibilities have been hypothesized
based on previous study results. Firstly, host
immune suppression, induced by tumor cells,
may be decreased or relieved after thermal abla-
tion as the tumor is completely ablated, leading
to renewed host antitumor immunity. Secondly,
thermal ablation may modify tumor antigenicity
and upregulate expression of HSPs, which act
as tumor vaccines to produce potent cellular
immune responses. Thirdly, cytokines are
secreted by immune cells at the inflammatory
margin of the ablation-treated region, present-
ing a milieu for the development of mature
CTLs. Finally, large amounts of cellular debris
are gradually phagocytized by macrophages
and other cells that can function as APCs.

It is increasingly apparent that thermal
ablation alone may not be sufficient to gener-
ate a clinically relevant immune response and
to consistently stimulate the host immune sys-
tem. A strategy to combine thermal ablation
with active immunological stimulation, such
as immunoadjuvants, may augment the effi-
cacy of ablation-induced antitumor immunity
specifically against the targeted tumors, if the
tumor destruction releases tumor antigens or
improves tumor immunogenicity. This com-
bined approach may become an important part
in the thermal ablation of solid malignancy.
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Abstract

The interaction of droplets and bubbles with ultrasound has been studied
extensively in the last 25 years. Microbubbles are broadly used in diagnos-
tic and therapeutic medical applications, for instance, as ultrasound con-
trast agents. They have a similar size as red blood cells, and thus are able
to circulate within blood vessels. Perfluorocarbon liquid droplets can be a
potential new generation of microbubble agents as ultrasound can trigger
their conversion into gas bubbles. Prior to activation, they are at least five
times smaller in diameter than the resulting bubbles. Together with the
violent nature of the phase-transition, the droplets can be used for local
drug delivery, embolotherapy, HIFU enhancement and tumor imaging.
Here we explain the basics of bubble dynamics, described by the Rayleigh-
Plesset equation, bubble resonance frequency, damping and quality factor.
We show the elegant calculation of the above characteristics for the case
of small amplitude oscillations by linearizing the equations. The effect
and importance of a bubble coating and effective surface tension are also
discussed. We give the main characteristics of the power spectrum of bub-
ble oscillations. Preceding bubble dynamics, ultrasound propagation is
introduced. We explain the speed of sound, nonlinearity and attenuation
terms. We examine bubble ultrasound scattering and how it depends on
the wave-shape of the incident wave. Finally, we introduce droplet
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interaction with ultrasound. We elucidate the ultrasound-focusing concept
within a droplets sphere, droplet shaking due to media compressibility and
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droplet phase-conversion dynamics.
Keyword
Droplet * Microbubble ¢ Ultrasound
9.1 Introduction

Medical ultrasound is widely used for imaging
purposes (Szabo 2004). It is an effective, mobile,
inexpensive method and has the ability to pro-
vide high-resolution real-time images of tissue
(Shung 2006). Ultrasound imaging is performed
by propagating waves through tissue and evaluat-
ing the echo that is returned. Due to the differ-
ent scattering properties of the different tissues,
the ultrasound receiver can evaluate the echo and
construct an acoustic image.

The ultrasound wave is transmitted by an ultra-
sound transducer. It consists of piezoelectric crys-
tals, which have the property of changing their
volume when a voltage is applied. Applying an
alternating current across piezoelectric crystals
causes them to volumetrically oscillate at frequen-
cies (~MHz) that cause mechanical stress on the
surrounding medium, thereby converting electric
energy into a mechanical wave, which is then trans-
mitted into the body. Analogously, upon receiving
the echo the transducer turns the mechanical sound
waves back into electrical energy, which can be
measured and displayed. The transmit signal con-
sists of a short ultrasound burst. After each burst,
the electronics measure the return signal within a
small window of time corresponding to the time it
takes for the energy to pass through the tissue.

Blood is a poor ultrasound scatterer and indi-
vidual blood vessels are almost invisible to ultra-
sound. To increase the contrast of the blood pool,
microbubbles can be injected into the blood-
stream. The microbubbles scatter ultrasound
much more efficiently, allowing very good con-
trast on the echo image. The contrast ability was
discovered accidentally more than 40 years ago
during an intravenous injection of a saline solu-
tion (Gramiak and Shah 1968). Saline, when

injected intravenously, generates tiny microbub-
bles within the patient’s blood vessels, thus creat-
ing an echo on the acoustic image. Since then, the
second and third generations of ultrasound con-
trast agents were developed. Nowadays, com-
mercially available microbubbles are small
spheres (typically 1-5 pm in diameter) of gas
encapsulated in a biocompatible shell. This size
is similar to that of red blood cells, allowing them
to circulate inside the bloodstream. The reso-
nance frequency is directly related to the size of
the bubbles (1-10 pm diameter) and coincides
with the optimum imaging frequencies used in
medical ultrasound imaging, 1-10 MHz.

Microbubbles are also widely used for therapy.
They can enhance high intensity focused ultra-
sound (HIFU) therapy (Unger et al. 2004). The
bubbles increase heat uptake by the tissue and can
reduce the time necessary for an ultrasound thera-
peutic procedure. They are sufficiently stable for
time periods of approximately 15 min following
injection (Klibanov 2006). Bubble oscillations and
disruptions close to cells create reversible pores
within the cell membrane that can enhance drug
uptake (Karshafian et al. 2009). Microbubbles
may also be used as potential carriers for selective
drug delivery (Unger et al. 2009) and for non-inva-
sive molecular imaging (Lindner 2004; Klibanov
2006). They can be covered with targeting ligands,
such as antibodies, which bind specifically to tar-
get cells at the blood vessel wall.

A novel approach is the use of liquid-based
agents rather than gas bubbles. Ultrasound can
be used to phase-transition these liquid droplets
into gas bubbles; a process known as acoustic
droplet vaporization (ADV). Droplets are com-
posed of a volatile perfluorocarbon (PFC), such
as perfluoropentane (PFP, 29 °C boiling point).
A PFP emulsion does not spontaneously vaporize
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PFC—in—water

Qil=in-PFC~-in—water

PFC~in-oil-in-water

Fig.9.1 PFC-in-water, PFC-in-oil-in-water and oil-in-PFC-in-water emulsions under the microscope

when injected in-vivo at 37 °C. However, upon
exposure to ultrasound above certain acoustic
pressure amplitudes, the PFP within the emul-
sion is vaporized. This opens up possibilities in a
wide variety of diagnostic and therapeutic appli-
cations, such as embolotherapy (Zhang et al.
2010), aberration correction (Carneal et al. 2011)
and drug delivery (Fabiilli et al. 2010a, b). Single
and double emulsions of PFC-in-water and oil-
in-PFC-in-water can be prepared, for instance, to
encapsulate oil soluble drugs (Fig. 9.1).

PFC liquids are known for their use in medi-
cine due to their biocompatibility and inertness
(Biro et al. 1987). PFC nanodroplet emulsions
can be utilized for selective extravasation in
tumor regions (Long et al. 1978). Due to their
biocompatibility and suggested ability to pas-
sively target regions of cancer growth, PFC
droplets represent an attractive tool for cancer
diagnosis. PFC droplets may also extravasate
and be retained in the extravascular space due to
the enhanced permeability and retention effect in

tumors (Rapoport et al. 2007; Zhang and Porter
2010). Extravasated droplets may be acousti-
cally converted into gas bubbles allowing for
ultrasound tumor imaging. At the same time PFC
droplets are rich in fluorine, which makes them
potential candidates as a contrast agent for MRI
imaging. The availability of both intravascular
contrast agents (microbubbles), and tumor-spe-
cific extravascular contrast agents (nanodrop-
lets), would significantly increase diagnostic and
therapeutic capabilities. Moreover, the droplets
may be used to deliver chemotherapeutic agents
to tumor regions, and locally release them upon
exposure to triggered ultrasound (Rapoport
et al. 2009).

9.2 Nonlinear Propagation

The amplitude of the acoustic pressure that is
required to nucleate droplets in ADV turns out to
be very high (Kripfgans et al. 2000). To obtain a
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sufficiently high pressure, a focused ultrasound
transducer is applied and the droplet is placed in
the focal area of the emitted beam. Moreover, the
frequency of the emitted ultrasound wave is sev-
eral MHz. In a typical ADV experiment, the
ultrasound wave travels a few centimeters
(Kripfgans et al. 2000; Reznik et al. 2013; Shpak
et al. 2013a, b; Giesecke and Hynynen 2003;
Schad and Hynynen 2010; Williams et al. 2013)
before impinging on the droplet. The high pres-
sure, high frequency, applied focusing and long
propagation distances are all factors that
strengthen the nonlinear behavior of the ultra-
sound wave (Blackstock 1964; Bacon 1984). As
a result, the wave that impinges on the droplet
will be a highly deformed version of the one that
is emitted by the transducer (Fig. 9.2). This has
important consequences for the focusing inside

the droplet, as will be demonstrated in
Sect. 9.4.2.2.
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Fig.9.2 Schematics of nonlinear propagation of an ultra-
sound wave. T and f are the period of oscillation and fre-
quency of an ultrasound wave, respectively. Two upper
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9.2.1 Basic Equations
for the Nonlinear
Ultrasound Beam

Similar to most cases involving nonlinear medical
ultrasound, the description of the beam that hits the
droplet can be based on the Westervelt equation
(Westervelt 1963; Hamilton and Morfey 2008):

2 10p ddp__ b Ip
P ce ot ot’
9.1)

4 3 4
c, ot FoCo

where V> =0°/0x*+9°/dy*+0°/9z> is the
Laplace operator and p = p(x,y,zt) denotes
the acoustic pressure. The medium in which the
ultrasound wave propagates is characterized by
the ambient speed of sound ¢, , the ambient den-
sity of mass p,, the diffusivity of sound 6 and
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plots are the transmitted and propagated wave, and two
lower plots are their frequency domains. —fft— stands for
the Fast Fourier Transform
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the coefficient of nonlinearity S . Unfortunately,
closed-form analytical solutions of this equation
do not exist and its numerical solution generally
requires considerable computational effort.
However, in the present case of a narrow, focused
beam and a homogeneous medium, some simpli-
fying assumptions can be made. Firstly, it may be
assumed that the predominant direction of propa-
gation is along the transducer axis, which is taken
in the z -direction. In this case, we can replace the
ordinary time coordinate ¢ by the retarded time
1=(t—1,)—(z—z,)/¢,, which
keeps the same value when traveling along with
the wave. Here, ¢, is the time at which the trans-
ducer emits the pressure wave, and z, is the axial
position of the transducer. The equivalent of
Eq. 9.1 in the co-moving time frame is:

B 9’p’

2

coordinate

Vzﬁ—z P +§83ﬁ =

= 9.2
¢, 0z0T ¢, oT pcs ot 62

with p = p(x,y,z,7) denoting the acoustic pres-
sure in the co-moving time frame. Secondly, it
may be assumed that in the retarded time frame the
axial derivative 0°p/dz> is much smaller than the
lateral derivatives d°p/0dx” and 0°p/dy”. This
motivates the use of the parabolic approximation
Vp=Vip, where Vi =09°/0x"+09°/dy’ is
the Laplace operator in the lateral plane. This
approximation is valid for waves propagating
under at most 20° of the transducer axis (Lee and
Pierce 1995). Applying the parabolic approxima-
tion to Eq. 9.2 and rearranging terms results in the
Khokhlov-Zabolotskaya-Kuznetsov (KZK) equa-
tion (Zabolotskaya and Khokhlov 1969; Kuznetsov
1971):

IP _Cyes, 80P, B P

2 20 0T 2pc OT

- 9.3
o 2 P ©-3)

Dedicated coordinate transformations may be
applied to improve the numerical solution in the
far field (Hamilton et al. 1985; Hart and Hamilton
1988) or to adapt to specific forms of focused
beams (Kamakura et al. 2000), but these will not
be discussed here.
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9.2.2 Numerical Solution
for the Nonlinear
Ultrasound Beam

We will follow a well-known numerical solution

strategy (Lee and Hamilton 1995; Cleveland

et al. 1996) that is based on the time integrated
version of Eq. 9.3:

_ . 1= _

L% [vip@)av s S Ee D

z 27 2¢; 0T pc, Ot

94
The first term at the right-hand side of this
equation accounts for the diffraction of the beam,
the second term for its attenuation, and the third
term for its nonlinear distortion. Further, the
solution strategy is based on the split-step
approach. This means that the field p is stepped
forward over a succession of parallel planes with
mutual distance Az, where the field p(x, y,z,,T)
in the transducer plane acts as the starting plane.
The stepsize Az is taken sufficiently small,
allowing that each of the above phenomena may
be accounted for in separate sub steps (Varslot
and Taraldsen 2005). Therefore, the total step
z — z+ Az involves the numerical solution of
the separate equations:

87 C i — (- ’
a—lz’ = EO_NVi p(v)dr ©.5)
— 2 —
P_ 2 Ip 9.6)
dz  2¢ Ot
w_p o .
0z p,c; 0t

over the same interval, where the result of solv-
ing one equation is used as the input for solving
the next one. A numerical implementation of the
above process is used to step the acoustic pressure
from the transducer to the focus of the beam, i.e.
the location of the droplet. For convenience, it is
now assumed that the droplet is located at the ori-
gin of the coordinate system and that the source
emits the pressure wave at #, =z,/c,. This
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makes T=¢ at the position of the droplet. For
ease of notation, the bar and the coordinates of
the droplet will be suppressed, and the pressure at
the droplet position, as obtained from the numeri-
cal solution of the KZK-equation, will simply be
indicated by py,, (7).

9.2.3 Nonlinear Pressure Field at
the Focus of the Beam

The nonlinear pressure field at the focus of the
beam can be expanded in a Fourier series:

P (1) = ian cos (nawt +¢,)

— Re|:zaﬂei(nwt+¢;,) :|
=0 9.8)

where a, and ¢, are the amplitudes and the
phases of the n—th harmonic component of the
ultrasound wave. For convenience, all the subse-
quent derivations will be given in the complex
representation, so we will omit taking the real
part and simply write:

P (1)= S,

n=0

9.9)

Given that nonlinear deformation of the wave-
form builds up over distance and the droplet is
four orders of magnitude smaller in size than the
distance to the transducer, the additional nonlin-
ear distortion inside the droplet is neglected. This
implies that wave propagation inside the droplet
is considered linear, so the superposition theorem
holds, and the focusing of each harmonic compo-
nent in the droplet may be analyzed on an indi-
vidual basis, as will be done in Sect. 9.4.2.2.

9.3 Bubble Dynamics

9.3.1 Dynamics of a Gas Bubble
Bubble radial oscillations are governed by the
Rayleigh-Plesset equation:

3

iR+ R =2 (9.10)
2 p

0. Shpak et al.

where R, R,and R are the radius, the velocity
and the acceleration of the bubble wall, respec-
tively, and p 1is the density of the liquid.
AP=P,(R)-P, is the pressure difference
between the liquid at the bubble wall P, (R) and
the external pressure infinitely far from the bub-
ble p.. Equation 9.10 was first described by
Lord Rayleigh (1917) for the case AP=0 and
was later refined (Plesset 1949; Noltingk and
Neppiras 1950; Neppiras and Noltingk 1951;
Poritsky 1952). It is derived for a spherically
symmetric bubble, and follows from the
Bernoulli’s equation and the continuity equation
(Leighton 1994). Equation 9.10 assumes spheri-
cal symmetry of the bubble, and the motion of the
liquid around the bubbles is considered to be
spherically = symmetric.  The liquid is
incompressible.

The bubble is assumed to be much smaller
than the acoustic wavelength, such that acoustic
pressure is considered to be uniform. Thus, the
pressure at infinity is the sum of the acoustic
forcing P(¢) and the ambient pressure F, :

p.=P(t)+h ©.11)

The interfacial pressure acting on the liquid at
the bubble wall consists of the Laplace pressure
26/ R, , viscous pressure 4uR /R and the gas
pressure P, . Neglecting the vapor pressure of the
liquid, the gas pressure inside the bubble as a
function of the bubble radius R can be described
by the ideal gas relation P,V" = const , where y
is the polytropic constant and V' e R’ is the bub-
ble volume. For this derivation we first neglect
the gas diffusion. Thus, the total number of gas
molecules inside the bubble is constant. In equi-
librium, the pressure inside the bubble £, is
equal to the sum of the ambient pressure F, and
the Laplace pressure:

p =p+22
eq
0

9.12)

where o and R, are the surface tension and the
equilibrium radius, respectively. In combination
with the ideal gas law, the dependence of the gas
pressure as a function of the bubble radius can be
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3Y
20 | R
written as P, :(PO +R—J(?°) . The right-

0
hand side of Eq. 9.10 can then be written as:

3y
R,

AP = PO+2—6 ) _P0_2_0

R, |\ R R

R
_4“E_P(Z) (9.13)

which gives the final form of the bubble dynamic

equation:
3y
.. . R
p BR4SR = PO+2—G =2
2 R, \ R
7224 P(1)
R R (9.14)

The microbubbles in the ultrasound contrast
agents can be encapsulated with a phospholipid,
protein or polymer coating, thus preventing
bubbles from dissolution. For more details
please see (Marmottant et al. 2005; de Jong
et al. 2007; Church 1995). The viscoelastic
coating also contributes to an increased stiffness
and to additional viscous damping (Overvelde
et al. 2010).

9.3.2 Linearization

The acoustic pressure typically has the form of
a sinusoidal oscillation P(¢)=P,sin(wr),
with P, being the driving pressure amplitude,
and o the driving pressure angular frequency.
With relatively small oscillation amplitudes
Eq. 9.10 can be linearized. To rewrite
Eq. 9.10 in linear terms we express the bubble
radius R as:

R=R,(1+x) (9.15)

with R, the equilibrium radius, as before, and
x <1 a small dimensionless perturbation to the
radius. Substituting Eq. 9.15 into Eq. 9.10 and
retaining only first-order terms, x, x and X
gives:

b,

2
0

F+2B5+wox =

sin(wt)  (9.16)
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0, ;z[w P20 _2_0} ©.17)
PR, R, | R,

the eigenfrequency of bubble oscillations, and:

where

2u
PR;
the damping due to viscosity. The damping has
the dimensions of the reversed time [s’l] and
represents how fast the amplitude of oscillations
is decaying in time due to the energy loss.

The solution to the equation Eq. 9.16 is:

B=

9.18)

x(1)=X,e " cos(wr) + X, cos(er +¢,)

(9.19)
with the ¢, being the phase shift between the two
terms:

2

2
o = arctan(wo —0 J (9.20)
! 2Pw

The first term of Eq. 9.19 is the transient solu-
tion. Its amplitude dampens out in time as X, e *,
where X, is the amplitude of transient oscillations
at time 7, =0. Not only the viscosity of water
can contribute to the damping, but also the acous-
tic reradiation and the viscosity of the coating
shell and thermal damping. For more details
please see (Overvelde et al. 2010). The frequenc
of the transient solutionis equal to , = \/@; — B°
. The amplitude of the transient solution X,
depends strongly on the initial conditions.

The second term of Eq. 9.19 is the steady-state
solution. The amplitude of the steady-state
response depends on the driving frequency as:

_ P, 1
- 2
PR, \/(a)j -0’ )2 +4w’ B

The resonance frequency @, of the system,
by definition, corresponds to the maximal ampli-
tude of the steady-state solution. X is at maxi-
mum, when the denominator in the Eq. 9.21 is at
minimum. Thus, the resonance frequency relates
to the eigenfrequency o, as:

0, =w; ~2f°

9.21)

s

(9.22)
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The smaller the damping f, the closer the
resonance frequency to the eigenfrequency of the
bubble oscillations. Additionally, for large bub-
bles, when the Laplace pressure is small com-
pared to the ambient pressure Eq. 9.17 simplifies
to:

O (9.23)

2
0

o, =2nf, = 3y

with f,, the Minnaert eigenfrequency, resonance
frequency of the bubble (Minnaert 1933).
Relation Eq. 9.23 tells us that the resonance fre-
quency can be estimated directly from the bubble
radius R, . For a bubble in water at standard pres-
sure (P, =100kPa, p=1000kg/m’), the equa-
tion becomes f,,R, =3.26 um.MHz . The smaller
the bubble radius, the higher the resonance fre-
quency becomes.

It is insightful to make the analogy to the clas-
sical mass-spring system. The dynamics of the
classical mass spring system is governed by the
equation:

5é+2ﬁ)'c+a);)2x= 5sin(aot) (9.24)

m m

where @', =<k /m is the eigenfrequency, ' is
the damping constant, k& is the spring stiffness,
F, is the driving force and m is the mass.
Equation 9.24 has the same form as Eq. 9.16.
Thus, a gas inside the bubble, represented by the
polytropic constant ¥ , acts as the restoring force,
the liquid around the bubble acts as a mass
(477R3 p) , and ultrasound is acting as a driving
force (12wyR)F)).

9.3.3 Pressure Emitted by
the Bubble

Far from the bubble wall, at a distance r, the
velocity of the liquid v, can be calculated from
the continuity equation (Prosperetti 2011):

4nr’v, = 4R’ R (9.25)
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2
= RTR (9.26)

r

v,

The liquid is incompressible and the bubble
wall and the liquid motion around the bubble are
spherically symmetric. R is the velocity of the
bubble wall in the radial direction, as before.

The pressure field, generated by the radial
bubble wall oscillations, can be calculated from
the Euler equation (Prosperetti 2011):

dv dp
Par o "
where p is the pressure emitted by the bubble. In
Eq. 9.27 we omit the nonlinear convective term.
Substituting the expression of the velocity field
(Eq. 9.26) into Eq. 9.27 gives the pressure gradient:

9.27)

(9.28)

or P dt
and the pressure emitted by the bubble:

S .
P :Bi(]y]'e) :p[RR':zRR] (9.29)

P__Pd pp)

rdt

9.3.4 Secondary Bjerknes Force

Let us now consider two interacting gas bubbles,
separated by a distance / . The distance between the
bubbles 1 and 2 is much larger that their radii R, (7)
and R, (). Thus, we can consider the motion of the
liquid around the bubbles to be spherically symmet-

ric. Bubble 2 with volume v, = f R23 experiences

a force F}, as a result of the pressure emitted by
bubble 1, p, (Leighton 1994):

F, =-V,Vp, (9.30)

The force is directed along the line, which
connects the centers of the two interacting bub-
bles. Substitution of Eq. 9.28 (expression for the
pressure gradient generated by the first bubble)
into Eq. 9.30 yields the force of the first bubble
on the second one at a distance / :
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op pd
£, :_Vzairl,,:, :VZFE(RIZRI)
__p 4
4ni* 7 dr? 9.31)

where V| = gﬂ:Rl3 the volume of bubble 1.

The net radiation force acting on a neighbor-
ing bubble is called the secondary Bjerknes force
F, after Bjerknes (Bjerknes 1906). The time
averaged equation (E 2> is obtained by integrat-
ing Eq. 9.31 over the period of volume oscilla-
tions by partial integration:

Fy :<Fiz> :_471_%<V1V2>
A positive value of <I/J/2> corresponds to
attraction of the bubbles, and a negative value to
repulsion. This means that the bubbles that oscil-
late with the same phase will attract each other.
Note also the symmetry of Eq. 9.32. To calculate
the force of the second bubble on the first one
<le> , one just needs to exchange indexes 1 « 2.
<le> has the same magnitude, but an opposite
direction as (£}, ).

(9.32)

9.4 Droplet Dynamics

9.4.1 Oscillatory Translations

The typical pressure amplitudes, which are used
to activate perfluorocarbon droplets, are two
orders of magnitude higher that those used to
drive ultrasound contrast agents. Water itself
always experiences periodic compression as a
result of ultrasound forcing (Leighton 1994). Let
us express such oscillations as:

e=e¢,sin(or —kx) (9.33)

where € is the fluid particle displacement. The
acoustic impedance, by definition, is the ratio of
the driving pressure to the fluid particle velocity
(Leighton 1994):

Z=P, /¢ (9.34)
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where ¢, is the particle displacement velocity
amplitude, and P, is the acoustic pressure ampli-
tude. The ¢, particle velocity amplitude relates to
the particle displacement amplitude ¢, as
€, = w¢,, which follows from Eq. 9.33 by taking
its time derivative. The dP pressure change with
respect to the equilibrium value is related to a
dV volume change by the bulk modulus B,
defined by (Leighton 1994):
dP=-B a
Vv
Equation 9.35 can be used to calculate the acous-
tic pressure P at any given spatial point x, as

de
P(xo):—Ba—;

(9.35)

. Applying this relation to
X=X k .
Eq. 9.33 gives P, = Bke,, or P = Bgeo. The
acoustic impedance Eq. 9.34 can then be written
as:

7=k (9.36)
Q)]

or by using the equation for the wave speed
c=w/k=\B/p:

Z=pec (9.37)

With the relations given above, one can
now estimate the oscillatory translational
amplitude. For the case of f=3.5MHz,
P, =8MPa and c,=1522m/s, the speed of
sound in water at 37 °C, the amplitude is
€ =P,/ 2rpfc, =210nm.

The acoustic impedance Z = pc has the anal-
ogy with a refractive index » in optics. The
ultrasound wave at the interface of two sub-
stances with different acoustic impedances Z,
and Z, will experience a reflection and a refrac-
tion, similarly as light would experience at the
interface with two different refractive indexes n,
and n,.

Let us now denote 6,, 6,, and 6, the inci-
dent, the translated and the reflected angles,
respectively (Fig. 9.3). One can derive the rela-
tion between these angles by considering conti-
nuity of the normal displacement at the interface.
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Fig.9.3 Schematics of
reflection and transmission of
a wave of displacement

This gives Snell’s reflection law sin (6, ) =sin6,
and ¢, sin@, =¢,sinf, , where ¢, and c, are the
speed of sound of the first and the second
medium, respectively (Leighton 1994).

9.4.2 Focusing inside a Spherical
Droplet

When an interface between two acoustic media
has a finite curvature R, as in the case of a spher-
ical droplet, acoustic focusing is observed. This
is a similar effect as the focusing of light by an
optical lens. First, the case of large droplets is
considered, i.e. when the acoustic wavelength A
is much smaller than the droplet radius R. Next,
the case where A is of the order of R, or even
larger, is considered.

9.4.2.1 Case 1: Droplets much Larger
in Size than the Wavelength

When A < R, the refraction formulas provided
by the theory of geometrical scattering apply.
When a parallel beam of light travels in a medium
with refractive index », and encounters a spheri-
cal interface between this medium and a second
medium with refractive index n,, either the
transmitted or the reflected wave focuses in a
point at a distance:

f=R (9.38)

n, —m

0. Shpak et al.

This distance is measured from the intersec-
tion point of the interface and the beam axis,
which crosses the center of the curvature
(Fig. 9.4).

In analogy with the optical focus, an acoustic
focus can be calculated for the case A < R by
simply replacing n, / n, with ¢, /¢, in the equa-
tion above. This gives:

Cl

/=R

(9.39)
¢ —C

For instance, when a large spherical perfluoro-
pentane droplet with ¢, =406m/s is immersed
in water with ¢, =1522m/s (at 37 °C), the
acoustic focus is at f =1.36R . This means that
the acoustic wave focuses on a distal side, 0.36R
away from the geometrical droplet center.

9.4.2.2 Case 2: Droplets Similar or

Smaller in Size than

the Wavelength
The situation complicates when the radius of
the droplet is of the same order of magnitude
as the wavelength, or even smaller, i.e. when
A~ RorA> R. Experimental data obtained
with small droplets shows that the ultrasound
beam focuses on the proximal side of the drop-
let, which is not in agreement with the predic-
tion above. Obviously, in this case geometrical
considerations can no longer be applied, and a
full wave theory must be applied. Figure 9.5
shows the configuration of the acoustic
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Fig.9.4 Schematics of the

focusing of an acoustic wave

on the droplet sphere when

the acoustic wavelength is 9
much larger than the droplet
radius

167

Fig.9.5 Configuration of the
droplet and the incident,
transmitted, reflected —
ultrasound waves
Plane Droplet
wave
s R
pi r
-....@i. pt 0
< —
pr co V4
—_—>
p2
1
— P1

diffraction problem that will be solved here.
Throughout the derivations, the parameters of
the surrounding medium are labeled with a
subscript 1, and the parameters of the
medium inside the droplet are labeled with a
subscript 2.

At the location of the droplet, the incident
ultrasound wave is considered to be planar. In
view of Eq. 9.9, it is written as:

b (X, y,Z,t) = Zanei(murfnk\zw”)

n=0

(9.40)

where & =®/c, is the wave number outside the
droplet. To keep the derivations simple, the

diffraction problem will first be solved for one
spectral component:

pi(xy.z)=ae ™ (9.41)

In view of the spherical symmetry of the con-
figuration, it is convenient to apply a coordinate
transformation from cartesian coordinates
(x,y,z) to spherical coordinates (7,6, ¢), where
¢ is the azimuthal angle measured with respect
to the positive z-axis, and ¢ is the elevation
angle in the xy-plane. Due to the waves having
rotational symmetry with respect to the z-axis,
there will be no dependence on ¢, and this coor-
dinate will be omitted. In spherical coordinates,
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the incident pressure wave can be written as a
summation of spherical harmonics:

e me kr)P,

p,(r.0,t)=a . (cosB)

(9.42)

Here, 7, =(2m+1)(—i)", j, is the spherical
Bessel function of the first kind and order m , and
P is the m—th order Legendre polynomial. The
spherical Bessel function j, is related to the
ordinary Bessel function J, according to
Jn (¥)=(7/22)T,,,112 (x) -

When the incident wave encounters the drop-
let, it gives rise to a transmitted wave inside the
droplet:

p,(r,@,t)=0ze"(“"HD a, j, (k) P, (cos@)

(9.43)
and a reflected wave outside the droplet:

p,(r,6,1)=ae" B h? (kr)P,(cos8)
(9.44)
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spherical Hankel function of the second kind and
order m . The spherical Hankel function h,(,f)
related to the ordinary Hankel function H 512) fol-
lowing A7 (x)=(7/2x)H) . (x). At the
spherical interface between the outside and the
inside of the droplet, the pressure and the radial
particle velocity should be continuous. The latter
requirement can be translated into a condition on
the radial derivative of the pressure. In mathemat-
ical form, the boundary conditions at the inter-
face are:

lllgel[pl (r,0,t)+p, (r,O,t)] = l,igelp’ (r,0,1)

(9.45)
l)glza—[pl r,0,t)+p, (r,6, t)]

19
—{lp;;a—p, (r.0.1) (9.46)

which should hold for all 6 and ¢ . Substitution
of Egs. 9.42, 9.43, and 9.44 into these bound-
ary conditions results in a system of two equa-

In these equations, k, =@/c, is the wave fions for ¢, and f3, . Solution of this system

number inside the droplet, and A" is the yields:

Z,j, (kRYRY (kR)=Z,h (K R) J,, (kR

am =y, ij( 1 ) ’”2,( 1 ) 2 m2 ( ) ( ) (947)
Z2jm (kZR)hm) (klR) lh( (kR) m (k R)
Zj (kR)j (k,R)—Z k,R kR

ﬁm _ym l“]m( 1 )];1;( 2 ) 2]2712)( 2 ) ( ) (948)
ZZ]);1(k2R)hm (klR)_Zlhm kR) (k R)

where Z =pc, and Z, =p,c, are the acoustic
impedances of the media outside and inside the
droplet, respectively. The prime indicates the
derivative of a function. The constant ¢, can be
considered as the transmission coefficient of the
droplet interface for spherical harmonics of order
m , and the constant 8, can be considered as the
corresponding reflection coefficient. At this

pinside (r,eat) P, (}" 9 t

n=0m=0

stage, the problem of finding the wave inside the
droplet due to a single sinusoidal component of
the incident wave is solved.

To find the wave that is formed inside the
droplet by the nonlinear incident wave, all the
transmitted waves caused by the individual
components of the incident wave must be added.
The result is:

Zzane”’”’*“ o, j, (nkr)P, (cos6) (9.49)

where o, , follows from Eq. 9.47 by replacing

k, by nk, and k, by nk, . This equation can be

used to calculate the pressure in any position
(r, 0, (p) atanytime ¢ . Numerical implementation
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requires that both summations involve a finite
number of terms. This forms no significant limita-
tion, because in practice only a limited number of
N harmonics will give a significant contribution
to the ultrasound field inside the droplet, and only
a limited number of M spherical harmonics is
required to accurately represent this field.
However, another numerical issue arises when the
radius of the droplet is much smaller than the
wavelength. In this case, the numerical results for
the spherical Bessel and Hankel functions may
contain large errors. This problem may be elimi-
nated by first approximating these functions by
their series expansion around zero. With the full
pressure field determined both in space and time
we can now find the local maximum of pressure -
the focus.

The pressure amplification factor in the focus-
ing spot, as well as its location, depend on the
input parameter values, i.e. the pressure ampli-
tude, the frequency and the transducer geometry
and size, which prescribe the focusing strength
and the propagation distance to the focal point.
For instance, in case of a R =10um perfluoro-
pentane droplet immersed in water and insonified
with an incoming ultrasound wave with a peak
negative pressure £~ =—4.5MPa and frequency
f=35MHz (A=430um in water at 37 °C)
coming from a transducer with a 3.81 cm focal
distance, a focused peak negative pressure of
P i =—26MPa is achieved within the droplet
(Fig. 9.6). Thus, a near six-fold increase in the
peak negative pressure amplitude is observed in a
concentrated region on the proximal side around
z=-0.4R.

From Eq. 9.47 it follows that the pressure
inside the droplet, due to a single incident wave
component, depends on the dimensionless
product @R . When for two droplets with dif-
ferentradii R, and R, therelation @R, = @,R,
holds, an incident wave with frequency f,
encountering a droplet with radius R, is
focused at the same relative position within the
droplet as an incident wave with frequency f,
that hits a droplet with radius R,. This implies
that when larger droplets turn out to vaporize
more easily than smaller droplets at the same
frequency, it also follows that for the same
radius droplets are easier to evaporate at high
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Fig.9.6 Schematics of the superharmonic focusing effect
within a perfluoropentane spherical droplet. The black
line represents the acoustic pressure waveform on the axis
of symmetry (0=0) as a function of the z-coordinate in the
absence of a droplet. The red solid line is the focused pres-
sure in presence of the droplet. The snapshot represents
the moment of minimum focused pressure both in time
and space. The blue shaded region depicts the position of
the droplet

frequencies than at low frequencies, and
vice-versa.

However, nonlinear propagation makes this
picture more complex. First, the higher the acous-
tic pressure amplitude, the more nonlinear the
wave becomes as the amplitudes of the higher
harmonics build up roughly as (Pﬂ,,fm,@ ) , where
P, uce 1s the pressure amplitude at the transducer
surface and # is the number of the particular har-
monic. Second, the nonlinear propagation
depends on the frequency. Additionally, of
course, the nonlinear beam is focused differently
from the linear one, with different pressure
amplification factors and focusing positions for
each harmonic. Finally, the shape of the
nonlinearly distorted wave is strongly dependent
on the parameters of the propagating media. For
human tissue the Goldberg ratio is lower than for
water (Szabo et al. 1999). This indicates that non-
linear distortion is easier to achieve in water com-
pared to tissue. Therefore the experiments
performed in-vivo are expected to have different
nucleation patterns, with a higher nucleation
threshold compared to the in-vitro experiments.

Knowledge of the physics of acoustic focus-
ing in small droplets is important for the opti-
mization of acoustic droplet vaporization for
therapeutic applications. This is particularly the
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case for attaining activation at low acoustic
pressures, thereby minimizing the negative bio-
effects associated with the use of high-intensity
ultrasound. Moreover, it helps in the design of
droplets: by mixing liquids with different phys-
ical properties, the acoustic impedance may be
tuned through a change of the density of mass
and/or the speed of sound. Using dedicated
waveforms, the amplitudes and phases of the
nonlinear wave at the focus of the beam can be
optimized to obtain maximal constructive inter-
ference within the droplets and obtain maximal
focusing strength at any particular acoustic
input pressure. Moreover, the knowledge of
consecutive droplet vaporization dynamics is
important because it affects the surrounding tis-
sue and may cause damage. It is not only the
acoustic impedance mismatch between the
droplet and the surrounding media that deter-
mines the interior pressure, but also the exterior
of the droplet. Here we have only considered
single droplets, but clouds of droplets may
cause complicated pressure scattering patterns
and may lead to different focusing spots. One
can also think of periodic arrangements of
monodisperse droplets to observe similar dif-
fraction relations as we have with light passing
through crystals.

9.4.3 Radial Vapor Bubble
Expansion

There are three main physical mechanisms that
govern the vapor bubble growth process: phase-
change, heat transfer and inertia. There are also
two phenomena, which can limit vapor bubble
growth. Firstly, the vapor bubble pushes the sur-
rounding liquid as it grows. The force by which
the liquid is pushed is determined by the pressure
which acts on the bubble wall. The surrounding
liquid has inertia, and the vapor bubble growth
rate will be limited by this inertia. Secondly, the
phase-change from liquid to vapor is an endo-
thermic process, requiring heat absorption. The
required heat for vaporization is transferred from

0. Shpak et al.

the liquid around the bubble by cooling the
surroundings. The rate of this process is limited
by heat transfer.

Let us now first have a closer look at inertial
growth limitation. Here we assume that the heat
transfer is high enough to supply the required
energy for the endothermic phase-transition. In
this case the Rayleigh-Plesset equation can be
written as:

kr+lpp =B
2 p

(9.50)

where P is the vapor pressure and P, is the
pressure far away from the bubble wall. We
disregard the surface tension, the sound rera-
diation and the viscosity. The boiling tempera-
ture of the liquid is 7, and the ambient
temperature is 7_ . The liquid is superheated
(T, > T,) sothat P > P_.The vapor pressure
P is a function of the temperature and
assumed to be constant during vapor bubble
growth. Initially the velocity of the bubble wall
R is small, and the first term on the left hand
side of Eq. 9.50 is dominant. After approxi-
mately a few nanoseconds at P, =1.4P,, the
bubble wall velocity reaches its terminal value
and the second term on the right hand side of
Eq. 9.50 becomes dominant.

Terminal velocity is reached at the condition
R — 0. Substituting this into Eq. 9.50 and inte-
grating with the initial condition R(f=0)=0
gives the radius-time dependency of the inertially
limited vapor bubble growth:

R(7) =(2(P"_P°°)j2t (9.51)

3 p

Equation 9.51 is linear with time and is faster for
higher vapor pressures P, , thus at higher ambient
temperatures 7 .

Let us now have a look at the second case,
where we focus on heat transfer and where iner-
tial limitations are neglected. Contrary to the
solution of the inertial problem, the heat transfer
is complicated by the temperature distribution
outside the vapor bubble (Fig. 9.7).
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o

Droplet Water

Fig. 9.7 Schematics of temperature distribution during
the vaporization of a superheated perfluorocarbon droplet
immersed in water. T, is boiling temperature of perfluoro-
carbon, T,, is ambient temperature and d. is effective
thermal boundary layer around the vapor bubble of the
radius R

The temperature distribution changes with
time due to thermal diffusion. In addition, it is
also affected by the expansion of the bubble, as
described by the continuity equation. The effec-
tive thermal boundary layer around the vapor
bubble is determined by (Prosperetti 2011):

6eﬂ' :\/E

where D is the thermal diffusivity of the liquid.
This estimation follows from the thermal diffu-
sion equation and shows that the thermal bound-
ary layer diffuses with time as \/ t. On the vapor
side of the thermal boundary layer the tempera-
ture is 7, , and on the liquid side of the thermal
boundary layer the temperature is 7. . The effec-
tive temperature gradient over the thermal bound-
ary layer is AT/5@,,~ , where AT =T_ —T, is the

(9.52)
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temperature difference. The heat flow | inside
the vapor bubble from the surrounding liquid
caused by the temperature mismatch can be esti-
mated as follows:

W, = 47rR2k£
Dt
where k is the heat transfer coefficient and
47R is the interfacial area.
The latent heat energy per unit time MW,
required to supply the vapor bubble growth is:

(9.53)

dR
W, =4nR’Lp, — (9.54)

dt

. 2 dR .

with L the latent heat, and 47R P, —— the deriv-
ative of the mass, with p the density of the
vapor. Equalizing Eqgs. 9.53 and 9.54, and inte-
grating with the initial condition R(z=0)=0,
gives the radial dynamics of the heat transfer lim-
ited vapor bubble growth:

kAT i
——At
LR,\/B

It is dependent on time ¢ following a square root
behavior, and eventually will become slower than
the inertia limited vapor bubble growth expressed
by the linear dependence by Eq. 9.51. Thus, ini-
tially the vapor bubble growth is limited by the
inertia, and then the vapor bubble growth
becomes limited by the heat transfer. One can
estimate the radius and the time when the transi-
tion of the two regimes occurs by calculating the
intersection of the two curves expressed by the
Egs. 9.51 and 9.55. For typical parameters of
acoustic perfluorocarbon droplet vaporization,
the vapor bubble growth is heat transfer limited
for a typical timescale longer than 1 microsecond
(Fig. 9.8).

When the bubble growth is accompanied by
bubble oscillations due to the ultrasound forcing,
one can observe a phenomenon called rectified
heat transfer. Rectified heat transfer is the net
effect of the decrease of the heat transfer during
the ultrasound half cycle when the vapor bubble
surface contracts, and which is lower than the

R(1)=2 (9.55)
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Fig.9.8 Radius time T
dynamics of the inertial and
the heat transfer limited vapor
bubble growth in superheated I
liquid. The curves are 3F
calculated for
perfluoropentane liquid
(Boiling point 7,,=29 °C) at
35 °C ambient temperature
employing the Egs. 9.51 and
9.55. At t=0.52 ps, the growth
becomes limited by the heat
transfer as it becomes slower 1r
than the growth limited by the I
inertia

Rbubble (um)

0.0 0.2

increase of the heat transfer during the second
half cycle when the surface expands. Here, two
effects come into play; the increment of the bub-
ble wall area during the expansion cycle, and the
increment of the temperature gradient. The incre-
ment of the temperature gradient can be under-
stood in the following way. Let us consider that
the radius of the vapor bubble changes from R,
to R . The change of the thin thermal boundary
layer from 6, to ¢ is then calculated from con-
tinuity: 47R*S = 47R; 5, . This gives (Prosperetti
2011):

R,
R
and from the reciprocal relation for the tempera-
ture gradient:

§=6, (9.56)

AT AT R’

5 &, R
it can be seen that the temperature gradient
increases with the radius squared, R?, i.e. with
the bubble wall area 47R* . Thus, the bubble wall
area and the temperature gradient will both
decrease with R’ when the radius decreases.
However, the net effect is typically positive,
meaning that bubble wall oscillations due to the
interaction with ultrasound will pump additional
heat into the bubble, thereby promoting the
phase-conversion process; the larger the bubble
oscillation amplitude, the stronger the pumping
of additional heat.

(9.57)

0.4 0.6 0.8 1.0 1.2
t (us)
9.4.4

Activation Below Boiling
Point

After the initiation of droplet vaporization by the
focused ultrasound pulse, gas diffuses into the
nucleus/vapor bubble during vapor bubble growth
as perfluorocarbon droplets dissolve air by an
order of magnitude more than water. As was
shown before, vapor bubble growth strongly
depends on temperature. From both Eq. 9.51 and
Eq. 9.55 it follows that the vapor bubble growth
is slower when the ambient temperature is lower,
whereas the dependence of air diffusion on the
temperature is much less pronounced. This means
that at low ambient temperatures (7, <7,), the
air diffusion dynamics becomes comparable to
the evaporation processes.

Here, for simplicity, we only show the bubble
growth dynamics due to gas diffusion, disregard-
ing the evaporation processes and oscillations of
the bubble due to ultrasound forcing. The partial
pressure of gas P, which is in equilibrium with
the saturated gas concentration ¢, dissolved in
the liquid is given by Henry’s law:

P, = He, (9.58)

We assume that the liquid is at a uniform
supersaturated concentration i . The mass flow of
gas into the bubble per unit time is:

dm dc

e

9.59
dt or| _p (.9
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where x is the coefficient of diffusivity of the
gas in the liquid. If p, is the density of the gas in
the bubble, the mass flow can be written as
follows:

dam _ 4nR’p dr

dt dt

One can use the reasonable physical approxi-

mation to calculate the gradient of the concentra-

tion for a bubble interface, which changes in time
by diffusion (Epstein and Plesset 1950):

(9.60)

A T
o, " \R Jnkt

Substitution of Egs. 9.60 and 9.61 into
Eq. 9.59 gives the radial time dynamics equation
for the gas diffusion:

(9.61)

dR _k(e=c)f1, 1
dt p R | Jnxt
The gas bubble shrinks when ¢, <c,, and
grows when ¢, > ¢, . Similar to the rectified heat
transfer problem, gas diffusion into the bubble
can be promoted due to interaction with ultra-
sound. This phenomenon is called rectified diffu-
sion and similar relations can be derived as was
shown in the previous subsection.

(9.62)
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Abstract

Contrast agents for ultrasound are now routinely used for diagnosis and
imaging. In recent years, new promising possibilities for targeted drug
delivery have been proposed that can be realized by using the microbubble
composing ultrasound contrast agents (UCAs). The microbubbles can carry
drugs and selectively adhere to specific sites in the human body. This capa-
bility, in combination with the effect known as sonoporation, provides great
possibilities for localized drug delivery. Sonoporation is a process in which
ultrasonically activated UCAs, pulsating nearby biological barriers (cell
membrane or endothelial layer), increase their permeability and thereby
enhance the extravasation of external substances. In this way drugs and
genes can be delivered inside individual cells without serious consequences
for the cell viability. Sonoporation has been validated both in-vitro using
cell cultures and in-vivo in preclinical studies. However, today, the mecha-
nisms by which molecules cross the biological barriers remain unrevealed
despite a number of proposed theories. This chapter will provide a survey
of the current studies on various hypotheses regarding the routes by which
drugs are incorporated into cells or across the endothelial layer and possible
associated microbubble acoustic phenomena.
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Sonoporation * Ultrasound * Microbubble * Mechanisms

10.1 Introduction

Targeted drug delivery is one of the most impor-
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activity of a drug to the site of action would result
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reduction of the drug dose, and increased treat-
ment efficacy. Currently a great amount of work
is concentrated worldwide on the research of
various targeted drug delivery systems. However,
this goal still remains unachievable.

In recent years, new promising possibilities
for targeted drug and gene delivery have been
discovered that can be realized by using ultra-
sound contrast agents (UCAs). Ultrasound con-
trast agents are micron-sized encapsulated gas
bubbles, which are produced by pharmaceutical
companies for medical ultrasound applications
(Goldberg et al. 2001; Szabo 2004). The encap-
sulation is necessary to prevent the microbubbles
from fast dissolution in blood and from coales-
cence. Currently, contrast agents are used in
ultrasonic diagnostics. In this case, they are
injected into the bloodstream of the patient in
order to increase the contrast between blood
(microcirculation) and tissue during an ultrasonic
examination and thereby to improve the quality
of ultrasonic images and diagnosis confidence.
Recently, specific contrast agents have been
designed, which are capable of selectively adher-
ing to desired target sites in the human body
(Bloch et al. 2004; Klibanov 2006). Adhering to
specific sites or tissues, such targeted agents can
enhance the acoustic differences between normal
and abnormal parts of organs and thereby improve
the detectability of abnormalities, such as lesions,
inflammatory processes and thrombi. Moreover,
targeted contrast agents can carry drugs or genes
on the encapsulating shell. This capability, in
combination with the phenomenon known as
sonoporation, provides unprecedented possibili-
ties for a highly selective therapeutic action. The
term sonoporation denotes a process in which
ultrasonically activated contrast microbubbles,
pulsating nearby cells or biological barriers,
increase their permeability and thereby enhance
the penetration and the extravasation of external
substances (Ferrara et al. 2007; Kaddur et al.
2007). This leads to an increase in vascular per-
meability, thus facilitating the extravasation of
drugs into targeted tissue and hence an aug-
mented drug bioavailability without serious con-
sequences for the cell viability (Fig. 10.1). In
addition, this delivery system promises to be a
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Fig. 10.1 Pictographic essay of sonoporation for drug
and gene delivery (Adapted from Servier Medical Art,
www.servier.fr)

low-cost technology, which is a notable feature of
all ultrasound technologies.

The first experiments on sonoporation date
back to the 1980s, where various ultrasound
(US) exposure conditions were tested blindly at
frequencies ranging from the kHz to the MHz
(Ferrara et al. 2007; Escoffre et al. 2013).
Sonoporation has also been evaluated using
high-pressure amplitude US waves. Since then
and with the recent introduction of contrast
agents, higher frequency US in conjunction
with cavitation has been called on to induce a
range of effects on cells. Extensive examina-
tions have been carried out to evaluate the effi-
ciency of US in combination with contrast
microbubbles for inducing cellular uptake.
Although these results and findings were
achieved in a controlled in-vitro environment,
diagnostic US scanners were also useful for
therapeutic applications of sonoporation, par-
ticularly with the guidance of treatment
afforded by the imaging mode.
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One of the first papers that described the use
of sonoporation with ultrasound and UCAs dates
back to 1997 (Bao et al. 1997). Since then, sev-
eral studies have been reported on this topic, but
so far the exact mechanism of sonoporation
responsible for permeabilization remains unre-
vealed. Available hypotheses suggest that acous-
tic phenomena, such as stable and inertial
cavitation, microstreaming, microjets, and shock
waves are involved in the observed permeabiliza-
tion sequences. All these acoustic phenomena are
induced by the oscillations or destructions of
microbubbles activated by US waves. Although
the results obtained from these studies demon-
strate the potential of sonoporation as a therapeu-
tic strategy, they still provide conflicting
conclusions. Some studies show that inertial cav-
itation is required for the induction of drug
uptake; whilst others show that stable cavitation
is sufficient. Microbubble jetting has been
observed near a cell layer, but its effect on drug
uptake was not really studied. The influence of
microstreaming has rarely been studied in experi-
ments using encapsulated contrast microbubbles,
but there are various theoretical approaches.
Other studies show that standing waves are
required for drug uptake. A few recent reports
have shown that oscillating microbubbles can
deform cells, which could be a trigger for drug
uptake. This suggests that drug uptake can be
induced by several acoustic mechanisms. It has
been reported that the conclusions about the
mechanisms of cell membrane permeabilization
are not straightforward despite numerous papers
using various cell line models, ultrasound sys-
tems and experimental environments. Current
investigations report only on drug uptake, elec-
tron microscopy observations, or cell electro-
physiological measurements but do not address
the relationship between microbubble acoustic
behavior and drug uptake.

In this chapter, firstly we will present various
acoustic phenomena that originate from the inter-
action of ultrasound waves and microbubbles and
that are likely to be involved in the permeabiliza-
tion of the cell membrane. In the second part,
various assumed mechanisms by which mole-
cules or drugs extravsate through the cell
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membrane and enter into the cytoplasm after
sonoporation will be discussed. Finally, we will
give a number of examples of in-vivo applica-
tions of sonoporation.

10.2 Mechanisms of Barrier
Permeabilization
and Molecular Delivery

Sonoporation was first demonstrated in the late
80s where kHz frequency ultrasound was evalu-
ated for molecular uptake. This finding was origi-
nal, although the efficiency of this approach was
not fully proved. Following the introduction of
ultrasound contrast agents in the late 90s, micro-
bubbles were thought to be associated with a
higher molecular uptake. Indeed, microbubbles,
which are known to be a pure intravascular tracer,
do not cross the endothelial barrier. However,
their oscillations next to the endothelial layer
might induce the permeabilization of the vessel
wall. At the cellular level, microbubble oscilla-
tions increase the cell membrane permeability
transiently. The availability of different contrasts
and various protocols led to a large diversity of
results on molecular uptake and efficiency ren-
dering the comparison between them nearly
impossible. It is believed that contrast microbub-
bles can be used as a nuclei trigger to enhance the
delivery of drugs and molecules through the bio-
logical barriers. Nevertheless, the diversity of the
insonation parameters did not allow providing
precise conclusions and comparisons between
various experimental conditions.

Although the sonoporation efficiency in per-
meabilizing the cell membrane was demon-
strated, mechanisms behind the action of
ultrasound and microbubbles were not clearly
identified. Therefore several groups were engaged
in elucidating the mechanisms responsible for
cell membrane permeabilization caused by ultra-
sound and microbubble insonation. Current
investigations report only on drug uptake, elec-
tron microscopy observations, or cell electro-
physiological measurements but do not address
the relationship between microbubble acoustic
behavior and drug uptake.
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10.2.1 Acoustical Phenomena

Various microbubble acoustic phenomena have
been explored and studied to determine their
involvement in the sonoporation mechanisms.
Microstreaming, microjets, stable and inertial
cavitations have been proposed as possible candi-
dates in the transient or permanent permeabiliza-
tion of the cell membrane. All these acoustic
phenomena are induced by the oscillations or
destructions of microbubbles activated by US
waves.

One of acoustic phenomena that might impact
mechanically on the cell membrane to make it
permeable is acoustic microstreaming. When a
bubble is driven acoustically, it is known to gen-
erate steady vortical flows in the surrounding liq-
uid. It has been suggested that this phenomenon,
called acoustic microstreaming, plays an impor-
tant role in various biological effects of ultra-
sound, such as hemolysis, sonothrombolysis and
sonoporation. Early experimental investigations
into this phenomenon go back to the work of
Kolb and Nyborg (1956) and Elder (1959), where
the dependence of acoustic microstreaming on
certain parameters (e.g., amplitude of sound) was
determined and observations of microstreaming
patterns for various amplitudes and viscosities
were made. Hughes and Nyborg (1962) were the
first to show that bubble-induced vortex stream-
ing can be used for disruption of cells in suspen-
sion. Pritchard et al. (1966) established that the
number of breaks occurring in DNA molecules
was directly related to velocity gradients of
acoustic microstreaming. These effects were
attributed to shear stresses exerted on cells and
large molecules by the microstreaming. Further
insights into this mechanism were given by
experiments of Rooney (1970, 1972) on hemoly-
sis produced by a single air bubble in an erythro-
cyte suspension.

The progress of experimental studies on
microstreaming can be traced in works by Nyborg
(1978), Liu et al. (2002), Tho et al. (2007), Wu
and Nyborg (2008), Collis et al. (2010) and Wang
et al. (2012). Wu et al. (2002) used a Mason horn
with a 0.4 mm probe tip vibrating at 21.4 kHz.
The transverse displacement amplitudes were
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Fig. 10.2 Acoustic microstreaming around an air bubble
as recorded with PIV using ultrasound at 28 kHz and 7 kPa

greater than 7.8 pm and produced shear stresses
on the Jurkat cell suspension due to microstream-
ing. The authors believe that the generated
microstreaming around the probe tip was the main
reason for the cell reparable sonoporation, induc-
ing the uptake of fluorescent dextran molecules.
The threshold was estimated to be 12 Pa for an
exposure time of up to 7 min (Ross et al. 2002).

Shear stresses generated by relatively large
bubbles have been recorded using a particle
imaging velocity (PIV) system. The PIV mea-
surements were performed for bubbles of differ-
ent sizes ranging from 200 to 400 pm (Novell
et al. 2011). The results showed that the flow
velocity exhibited a first peak near the bubble
resonance. For this bubble, the shear stress is also
maximal. The experimental measurements also
revealed a second peak for bubbles larger than
the resonance size but with lower amplitude.
Figure 10.2 demonstrates an example of PIV
images showing the microstreaming generated
around a bubble of 200 pm in diameter at 28 kHz
and an acoustic pressure of 7 kPa.

First theoretical studies on bubble-induced
microstreaming were performed by Nyborg
(1958). In particular, his theory gives a formula
for shear stresses exerted on a rigid plane by a
pulsating hemispherical bubble resting on this
plane. This formula was used by Rooney (1972)
for estimating shear stresses experienced by cells
near a pulsating bubble. To apply Nyborg’s
formula to nonlinear bubble oscillations, Lewin
and Bjgmg (1982) suggested combining
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Nyborg’s formula with the Rayleigh-Plesset
equation. The combination of Nyborg’s formula
with the de Jong shell model was used by Wu
(2002) to estimate shear stresses generated by
contrast agent microbubbles. It was pointed out
by Doinikov and Bouakaz (2010c) that the use of
Nyborg’s formula, which was derived for a hemi-
spherical bubble, is not correct in the case of an
encapsulated bubble. To solve this problem, they
recalculated Nyborg’s formula for the case of a
spherical bubble being at a distance from a rigid
plane. The same result, in a simplified formula-
tion, was obtained by Yu and Chen (2014).
Numerical simulations of shear stresses produced
by free and encapsulated bubbles on a rigid wall
were performed by Krasovitski and Kimmel
(2004) using the boundary integral method. They
came to the conclusion that the bubble-induced
stress is several orders of magnitude greater than
the physiological stress induced on the vessel
wall by the flowing blood.

There are a number of theoretical models for
the velocity and stress fields of acoustic
microstreaming that is developed around a bubble
in an unbounded liquid. Davidson and Riley
(1971) derived equations for microstreaming gen-
erated by a bubble undergoing translational har-
monic oscillations. Wu and Du (1997) and
Longuet-Higgins (1998) considered the case of a
bubble undergoing translational and radial oscil-
lations. Maksimov (2007) extended the result of
Longuet-Higgins (1998) so as to include the effect
of parametrically excited surface modes of high
order. Liu and Wu (2009) applied the approach of
Wu and Du (1997) to calculate microstreaming
produced by an encapsulated bubble. Doinikov
and Bouakaz (2010a, b) extended the results of
Wu and Du (1997) and Liu and Wu (2009) by tak-
ing into account shape oscillations and removing
restrictions such as the assumption that the thick-
ness of the viscous boundary layer surrounding
the bubble is much smaller than the radius of the
bubble. Doinikov and Bouakaz (2010b) also
derived equations for acoustic microstreaming
generated by a bubble in the presence of a distant
rigid wall. They showed that the presence of the
wall can change the amplitude and the phase of
the bubble oscillations in such a way that the
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intensity of acoustic microstreaming is increased
considerably as compared to that generated by the
same bubble in an infinite liquid.

The shear mechanism has also been investi-
gated optically. The interaction of an oscillating
microbubble with cells has been observed with a
high-speed camera (van Wamel et al. 2004). The
observations with the use of endothelial cells
revealed a strong mechanical action of SonoVue
microbubbles insonified with a single ultrasound
burst at 1 MHz and 0.9 MPa acoustic pressure.
This action induces oscillatory stresses that pull
and push the cell membrane, termed here cellular
massage, and likely trigger various cellular and
intracellular responses.

Besides microstreaming and shear stresses,
other acoustic phenomena related to microbubble
oscillations have been regarded as possibly
responsible for or involved in the sonoporation
mechanisms and effective in permeabilizing the
cell membrane at megahertz frequencies and at
acoustic pressures as low as a few MPa. Shock
waves and liquid microjets generated in the course
of inertial cavitation are among such phenomena.

Although the dominant hypothesis is now that
sonoporation is caused by shear stresses exerted
on the cell membrane by acoustic microstream-
ing, there are suggestions that pressure shock
waves and liquid microjets generated by cavitat-
ing bubbles make a contribution as well. Interest
in the above phenomena goes back to applied
hydrodynamic problems such as cavitation dam-
age of ship propellers and hydraulic turbine
blades and ultrasonic cleaning of contaminated
surfaces. The literature on the subject is very
expensive. There are a number of reviews, writ-
ten in different years, that describe at length
available experimental observations: Plesset and
Prosperetti (1977), Mgrch (1979), Blake and
Gibson (1987), Leighton (1994), Brennen (1995)
and Lauterborn and Kurz (2010). Experimental
estimates show that the spherical shock wave
produced by a collapsing bubble may have an
amplitude of up to 1 GPa but this shock so rapidly
dies down that its impact may be significant only
at distances of about the initial bubble radius.
However, in a concentrated bubble cluster, the
combined shocks from many collapsing bubbles
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can cause damage at much greater distances. The
feasibility of this process was supported by the
experimental observations of Brunton (1967),
Vyas and Preece (1976) and Shima et al. (1983).

A hypothesis that the asymmetric collapse of a
bubble might generate a liquid microjet was first
put forward by Kornfeld and Suvorov (1944).
The first experimental and theoretical evidence of
this phenomenon was provided by Naudé and
Ellis (1961) and later Benjamin and Ellis (1966).
Modern experimental techniques reached the
stage where collapsing bubbles can be filmed at
framing rates of up to 100 million frames per sec-
ond: see Lauterborn (1972), Vogel et al. (1989),
Field (1991), Ohl et al. (1999) and Lindau and
Lauterborn  (2003). Particularly impressive
experiments were performed by Lindau and
Lauterborn (2003). They observed the bubble jet-
ting and shock wave emissions using high-speed
cinematography of laser-produced cavitation
bubbles near a rigid boundary. Experiments in
which the effect of a compliant elastic boundary
on the bubble collapse is investigated are reported
by Brujan et al. (2001a, b). In particular, Brujan
et al. observed that the interaction of a collapsing
bubble with a boundary consisting of a polyacryl-
amide gel with 80 % water concentration could
lead to, depending on conditions, bubble split-
ting, formation of liquid jets away from and
towards the boundary, and jet-like ejection of the
boundary material into the surrounding liquid.

Much work has been done on numerical mod-
eling of bubble collapse and jet formation. Most
numerical studies are based on various modifica-
tions of the boundary integral method and focus
on modeling the aspherical collapse of a bubble
near a rigid boundary with the formation of a lig-
uid jet. Comparisons of measured and simulated
results, for example, those made by Lauterborn
and Bolle (1972) for the bubble shape at the ini-
tial stages of the collapse and Vogel et al. (1989)
for liquid flow velocities during the jetting pro-
cess, demonstrate good agreement.

Biomedical applications have given new
impetus to studies on shock waves and microjets
generated by cavitating bubbles. Kudo et al.
(2009) reported that the generation of liquid
microjets caused cell membrane perforation.
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Similar results were reported previously by Ohl
et al. (2006). They investigated experimentally
the interaction of a cell monolayer in the culture
dish with ultrasound at high peak negative acous-
tic pressures (4 MPa) and observed that the high
intensity ultrasound caused the detachment of
cells at the focal depth. Using optical observa-
tions, they observed cell removal and showed the
cells at the edge of the area became permanently
porated and the surrounding cells incorporated
the fluorescent marker, calcein. These observa-
tions were associated with the collapse of large
cavities, which generated a strong fluid flow field.
In a separate study, these cavities were assumed
to be of the order of tens of micrometers as
described by Le Gac et al. (2007).

Koshiyama et al. (2006, 2008) conducted a
series of full atomistic molecular dynamics simu-
lations of cell membrane models (lipid bilayers)
subject to shock waves. They observed that shock
impulses caused the compression and the rebound
of the lipid bilayer in the course of which water
molecules penetrated inside the hydrophobic
core of the membrane. However, in none of these
simulations, the formation of transient hydro-
philic pores in the membrane occurred. It
remained unclear if this was due to a rather small
size of the patches considered in the simulations
but in a more recent study, Koshiyama et al.
(2010) have shown that such pores could form
during the reorganization of a bilayer soaked
with water. This effect was suggested as a possi-
ble mechanism of sonoporation, provided that
shock waves lead to fast (subnanosecond) pene-
tration of a huge quantity of water into the lipid
hydrophobic region. However, it should be men-
tioned that their simulations did not consider the
presence of gas microbubbles.

10.2.2 Hypothesized Impacts
of Acoustic Phenomena
on Cell Membrane
and Molecular Uptake

The mechanisms involved in the sonoporation
process and the cell membrane permeabilization
remain poorly identified. Although no consensus
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has been reached, several scenarios have been
hypothesized, such as the formation of pores, fur-
ther stimulation of endocytotic pathways and the
occurrence of membrane wounds. Elucidating
the mechanisms responsible for the delivery of
compounds to cells and the kinetics of permeabi-
lization is essential for improving and controlling
this therapeutic strategy.

10.2.2.1 Pore Formation

One of the earliest reports on the formation of
pores on the cell membrane after ultrasound
insonation dates to (1999). The study showed that
applying ultrasound at 255 kHz to a suspension
of HL-69 cells in presence of photosensitive drug
induced cell porosity where craters were observed
on the cell membrane. The authors concluded
that such holes or craters are responsible for cell
killing.

In 2005, the group from Bracco reported the
formation of small pores in the nanometer range
on MAT B III cells (2005). Using dextran mark-
ers of various sizes as drug mimics, they con-
cluded that molecules of a diameter ranging from
11 to 37 nm crossed the membrane and entered in
the cell through the formation of small pores. The
group from Gent University (Geers et al. 2011)
studied the transduction of cells by means of
adeno-associated-virus (AAV) as a vector, which
totally relies on the receptor-mediated endocyto-
sis to successfully transducer the cells using
BLM melanoma cells. They made the use of
pegylated AAV, which reduces strongly the endo-
cytosis of AAV. The cells were then tranducted
using the BacMam™ 2.0 technique (GFP-
reporter gene targeting the Rab5a). They observed
no significant colocalization of these red-labeled
vectors with the green-labeled endosomes, as no
merged green and red (orange) signals could be
observed inside the cells meaning that molecules
ranging from 20 to 30 nm entered through pores
only. These results are in contradiction with those
reported earlier by the Dutch team (Meijering
et al. 2009). By studying the cellular localization
of fluorescent dextrans after sonoporation, they
found that the smaller dextran molecules of 4.4
and 70 kDa were homogeneously distributed
throughout the cytosol. This is similar to the
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cellular distribution found after the microinjec-
tion of dextran molecules from 3 to 70 kDa
(3-8 nm) into the cytosol indicating that during
sonoporation, the small dextran molecules enter
cells via transient pores in the cell membrane. In
contrast, dextran molecules of 155 and 500 kDa
(>17 nm) were mainly localized in vesicle-like
structures after sonoporation, indicating that the
larger dextrans might be taken up via endocyto-
sis. When these dextran molecules had entered
via pores, a homogeneous cytosolic distribution
would be expected, comparable to the distribu-
tion of these dextran molecules after microinjec-
tion. They concluded that molecules of a size less
than 17 nm entered through pores while mole-
cules larger than 17 nm entered through endocy-
tosis pathways. Nevertheless, they did not
indicate which endocytosis pathways might be
involved.

Zhou et al. (2012) used controlled manipula-
tion techniques to correlate the ultrasound-
generated bubble activities with the cell membrane
poration using Xenopus oocyte. They attributed
the change in membrane permeability to a sub-
micrometer pore caused by a local membrane rup-
ture formed by bubble collapse or bubble
compression depending on ultrasound amplitude
and duration. The study was extended to investi-
gate the sonoporation and to quantify the size and
the resealing rate of the pores on a single cell
using cell-attached microbubbles (2012).

Recently, Hu et al. (2013) have shown by
using a cell/microbubble ratio of 1:1 that a local-
ized perforation of the cell membrane occurs
immediately upon application of a 10-cycle ultra-
sound pulse. It was also demonstrated that the
pore creation (5.3 pm long axis diameter) was
synchronized with the time of bubble collapse.
This membrane disruption is transient as mem-
brane releasing commenced within 5 s after the
incidence of sonoporation, and took between 6
and 20 s to be fully restored. In contrast, large
pores (12-32.6 pm) appeared following sonopor-
ation, but did not reseal.

10.2.2.2 Endocytosis
Endocytosis pathways have been hypothesized as
a mechanism of a potential plausible route for
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Fig.10.3 Cell membrane potential after ultrasound insonation (leff) and ultrasound and SonoVue microbubbles (right)

molecule incorporation into cells after sonopora-
tion. A number of cellular reactions observed
after ultrasound activation were attributed to
molecular uptake, including ion exchange, hydro-
gen peroxide and cell intracellular calcium
concentration.

Fluorescence (Lionetti et al. 2009; Meijering
et al. 2009; Paula et al. 2011) and electron micros-
copy (Saito et al. 1999; Mehier-Humbert et al.
2005; Duvshani-Eshet et al. 2006; Yang et al.
2008; Hauser et al. 2009) studies showed an
exceedingly high amount of endocytic vesicles
and clathrin coated pits in sonicated cells group,
while control cell sections showed single endo-
cytic vesicles. It is believed that Ca?* controls the
uncoating of clathrin-coated pits, thus high con-
centrations of calcium in the cytosol are thought
to trigger the uncoating of endocytic vesicles.
Therefore, calcium presumably plays a crucial
role in the turnover of clathrin-coated vesicles
(Hauser et al. 2009).

Tran et al. (2007) investigated the implication
of endocytosis routes in the sonoporation mecha-
nisms. Ruptured-patch clamp whole-cell tech-
nique was used to measure membrane potential
variations of a single cell in the presence of
SonoVue microbubbles after application of ultra-
sound waves at 1 MHz. Microbubbles and cells
were simultaneously video monitored during
ultrasound exposure. The results displayed in
Fig. 10.3 showed that, during sonoporation, a

marked cell membrane hyperpolarization occurs
at negative pressure amplitudes above 150 kPa,
indicating the activation of specific ion channels,
while the cell and the microbubbles remain via-
ble. The hyperpolarization was sustained for as
long as the microbubbles were in a direct contact
with the cell and the ultrasound waves were
transmitted. Smaller acoustic amplitudes induced
only mild hyperpolarization, whereas shutting off
the ultrasound brought the cell membrane poten-
tial to its resting value. However, ultrasound
alone did not affect the cell membrane potential.

A similar hyperpolarization of the cell mem-
brane was observed when mechanical pressure
was applied to the cell through a glass probe
(Fig. 10.4). The change in cell membrane poten-
tial indicates the activation of specific ion chan-
nels and depends on the quality of microbubble
adhesion to the cell membrane. The use of IbTx
showed that microbubbles induced a mechanical
stretch activating BKc, channels. Simultaneous
Ca>* measurements indicate a slow and progres-
sive Ca?* increase, which is likely to be a conse-
quence of BK(, channels opening but not a cause.
In conclusion, these results demonstrate that
microbubble oscillations under ultrasound acti-
vation entail the modulation of cellular function
and signaling by triggering the modulation of
ionic transports through the cell membrane. Cell
response to the mechanical stretch caused by
gentle microbubble oscillations is characterized
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application of manual
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Cell

by the opening of BKc, stretch channels and a
Ca* flux, which might potentially trigger other
cellular reactions responsible for membrane
sonopermeabilization.

Juffermans et al. (2006) have observed chemical
stress by inducing the formation of free radicals. A
significant increase in the production of H,0, after
ultrasound-exposed MBs compared with US alone,
inducing Ca?* influxes and thus cell membrane per-
meabilization. At physiological [Ca?*]y, ultrasound
application caused immediate [Ca*"]; transients in
some cells, followed by delayed initiation of [Ca?*];
transients in other surrounding cells (Kumon et al.
2009; Fan et al. 2010). The delay time can be up to
1 min or more. In addition, significant calcium
transients and waves were distinctly correlated spa-
tially and temporally with the application of ultra-
sound and only occurred in the presence of
microbubbles. Furthermore, cell-to-cell contact is
not always necessary for calcium waves to occur
(Sauer et al. 2000).

Similar results have been reported by
Juffermans et al. (2008), in which they demon-
strated that US-exposed microbubbles caused an
influx of calcium ions and local hyperpolariza-
tion of the cell membrane in rat cardiomyoblast
cells. The same group reported in 2009
(Juffermans et al. 2009), using the same cells, the
effect of oscillating microbubbles on a number of
cellular parameters. They demonstrated increased
membrane permeability for calcium ions, with an
important role of hydrogen peroxide (H,O,).
Further changes in ROS homeostasis involved an
increase in intracellular H,O, levels, protein
nitrosylation and a decrease in total endogenous
glutathione levels.

It has long been reported that during micro-
bubble collapse, extremely high pressures on the

10mv

Membrane potentiel [mV]

order of hundreds of atmospheres and extremely
high temperatures on the order of thousands of
degrees Kelvin are generated in the vapor phase
inside the bubble. These processes were shown to
produce under certain conditions highly reactive
free radicals. The results of spin-trapping and
electron spin resonance studies provided evi-
dence for the formation of hydroxyl radicals OH"
and hydrogen atoms H' during the sonolysis of
aqueous solutions (Makino et al. 1982; Didenko
and Suslick 2002). Sonochemistry reports in fact
several primary reaction mechanisms that are
believed to occur during sonication:

H,0= H" +0H"
H +H < H,
OH' +0OH" & H,0,
H'+0, & HO,
H® +HO, = H,0,
HO; +HO; < H,0,+0,
H,0" +OH" & H,0,+H"

These reactions have been considered in
sophisticated models to explain experimentally
observed sonochemical phenomena (Didenko
and Suslick 2002). Comparing three clinically
used US contrast agents, Hassan et al. (2010)
showed that both shell elasticity and reactivity
played a role in modulating the extent of
ultrasound-induced free-radical formation. The
role of free radicals in the phenomenon of cell
membrane permeabilization was also assessed
using ultrasound alone (Lionetti et al. 2009). The
authors showed that ultrasound at high intensities
(mechanical index >1) was able to enhance endo-
thelial caveolar internalization of recombinant
EGFP fusion protein, while free-radical
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Fig.10.5 SEM Observations of U-87 MG cells insonified with ultrasound in the presence of BR14 microbubbles. The
cells were fixed immediately, and then at different time points after sonoporation

generation inhibitors, such as catalase and super-
oxide dismutase, reduced the induced internal-
ization by a 49.29 % factor.

Taken together, these results indicate that
sonoporation induces an activation of ionic chan-
nels, formation of hydrogen peroxide and influx
of calcium ions. These cellular reactions are
known to be directly related to endocytosis. More
recently, the implication of caveole-endocytosis
pathways in the mechanisms of cell membrane
permeabilization using ultrasound and microbub-
bles has been hypothesized. In this study, scan-
ning electron microscopy (SEM) was used to
investigate the dynamic ultra-structural modifica-
tions of cell membranes, induced by sonopora-
tion (Zeghimi et al. 2012). The study showed that
sonoporation in the presence of microbubbles
induced the formation of a significant number of
permeant structures (TPS) at the membrane level.
These structures were transient with a half-life of
15 min and had a heterogeneous size distribution
ranging from a few nanometers to 150 nm
(Fig. 10.5). The number and the size of these
structures were positively correlated with the
enhanced intracellular uptake of non-permeant
molecules (Sytox Green).

Transmission electron microscopy (TEM)
images showed a large number of uncoated pits at

the plasma membrane level of the cells, which
suggests that sonoporation probably increases the
native permeability of plasma membranes
through caveolae-dependent endocytosis path-
ways (Fig. 10.6a, b). This was confirmed when
the cells were incubated with Genistein, a spe-
cific inhibitor of caveolae-endocytosis pathway.
The number of uncoated pits for sonoporated
cells pre-treated with genistein decreased signifi-
cantly as compared to sonoporated cells without
genistein incubation, thus suggesting that sono-
poration stimulated the caveolae-dependent
endocytosis.

10.2.2.3 Membrane Wounds
Tachibana et al. (1999) studied the structure of
the cell surface with scanning electron micros-
copy after exposure to continuous wave ultra-
sound at low frequency (255 kHz). They showed
that the cytoplasm of sonicated cells in the pres-
ence of a photosensitive drug appeared to get
squeezed out through the cell surface, probably
due to extensive cell membrane disruptions.
These cells seemed to be non viable anymore.
Other studies using microscopic imaging
and physical methods, such as shear forces,
mechanically created wounds of sub-micrometer
radius in the plasma membrane, through which
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molecules loading occurred (Fechheimer et al.
1987; Zarnitsyn et al. 2008). These wounds
are resealed in time by the aggregation and the
fusion of lipid vesicles trafficked to the wound
site using an active cellular repair processes
(McNeil and Terasaki 2001). Theoretical mod-
eling predicted that membrane wounds would
have a 300 nm radius initially, then they would
shrink, with a half-life of 20-50 s, and then they
are completely resealed in 900 s after sonica-
tion (Zarnitsyn et al. 2008). They assumed that
(i) after the first second of cell wounding, the
only mechanism governing the transport on the
scale of seconds and minutes is passive diffu-
sion through long-lived wounds in the plasma
membrane, (ii) a “sufficiently large” number of
nanopores are present in the wound, and (iii) the
transport to and from the wound surface is rate-
limiting; it is relatively fast because diffusion
through the 5-nm-thick nanopores should be fast
relative to diffusion between the bulk solution
and the wound area.

Furthermore, Schlicher et al. (2010), using
SEM, Cryo-SEM and LSCM (Laser Scanning
Confocal Microscopy) on DU145 prostate-cancer
cells, have reported that wounded cells produced
spherically protruding “balloons” and “blister”

blebs which pinched off into the extracellular
environment at the sites of plasma membrane dis-
ruption. The balloon blebs might contain small
round lipid vesicles derived from endoplasmic
reticulum, indicating that the blebs accessed the
cytosol, while the “blister” blebs were created by
lipids integrated with the plasma membrane and
filled with clear fluid. Moreover, a loss or disrup-
tion of actin at sites of blebs formation was
observed. In addition, this study reports that
acoustic cavitation can also lead to multiple types
of membrane blebbing, formation of perikarya,
nuclear ejection and instant cell lysis, depending
on the degree of wounding incurred.

Most of cells are able to reseal their mem-
brane wounds, despite the damages of their
plasma membrane (Andrew et al. 1999; Wu et al.
2002). The resealing of large wounds is similar to
resealing processes to repair membrane patches
damaged by micropipette insertion into a cell
(McNeil and Steinhardt 2003). The repair of
these wounds requires the recruitment of intra-
cellular vesicles to the site of disruption and this
process is ATP-dependent (Zarnitsyn et al. 2008).
Also, it has been reported that the cell recovery
after wounding might be related to bleb forma-
tion (Schlicher et al. 2010).
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Conclusions
Sonoporation of cells and tissues by ultrasoni-
cally activated microbubbles is a fascinating
phenomenon, which has intrigued many
research laboratories worldwide in the last 15
years. More than 150 papers have been pub-
lished on sonoporation in-vitro. Sonoporation
was achieved using low frequency ultrasound
(of the order of tens of kHz), shockwave litho-
tripters, medical therapeutic or even diagnos-
tic ultrasound systems and various purpose
built laboratory systems in the low MHz fre-
quency range. The sonoporation activity can
be generated by pre-existing cavitation nuclei,
but better control of the process is achievable
by adding stabilized microbubbles to the
medium, such as ultrasound contrast agents.

The interaction of ultrasound and cells in
the presence of contrast microbubbles induces
a modulation of cell membrane permeability
and as a result, molecules, which normally do
not cross the barrier (cell membrane, endothe-
lial layer), do penetrate into the cell. The
transfer of these molecules seems to occur in
association with various acoustic phenomena
such as microstreaming, shear stress, shock-
waves and microjets or a combination of them.

Despite a significant scientific progress dur-
ing the last few years in the understanding of
the cell-ultrasound and microbubble interac-
tion, the mechanisms by which the molecules
cross the biological barrier and enter into the
cell cytoplasm after sonoporation are still not
reasonably understood and no consensus is
reached yet. Today, various hypotheses, includ-
ing (i) non-selective poration of the cell mem-
brane, (ii) endocytosis stimulation and (iii)
formation of large cell membrane wounds,
have been proposed. Moreover, there are vari-
ous diverging reports on the duration of the
permeabilization process after sonoporation.
Some studies indicate transient permeabilizaa-
tion of a few seconds to minutes while other
reports mention much longer permeabilization
durations of up to 24 h.

A number of molecules have transferred
into cells with sonoporation including Different
molecules have been transferred into cells

A.Bouakaz et al.

using sonoporation, including small fluores-
cent molecules, RNA, plasmid DNA, plasmid
lipoplexes, nanoparticles, anti-cancer drugs,
anti-bodies and viruses. The types of sonopor-
ated cells vary from primary cells in suspen-
sion or adherent configurations to bacteria and
cancer cells. Sonoporation has been evaluated
in various applications for gene and drug deliv-
ery and, as a result, many organs have been
targeted with most of the applications directed
to tumor, heart, brain and skeletal muscle.

In conclusion, although sonoporation has
been extensively investigated with the aim of
delivering therapeutic compounds and treat-
ing a number of pathologies, it is prudent to
consider that the interaction of ultrasound and
gaseous microbubbles with cells involves a
degree of randomness and can sometimes
engender lethal effects. It has been shown that
sonoporated cells might undergo apoptosis,
have poor cloning efficiency or can suffer
from malfunction. Therefore, safety remains
an important factor to be addressed before
implementing the current results and the tech-
nology into the clinic.
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Abstract

The role of ultrasound contrast agents (UCA) initially designed for diag-
nosis has evolved towards a therapeutic use. Ultrasound (US) for triggered
drug delivery has many advantages. In particular, it enables a high spatial
control of drug release, thus potentially allowing activation of drug deliv-
ery only in the targeted region, and not in surrounding healthy tissue.
Moreover, UCA imaging can also be used firstly to precisely locate the
target region to, and then used to monitor the drug delivery process by
tracking the location of release occurrence. All these features make UCA
and ultrasound attractive means to mediate drug delivery. The three main
potential clinical indications for drug/gene US delivery are (i) the cardio-
vascular system, (ii) the central nervous system for small molecule deliv-
ery, and (iii) tumor therapy using cytotoxic drugs. Although promising
results have been achieved in preclinical studies in various animal models,
still very few examples of clinical use have been reported. In this chapter
will be addressed the aspects pertaining to UCA formulation (chemical
composition, mode of preparation, analytical methods...) and the require-
ment for a potential translation into the clinic following approval by regu-
latory authorities.
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11.1 Introduction

Gas microbubbles have long been used as ultra-
sound contrast agents (UCA). These can be made
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(e.g., sulfurhexafluoride or perfluorobutane).
Their size ranges typically between 2—8 pm (i.e.,
below red blood size diameter), and thus are con-
sidered as pure blood pool agent. These stabi-
lized gas bubbles proved to be useful in many
different clinical contexts where imaging of per-
fusion is desired, such as for the characterization
of liver diseases (Burns et al. 2000; Tranquart
et al. 2008), left ventricular opacification (Senior
et al. 2000; Kitzman et al. 2000) or response of
malignant tumors to therapy (Lassau et al. 2007).
In recent years, the role of these microbubbles
has expanded beyond their primary role in diag-
nostics to potentially provide new options for
therapeutic purposes. The three main clinical
indications for drug/gene US delivery are (i) the
cardiovascular system (Unger et al. 2014), (ii) the
central nervous system for small molecule deliv-
ery (Aryal et al. 2014; Liu et al. 2014), and (iii)
tumor therapy using cytotoxic drugs (Ibsen et al.
2013a). All these applications rely on the
mechanical properties of UCA when exposed to
ultrasound. Indeed, when insonified under spe-
cific ultrasound regimen, UCA undergo oscilla-
tions inducing acoustic cavitation, allowing an
increase in cell membrane permeability in the
close vicinity of the UCA. This enables drugs to
cross the membrane, thus penetrating into cells
and ultimately inducing a therapeutic effect. On
the same principle, UCA can also act on vessel
permeability for promoting drug access to the
extracellular space. Recent promising studies
exploiting this property showed that UCA were
able to transiently open the blood brain barrier
(BBB) for drug delivery to the brain (Liu et al.
2014). Another emerging application is
sonothrombolysis (STL), where UCA are used to
promote blood clot lysis, leading to recanaliza-
tion of previously occluded vessels and ulti-
mately improved long-term outcome. This could
become of a major clinical interest in the context
of ischemic stroke or myocardial ischemia.
Besides UCA, use of ultrasound (US) for trig-
gered drug delivery has many advantages. In par-
ticular, it enables a high spatial control of drug
release; since the US beam can be focused as
such that it represents only a few cubic millime-
ters of volume. Thus, it potentially allows
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activation of the drug delivery only in the tar-
geted region, and not in the surrounding healthy
tissue. Moreover, imaging of UCA can be used to
firstly precisely locate the target region, and then
used to monitor the drug delivery process by
tracking the location of release occurrence. All
these features make UCA and ultrasound an
attractive means to mediate drug delivery.

In the course of all these developments, it
appeared obvious that requirement for an effi-
cient therapeutic agent based on UCA could be
different than what is needed for an imaging
agent. In particular, known limitations of UCA
are limited payload, short half-life, size restrain-
ing their action exclusively to the vascular bed
and poor response to ultrasound exposure due to
a polydisperse diameter. Whereas these features
are typically less critical for imaging purposes
due to the exquisite sensitivity of imaging sys-
tems, they are prone to affecting the potency of
UCA for drug/gene delivery. This has prompted
different groups to focus on the design of UCA
for therapeutic use. The topic of drug delivery
using microbubble-assisted ultrasound has been
addressed in several recent reviews (Lentacker
et al. 2014; Sirsi and Borden 2014; Rychak and
Klibanov 2014). This is also addressed in detail
in different chapters of this book.

The purpose of this chapter is more to focus
on the aspects of UCA formulation (chemical
composition, mode of preparation, analytical
methods...) and the requirement for a potential
translation into the clinic following approval by
regulatory authorities.

11.2 Formulation
11.2.1 General Consideration

11.2.1.1 Shell Components

Shell component selection is important. Semi-
synthetic lipids will be favored because of their
non-animal origin. Addition of a lipopolymer mol-
ecule (e.g., PEGylated lipids) will improve blood
circulation lifetime, but will potentially also impair
drug loading mediated through non-covalent
adsorption, such as hydrophobic or electrostatic
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associations. Of interest, manufacturing process
and nature of the shell components can also impact
the shell membrane homogeneity. Indeed, this was
nicely illustrated when microdomain, resulting
from sequestration of some lipids, could promote
heterogeneity in the UCA shell (Kim et al. 2003).
In the same trend, it was recently demonstrated
that replacing distearoylphosphatidylcholine
(DSPC) by diphosphorylphosphatidylcholine
(DPPC) in DSPE-PEG2000-biotin microbubbles
yielded a more homogenous distribution of biotin
ligands, as probed with fluorescently labeled strep-
tavidin (Kooiman et al. 2014). As a consequence,
this could affect the actual loading efficiency of
the prepared UCA by restraining drug loading to a
limited surface area at the UCA surface. Specific
lipid mixtures or manufacturing conditions (heat-
ing) could be investigated in order to alter this
heterogeneity.

11.2.1.2 UCA Stability and Lifetime
UCA bloodstream lifetime has considerably
improved over the past years, now providing
good imaging time frames in the range of a few
minutes. However, for drug delivery this lifetime
might not be optimal to allow release of the thera-
peutic agent, and thus to mediate the desired bio-
logical effect. In that sense, polymeric UCA may
provide improved circulation time, but con-
versely, release of drug load from the polymeric
shell must be carefully assessed. Indeed, upon
destruction most of the shell remains intact (see
below for details). Moreover, UCA with thick
and rigid shells (such as protein or polymer-
shelled) usually display poor oscillation behav-
ior, unlike lipid-shelled UCA. This will likely
have an impact on the cavitation effect induced
by ultrasound, and thus their potency to promote
a therapeutic effect. It has also been shown that
these thick shelled-agents might display a higher
loading capacity compared to soft shell agent.
Gas nature is an important player for the life-
time and stability, and a mixture of perfluorocar-
bon and nitrogen could be preferable to limit the
risks of UCA size modification resulting from
exchange with soluble nitrogen present in bio-
logical fluids. As such, these size changes might
induce different responses to the same driven
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acoustic frequency, and thus might become less
sensitive to ultrasound activation.

Since multiple passages are necessary to allow
destruction of sufficient UCA for increasing
accumulation of the therapeutic agent, the mode
of administration might be considered. As an
example, using continuous infusion in place of
bolus injection of UCA would help in maintain-
ing a constant concentration for a longer time,
even at a lower range than that obtained with a
bolus. The combination of UCA amount and US
pulse characteristics should be carefully tuned
according to the selected indication. This could
require a high concentration for an instant, or a
lower concentration for a longer time. This can
significantly enhance drug delivery efficacy,
while addressing possible safety issues.

11.2.2 Conditions Allowing Drug
Delivery

Generally, UCA loaded with drug or in combina-
tion with circulating therapeutic agent can be acti-
vated in two manners for delivery: stable cavitation
or inertial cavitation. Stable cavitation is usually
achieved at relatively low acoustic pressure and is
generated when UCA undergo repetitive oscilla-
tion. These expansions and contractions generate
shear stress to cell membranes, affecting their per-
meability (van Bavel 2007). In contrast, inertial
cavitation is obtained at higher acoustic pressure
and results from violent UCA destruction, caus-
ing strong biophysical effects, microjets and
microstreaming in the immediate surrounding
environment (Husseini et al. 2005). This behavior
is valid for soft-shelled UCA. In the case of hard
shell agents, higher levels of energy are required
to generate cavitation due to their inherent shell
stiffness. Thus, under these high acoustic pres-
sures, these UCA undergo violent rupture releas-
ing free gas microbubbles through small defects
in the shell, or so-called ‘sonic cracks’ (Bloch
et al. 2003) (see Fig. 11.1 for illustration). This
complex interaction between ultrasound waves,
microbubbles and tissue will not be described in
detail in the present chapter, but it is the object of
a different dedicated chapter (see Chap. 9).
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Fig. 11.1 Illustration of the physical mechanisms underlying the biological effect of soft or hard shell Ultrasound

Contrast Agents (Adapted from Kiessling et al. 2014)

11.2.3 Drug Delivery with UCA
and Ultrasound

11.2.3.1 Plain UCA with Free Drug

There are several reports describing the use of a
mixture of UCA and drug for therapeutic pur-
poses. This is a very convenient approach due to
the immediate availability of both microbubbles
and drug agents. It is also seen as a straightfor-
ward continuation of the current diagnostic use of
clinically approved agents. Thus, many of these
reports have used marketed UCA (Definity®,
SonoVue®, Optison®...), and most advanced clin-
ical studies have been conducted for the purpose
of clot lysis, so-called sonothrombolysis (de
Saint Victor et al. 2014), and more recently for
pancreatic cancer (Kotopoulis et al. 2014).
Conditions described were in presence or absence
of fibrinolytic agent r-tPa, and under the regime
of various ultrasound settings (various frequen-
cies, acoustic pressure, pulse repetition fre-
quency...). Some clinical trials have shown the

potency of this approach to treat patients suffer-
ing from stroke by enabling faster and more com-
plete recanalization (Molina et al. 2006).
However, current trials did not provide signifi-
cant improvement in patient conditions at 3
months post-treatment, partially due to the lim-
ited number of patients enrolled. Moreover, one
of the main lessons to retrieve from these studies
is that still little is known of the mechanism
underlying UCA-enhanced sonothrombolysis
(STL), and in some cases, lack of control of the
biological effects of this new therapeutic
approach has triggered some safety concerns. It
is thought that design of UCA specific for STL
indication has the potential to further improve not
only their effect as treatment enhancers, but also
their safety profile.

The approach of administering a mixture of
UCA and drug has also been exploited for other
therapeutic applications, such as delivery of cyto-
toxic drug (Ibsen et al. 2013a; Escoffre et al. 2013),
BBB opening (Aryal et al. 2014) or gene delivery
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Fig.11.2 Various options for
the design of drug-loaded
ultrasound contrast agent.

(a) The basic microbubble
design with a lipid monolayer
stabilizing the gas core.
Targeting ligands can be
conjugated to the surface to
help facilitate accumulation of
the microbubble in desired
tissues. These ligands can be
antibodies or short peptide
sequences. (b) The
microbubble itself can be a
vehicle by attaching drugs and
even DNA to the surface
through the use of electrostatic
attractions. (¢) Lipophilic
drugs can be incorporated into
the lipid monolayer shell of
the microbubble. (d) The
stabilizing shell can be
thickened with an oil layer,
allowing hydrophobic drugs to
be carried within it. (e)
Drug-filled liposomes can be
attached to the surface of the
microbubble. When the
microbubble is exposed to
ultrasound, the liposomes are
disrupted by the mechanical
actuation of drug release. (f)
The microbubble can be
encapsulated within a
liposome along with the drug.
When exposed to ultrasound,
the microbubble ruptures the
outer liposome, releasing the
payload (Reproduced from
Ibsen et al. 2013a) /_/’

Perfluorocarbon/
air gas mixture

L
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(Rychak and Klibanov 2014; Newman and
Bettinger 2007). The recent report of a successful
chemotherapy improvement by using both ultra-
sound and UCA to treat pancreatic cancer has high-
lighted the clinical feasibility of such an approach,
even though this has only been done on a limited
number of patients (Kotopoulis et al. 2013).

In parallel to the co-administration approach of
free drug and UCA, several groups have also
investigated the potential of co-localization of
drug and cavitational activity on therapeutic effi-

O@iﬁ li?,?/ﬁ

Stabilizing lipid monolayer

Targeting
ligand

Thickened oil shell containing
hydrophobic drugs

Encapsulated microbubble

Drug loaded liposome

ciency by preparing drug-loaded UCA. Indeed, it
is speculated that incorporation of therapeutic
agent close to the UCA shell would be more favor-
able since cavitation will likely drive delivery.

11.2.3.2 Drug-Loaded UCA

Drug loaded UCA have been formulated using
different approaches, as illustrated in Fig. 11.2.
Several strategies have been employed to incor-
porate therapeutic agent in UCA, such as chemi-
cal conjugation, electrostatic adsorption at the



196

outer surface and embedding in the shell. The
choice for the best method of loading depends
mainly on the nature of the drug.

One additional advantage of loading UCA
with therapeutics is that it can act as a protective
drug carrier. Thus, unstable drugs can be pro-
tected from degradation in biological fluids, thus
prolonging their half-life. This was nicely illus-
trated by DNA molecules, for which enhanced
resistance to nuclease degradation was measured
(Lentacker et al. 2006). On top of that, the limited
release outside the insonified area due to the rela-
tively low peripheral microbubble destruction
could help in preventing major adverse events
related to the drug itself.

11.2.3.2.1 Drug in/on the Shell

Some studies have demonstrated that covalent
attachment of the drug is more favorable to elicit
a therapeutic effect. For example, conjugation of
rose bengal onto UCA was proven to be more
cytotoxic compared to un-conjugated sonosensi-
tizer (Nomikou et al. 2012); so-called sonody-
namic therapy (SDT). This approach could be of
interest for the treatment of cancer lesions, and
thanks to a relative good US tissue penetration, it
appears better than typical light excitation used in
photodynamic therapy (PDT).

However, careful evaluations are warranted to
measure the impact of the loading on the actual
drug activity. For example, r-tPA proved to be a
quite complex molecule to formulate with the
need to use specific conditions to maintain bio-
logical activity (risk of aggregation of the native
protein, personal results). In addition, if chemical
conjugation is employed, careful control of the
conjugation process is needed to ensure that bio-
logical activity of the drug is not altered.
Moreover, loading procedure could also impact
the actual bioavailability of the drug. Thus, even
though drug loading efficiency is obviously
important, formula optimization should equally
be considered to ensure a proper delivery of the
active drug to the site of treatment.

Being inspired by cationic lipids or polymers
used for non-viral gene delivery (so-called lipo-
plexes and polyplexes, respectively), some inves-
tigators have prepared UCA bearing cationic
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charges at the shell surface. For phospholipidic
shells, this can be achieved by inserting cationic
lipids (e.g., DSTAP) to trigger a positive zeta
potential of the microbubbles. This significantly
increases the loading of nucleic acids, and several
reports have demonstrated usefulness of these
UCA constructs to promote gene delivery in-vitro
and in-vivo (Wang et al. 2012; Rychak and
Klibanov 2014).

Due to the effective loading capacity being
restricted to the UCA shell, drug-loading vehi-
cles have mainly been developed with highly
potent drugs, such as nucleic acid, known to be
active in the pg range. It was estimated, on aver-
age, that loading capacity of UCA for nucleic
acid complexation is typically in the range of
0.01 pg/pum?2. For a 2 pum UCA diameter, this cor-
responds to ca. 0.12 pg/microbubble. Thus,
almost 10 million UCA are required to carry 1 pg
of nucleic acid, illustrating the limited loading
capacity of regular cationic UCA. As an example,
the situation is similar for drugs when compared
to usual circulating drug concentration during
chemotherapy. This is why some groups have
used the approach of pre-loading drug into
nanoparticles prior to coupling them onto the
UCA shell surface (Mullin et al. 2013).

11.2.3.2.2 Nanoparticles on UCA
These nanoparticles can be of different natures,
such as liposomes (Kheirolomoom et al. 2007) or
poly(lactic-co-glycolic acid) (PLGA) (Chappell
et al. 2008). In particular, liposomal preparations of
Doxorubicin are quite popular thanks to the avail-
ability of FDA approved products (e.g., Doxil®).
Properties of the drug to be formulated are of
course very important, as it will have a direct
impact on the loading efficiency. For example,
highly hydrophilic drugs would be difficult to
embed into the shell. Most importantly, impact of
the drug loading on the UCA ultrasound respon-
siveness must be evaluated since modifications in
UCA stability, risk of aggregation and shell proper-
ties (increase in stiffness) can be observed under
certain conditions.

There are numerous possible approaches to
associate the nanoparticles to the UCA. This can
be achieved by biotin-avidin interaction, but this
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approach is only valid for research or pre-clinical
evaluation due to potential immune reaction with
this protein (Chinol et al. 1998). An alternative
mean to enable strong association relies on the
use of chemical conjugation, such as amide,
disulfide or thioether bond formation.
Electrostatic attachment is another possibility
leading to an easy preparation, but it does carry
the risk of lack of reproducibility and lack of
association control, impeding further develop-
ment of this method towards clinical use.

11.2.3.2.3 UCA in Drug-Loaded Liposomes

Interestingly, a recent procedure has been
described to increase UCA drug loading. This
was accomplished by encapsulating the UCA
within the internal aqueous space of a drug-
loaded liposome (Ibsen et al. 2011). This rather
unusual construct must be evaluated to assess not
only the drug delivery potential compared to reg-
ular nanoparticle-loaded UCA, but also the
US-responsiveness of the encapsulated UCA.

11.2.3.2.4 Hard Shell

In addition to the use of drug pre-formulated in
nanoparticles, thick shelled UCA could also be a
means to improve drug payload (Lensen et al.
2011). These agents are usually made of poly-
mers and have shells of 20-100 nm thickness.
Shell stiffness of these agents requires specific
insonation parameters to mediate delivery. Indeed
as these agents will not oscillate at low acoustic
pressure, but require higher pressure to be acti-
vated leading to rupture and gas escape. For this
reason, the potential issue that can be faced with
this formulation is the drug release from the poly-
mer shell; the shells remain in majority intact as
only cracks are observed. Modification of shell
properties, by altering shell thickness and com-
position, could improve both behaviors under US
exposure and drug delivery efficiency. In addi-
tion, the nature of the polymer must be taken into
consideration, particularly when dealing with
safety linked to the biocomptability. In the same
trend, it has been speculated that use of UCA
composed of components with different shell
properties can release a drug in a stepwise
manner.
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11.2.3.2.5 Nanoemulsion

Another possible approach is the use of drug-
loaded nanoemulsion (Rapoport et al. 2009).
These nanoparticles are made of liquid perfluoro-
carbon (e.g., perfluoropentane). US exposure
triggered heating causes a droplet-to-bubble
phase shift, resulting in the in-situ formation of
drug loaded UCA that can be further activated by
distinct US conditions. The impact of phase shift
has to be addressed in detail since it can alter the
chemical integrity of the loaded drug. These par-
ticles display a particularly long circulation time,
with up to 50 % of the injected dose still remain-
ing in the circulation 2 h after administration
(Rapoport et al. 2011). Moreover, thanks to their
relatively small size (200-500 nm), they also
have the opportunity to reach compartments not
normally accessible to UCA. This is by escaping
the blood space, so-called extravasation. Due to
the narrow temperature range required for this
transition phase, the treatment could be precisely
tuned by modulating this temperature increase
when focusing the ultrasound beam in the speci-
fied location. This will be extensively described
in another chapter of this book (see Chap. 14).

11.2.3.2.6 Monosize

Recently, a new way to formulate drug in UCA
relying on the use of microfluidics technology
was described. Indeed, successful preparation of
multilayer gas lipospheres was reported using
flow-focusing geometry (Hettiarachchi et al.
2009). These rather complex constructs are com-
posed of a phospholipid shell, an oil layer com-
prising cytotoxic drug doxorubicin, and an inner
gas core. Moreover, this technology can address
one additional critical parameter for an efficient
drug delivery; control of UCA size so that it
nicely matches the selected US frequency. Thus,
devices allowing UCA preparation displaying a
narrow size distribution were specifically
designed. These developments will likely prove
to be important for further improvement of drug
delivery by ensuring that all the UCA exposed to
US will be activated at a defined frequency, maxi-
mizing the delivery of the loaded drug. Use of
monodisperse UCA may also improve the effi-
cacy/safety balance by allowing use of lower
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acoustic energy to elicit drug release, knowing
that all UCA will eventually respond to US expo-
sure at the selected frequency.

Use of UCA for BBB opening has been
described in several reports (Liu et al. 2014; Choi
et al. 2010), most of the tested agents being
approved UCA. However, UCA formulation with
a defined diameter may improve drug delivery to
the brain since it was shown that 4-5 pm size was
more effective than 1-2 pm UCA, under tested
conditions (Choi et al. 2010). This reinforces
again the need to develop manufacturing pro-
cesses allowing preparation of monodisperse
UCA. However, currently the main limitation is
the yield of such manufacturing which does not
allow a high amount of UCA preparation, mean-
ing that acoustic characterization and in-vivo
tests are still challenging.

11.2.4 Optimization of Drug Delivery

Close contact between UCA and the target tissue
should intuitively favor drug delivery, vessel per-
meability or clot lysis. Thus, a clever way to fur-
ther improve drug delivery efficiency could be
the use of targeting strategies such as either pas-
sive or active accumulation. Passive targeting can
result from interaction of some shell components
with the specific particle’s clearance system. This
is clearly illustrated by phosphatidylserine-
containing UCA (e.g., Sonazoid®), reported as
being efficiently taken up by Kupffer cells.

The specificity of this UCA might be increased
by adopting a specific targeting strategy for it.
These UCA differ from those initially developed
for blood pool imaging by the presence of a tar-
geting moiety able to link the bubble to a selected
cell biomarker. The general strategy is to link
molecular entities to the phospholipid-stabilizing
monolayer, allowing the bubbles to remain
attached to selected sites in the vascular compart-
ment. Once attached, these bubbles act as echo-
enhancers, similarly to blood pool agents, since
the signal is generated by the bubble itself and
not the ligand. This raised important points.

As the bubbles remain strictly within the vas-
cular compartment, targets must be selected that
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are accessible to them i.e. on the luminal side of
endothelial cells (Bettinger et al. 2012; Pochon
et al. 2010). Two application areas are well char-
acterized: neoangiogenesis and inflammation,
since both involve endothelial cells. Tumoral
neoangiogenesis (Deshpande et al. 2010;
Willmann et al. 2010), i.e., the formation of new
blood vessels, is a fundamental process occurring
during tumor progression and is triggered by
hypoxia. In the course of the inflammatory pro-
cess, various cell surface markers are expressed
or up-regulated on the endothelial luminal side,
and are therefore accessible to targeted micro-
bubbles. Site targeted microbubbles can also be
used for the visualization of thrombi associated
with stroke.

The attachment of bubbles to the surface of
endothelial cells must be strong enough to with-
stand vascular areas where shear stress is high
due to high blood velocity and viscosity. The
attachment could be enhanced by adding radia-
tion force. This improves the interactions between
microbubbles themselves and their interactions
with endothelial cells. Otherwise, incorporation
of magnetic particles within the shell of the core
could enhance attachment. By adopting such a
strategy, we not only have access to highly spe-
cific areas to drive the desired therapeutic effect,
but we can also significantly limit adverse events
by limiting interaction with non-affected regions.

Efficient ligand-target interaction can be
achieved by either using flexible spacers to present
the targeting ligand in the most effective way, or
by fine-tuning the ligand density at the UCA sur-
face. To improve circulation time and binding
specificity, a clever approach of a ‘buried ligand’
has also been recently proposed (Borden et al.
2006, 2008). Active accumulation could also be
achieved by physical means, such as acoustic radi-
ation force (Kheirolomoom et al. 2007; Frinking
et al. 2012) or magnetic force to concentrate UCA
at the site of treatment (Stride et al. 2009).

11.2.5 Characterization of UCA

An important aspect of UCA preparation is the
quality control assessment (Fig. 11.3). This is
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Fig.11.3 Methods available
for the quality control
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even more acute in the case of these rather com-
plex UCA-drug constructs. As for regular UCA,
size can be determined by electrical zone sens-
ing, using the so-called Coulter Counter. This is a
fast and accurate method to measure at the same
time UCA concentration, gas volume, size distri-
bution (in volume and number) and UCA surface.
Other methods exist, but so far they have proven
less suitable than electrical zone sensing due to
technical limitation from the natural buoyancy
behavior of UCA in liquid.

Zeta potential is also an important parameter
to assess as it provides information on UCA sur-
face charge. It relies on electrophoretic light scat-
tering technology. The magnitude of the zeta
potential gives an indication of the potential sta-
bility of the formed UCA. If all the UCA parti-
cles in suspension have a large negative or
positive zeta potential, then they will tend to repel
each other. On the other hand, if UCA particles
display low zeta potential values, there will be a
tendency for the particles to come together, pro-
moting aggregation behavior. This measure could
also be useful to monitor adsorption of nucleic
acid molecules on positively charged UCA.

In addition to these physical characterizations,
chemical analysis of the shell lipid content is
mandatory to ensure that the process of UCA
preparation is robust and reproducible. For this
purpose, specific analytical methods must be
developed to allow titration of each UCA compo-
nent, as well as the loaded drug. These methods
mostly rely on reverse phase High-Performance
Liquid Chromatography (RP-HPLC). For native
lipids (not derivatized), the Evaporative Light-
Scattering Detector (ELSD) is far more useful for

* Size, concentration (electrical zone
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lipid titration than the commonly used ultraviolet
(UV) detector. Knowing the minute amount of
material required for the formation of these stabi-
lized gas microbubbles, this can be a challenging
task, and usually requires extensive develop-
ments with robust and validated analytical meth-
ods. These methods will also be useful for
controlling if loaded drug is affected by the man-
ufacturing process. Indeed, drugs could be sensi-
tive toward specific formulation conditions, such
as heating and agitation (particularly for the case
of probe sonication technique). This is why it is
also important to assess whether biological activ-
ity of the drug remains unaffected by the formu-
lation process. This is done using specific
methods such as enzyme-linked immunosorbent
assay (ELISA), or chromogenic assay for drugs
with enzymatic activity (e.g., r-tPa).

Besides these physico-chemical analyses,
acoustic characterization is warranted to ensure
that formulated UCA (with or without drug) are
US-responsive. This can be achieved by perform-
ing backscatter measurement or determining cavi-
tation threshold. In addition, some of these methods
will also be useful to study the stability of UCA
formulation. For example, evaluating the impact of
long-term storage under stress conditions, such as
temperature can be assessed on UCA concentra-
tion, chemical integrity of shell components, drug
bioactivity and acoustic properties.

Finally, for the screening of drug-loaded UCA
formulations in pre-clinical studies, development
of analytical methods for assessing efficiency of
drug delivery is required. In this trend, a recent
report described a LC-MS/MS analysis method
that allowed titration of doxorubicin in tumor
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tissue extracts with a limit of detection of 7.8 pg
(Ibsen et al. 2013b). Further to all these consider-
ations and speculation, there is still some contro-
versy about the relative advantage of
administering (i) a mixture of drug and UCA or
(i) drug loaded-UCA. The second approach
might prove easier, particularly when moving
toward preparation of a Chemistry, Manufacturing
and Controls (CMC) dossier for submission to
regulatory authorities. This will be addressed in
more detail in the last paragraph of this chapter.

11.3 Clinical Translation
and Regulatory Issues

A major advantage of UCA is their capability to
enable site-specific delivery of the drug by selec-
tive destruction of UCA with a non-invasive
ultrasonic stimulus. However, this technique still
presents many obstacles that need to be addressed
and solved before moving into the clinic.

Firstly, a better understanding of the underly-
ing mechanism of this approach is warranted to
ensure safe delivery into patients. This is pre-
sented in another chapter (see Chap. 9), but so
far, many concurrent or challenging hypotheses
have been proposed without a unique theory.
Even though it is not a pre-requisite to perform
in-vitro or preclinical tests, the absence of a clear
mechanism is a significant barrier for health
authorities. This is reinforced by the observation
of possible adverse events due to the UCA, the
drug or the US beam, meaning that the contribu-
tion of each component is clarified. It is a prime
importance since bioeffects have been observed
in some studies (Vancraeynest et al. 2006). Safety
assessment for the therapeutic application must
be considered differently than for the diagnostic
application. Indeed, whereas for diagnostic pur-
poses, absence of or a few bioeffects is manda-
tory, it is however likely to be different for therapy
to a certain extent. Secondly, one of the main
limitations of UCA is their relatively low circula-
tion time, typically ranging from 5—15 min, thus
limiting their delivery potential. Thirdly, UCA
are efficiently captured by organs, such as liver
and spleen, raising the issue of unwanted
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accumulation in non-targeted organs/tissues that
could become detrimental to the patient.

Preparing UCA loaded with a therapeutic agent,
and possibly a ligand, for targeting can prove to be
complex to manage for CMC dossier preparation.
In particular, it is difficult to precisely measure the
amount of drug loaded onto UCA, and to develop a
process allowing reproducible preparation of such
drug-loaded UCA. In that sense, a thorough evalu-
ation of the advantage of loading drug onto UCA
over co-injecting of free drug and UCA must be
done. Preparation of drug-loaded UCA will lead to
a new chemical entity, implying development of a
complete process of manufacturing complying
with GMP regulations. In contrast, use of approved
drug and UCA could present some advantages in
terms of development time and cost, if efficacy
compared to drug-UCA complex is demonstrated
in pre-clinical studies. However, it is also important
to obtain authorities guidance on this approach
since the use of targeting procedures for increasing
local delivery will modify the natural metabolism
of the approved drug. Therefore, this point must be
carefully addressed during the course of the devel-
opment of this new therapeutic method in terms of
local and circulating concentration, changes in
metabolic pathways and therapeutic dose.

In terms of quality control of drug-loaded UCA
for chemical conjugation, it will be easier if conju-
gation occurs prior to UCA preparation. This will
enable thorough chemical characterization of the
conjugate, and ensure that the conjugation process
did not alter biological activity of the therapeutic
agent. One advantage of co-administrating the
therapeutic agent and UCA is that there is no limi-
tation in terms of drug dose, unlike what can be
experienced with drug-loaded UCA.

From a regulatory point of view, the gas micro-
bubble is considered as the active entity, meaning
that each of the microbubble components should be
fully characterized. Furthermore, the manufacture
of clinical materials should be carried out in com-
pliance with the Good Manufacturing Practice.
With respect to the formulation characteristics, the
selection of the ingredients is of outmost impor-
tance since the use of specific components should
be validated for these new drug delivery systems
for parenteral administration. In that perspective,
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Fig.11.4 Pre-clinical steps towards UCA clinical development for therapeutic use

the retained formulation for clinical trials must be
challenged before finalization, as changing any of
the components at a later stage could be difficult,
even impossible, and costly.

Once the formulation is finalized, many steps
must be accomplished before any clinical use:
robustness of the manufacturing process, stability
of the product and validation of the test methods.
An additional requirement is a pharma-toxicology
package that follows the International Conference
on Harmonization (ICH) guidelines. Even though
adverse events cannot be considered as a limiting
factor for the use of UCA in ultrasound imaging,
the introduction of therapeutic drugs in addition of
other materials in the bubble requires specific toxi-
cology assessment. For conventional agents, it is
generally admitted that the rate of these events
(around 0.01 % for serious adverse events based on
post-marketing safety data, with no significant dif-
ferences between agents) is below what is reported
for iodinated compounds and MR agents. Even
though the therapeutic field is exposed to higher
rates of adverse events in relation to the intrinsic
nature of the interaction with tissues, it is essential
to demonstrate that the risk/benefit ratio remains
positive and higher than without the introduction of
UCA and US. Some key points need to be investi-
gated, such as allergic reactions to foreign materi-
als, maximal tolerable dose in animals to determine
the maximal dose to be used in patients, and the
absence of compromised blood flow after injection
due to sticking of UCA to endothelial cells outside
the therapeutic area. These different steps are time-

consuming and expensive, and can be summarized
as illustrated in Fig. 11.4.

Finally, when the steps above have been com-
pleted, the agent is suitable for clinical testing
pending Investigational New Drug Application
and Institutional Review Board (IRB) or ethical
committee approval for the selected indication.
Regulatory approval must be carefully considered
since three components are closely interacting;
the microbubble, the therapeutic drug and ultra-
sound waves. Whether we can precisely charac-
terize the microbubble constituents and the
acoustic parameters, the use of various therapeu-
tic drugs is still a barrier. Indeed, do we need to
get an approval of this device whatever the drug
is, this being valid for the injection of free drug
only, or do we need to get an approval for each
individual drug to be used? The use of drug-
loaded systems should expose us to a different
regulatory pathway, which must be drug-specific.

A key component, which is not discussed in
the present chapter, is the acoustic contribution to
the desired effect. As such, there is a need to
adapt the machines to this new modality, but in
the same this is changing the nature of the equip-
ment, which is moving from a pure diagnostic
field to the therapeutic field. This means different
requirements and higher regulatory constraints.
In that perspective, a strong partnership is needed
to exploit the potential of this therapeutic
approach, and to strengthen the place of UCA in
the diagnostic palette so they can be used by phy-
sicians according to their specific demand.
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Conclusion

Drug delivery mediated using microbubble-
assisted ultrasound is a promising therapeutic
approach. The fact that ultrasound is a non-
invasive technique, that can transmit energy
deep into a discrete region of tissue or organ,
is a key feature for enabling local drug deliv-
ery. In addition to the drug-delivery capabili-
ties, one must bear in mind that UCA are also
imaging agents, giving rise to the concept of
therapy and diagnostics with one single agent,
so-called ‘theranostics’.

Future improvements are warranted to pave
the way for a clinical translation of this inno-
vative therapeutic approach; (i) manufacture
of UCA for longer circulation time and higher
loading capacity, (ii) development of specific
US protocols and (iii) tackling regulatory hur-
dles for clinical use in safe conditions. This
requires a multi-disciplinary approach, with a
close collaboration with ultrasound and drug
pharma companies in order to sequentially
address the different challenges with a clinical
objective. The limited number of drugs tested
in these conditions, together with the absence
of clinical results, represents a significant
drawback, indicating that clinical approval of
this method will require at least 5 additional
years. Emerging formulation based on micro-
fluidics could become a disruptive technology,
by allowing the manufacturing of UCA on
spot, using FDA-approved devices. This will
completely change the game in the field of
UCA, since some features considered as
important when using regular manufacturing
processes could be obsolete for microfluidics-
based preparation (e.g., long-term stability).
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Abstract

There are two alternative approaches to ultrasound-assisted drug delivery.
First, the drug can be entrapped into or attached onto the ultrasound-
responsive particles and administered in the vasculature, to achieve
ultrasound-triggered drug release from the particles and localized tissue
deposition in response to ultrasound treatment of the target zone. Second,
the drug can be co-administered with the microbubbles or other sonosensi-
tive particles. In this case, the action of ultrasound on the particles (which
act as cavitation nuclei) results in the transient improvement of permeabil-
ity of the physiological barriers, so that the circulating drug can exit the
bloodstream and get into the target tissues and cells. We discuss and com-
pare both of these approaches, their characteristic advantages and disad-
vantages for the specific drug delivery scenarios. Clearly, the system based
on the off-label use of the existing approved microbubbles and drugs (or
drug carriers) will have a chance of getting to clinical trials faster and with
lesser resources spent. However, if a superior curative potential of a sono-
sensitive drug carrier is proven, and formulation stability problems are
addressed properly, this approach may find its way to practical use, espe-
cially for nucleic acid delivery scenarios.
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12.1 Introduction

Ultrasound-assisted drug delivery field has been
making steady progress towards the clinic. There
are two competing strategies applied. One focuses
on the design of a sonosensitive drug carrier parti-
cle that would release the drug upon ultrasound
action, and assist drug delivery to the target tissues
and cells, across the physiological barriers. The
other approach is to simply co-administer the drug
and gas microbubbles and perform ultrasound
treatment, with the expectation that local energy
deposition due to microbubble compression and
expansion in the ultrasound pressure field will
assist drug delivery. The purpose of this “debate”
chapter is to evaluate and compare the advantages
and disadvantages for both approaches. In a short
review we cannot assess the literature fully; the
provided references are used as examples of the
trends. Due to the focus of our research interests,
we do not discuss thermosensitive liposomes: after
all, these particles are not directly ultrasound-
sensitive. The general intent is to show which of
the techniques is the most efficient and useful for
the success of the overarching task of drug deliv-
ery, i.e., improvement of therapeutic index.

12.2 Co-administration Approach:
Microbubbles that Do Not
Carry the Drug

Drugs cannot always efficiently penetrate across
the multiplicity of physical and physiological barri-
ers that exist between the drug and its target. This is
a major problem of drug delivery, and it can be
addressed by local energy deposition via controlled
targeted ultrasound field action, augmented by cav-
itation of gas bodies at the barrier of drug entry.

12.2.1 Cell Membrane as a Barrier
to Cross

Co-administration of microbubbles with drug
substances (including nucleic acid material) has
been historically the first approach evaluated for
ultrasound-assisted intracellular delivery (which
is not surprising given the complexity of the
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formulation of the actual drug carrier systems,
especially the microbubble-based particles)
(Greenleaf et al. 1998; Unger et al. 1997).
General initial idea was to use the focal energy
deposition due to microbubble vibration (and/or
inertial cavitation) to create pores in the mem-
branes, to allow penetration of the drug into the
cell, especially advantageous if the drug itself
cannot get across the cell membrane. That idea
proved to be quite fruitful: numerous subsequent
studies explored delivery of model drugs (mostly
fluorescent dyes) into cells in-vitro (especially
useful for the mechanistic studies), and eventu-
ally moved into the tissues in-vivo.

Nucleic acid is one example of a drug tested in
those early studies — thus, ultrasound-assisted
transfection has been proposed, initially as a tool
for cell culture gene delivery, and eventually as
an in-vivo ultrasound-assisted transfection tool.
One concern with microbubble not carrying the
nucleic acid directly has become apparent: if it is
not attached to the bubble, nucleic acid is not pro-
tected from the degradation by nucleases (Wang
et al. 2012) - thus transfection might not be as
efficient as desired. Alternative is not to leave
nucleic acid unprotected and have it complexed
to a traditional, non-microbubble transfection
reagent (Unger et al. 1997; Burke et al. 2012) or
even packaged as a virus (Muller et al. 2008), so
that microbubble cavitation by ultrasound will do
what it does best — create the transient pores in
the cell membrane that allow material transfer
into the cells and tissues.

Thus, the general idea of using microbubble
cavitation in the ultrasound field to assist drug
penetration across the barrier comes from the
early in-vitro experiments on ultrasound-assisted
intracellular delivery (Greenleaf et al. 1998;
Unger et al. 1997). The pores created by micro-
bubble cavitation should not be too large (if over
30 um?, would not seal easily, which may be
detrimental for the sonoporated cells) — and the
narrow pores seal rapidly, within 20-30 s
(Hu et al. 2013). Therefore, the cell poration will
not likely get the drug loaded across the plasma
membrane very efficiently — the transient pores
make up only a small fraction of the total cell sur-
face, so the diffusion of the drug into the cell from
the outside is not going to be efficient. So, for
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intracellular delivery a microbubble-based drug
carrier system might become more efficient in
comparison with the co-administration of drug
and bubbles, because ultrasound-triggered action
is taking place exactly where the drug-loaded
particle is present, and it can be especially efficient
if the complex is adhered to the target cell surface,
electrostatically (Panje et al. 2012; Wang et al.
2012; Tlaxca et al. 2010; McCreery et al. 2004) or
by ligand-mediated targeting (Tlaxca et al. 2013;
Phillips et al. 2012). There are also indications of
the alternative mechanisms for the ultrasound/
microbubble enhancement of intracellular deliv-
ery, different from the pore formation, such as
activation of endocytosis (Meijering et al. 2009;
De Cock et al. 2015). Recently, this alternative
mechanism is being assessed as a tool that pro-
vides intracellular delivery for up to several hours
from the ultrasound/microbubble treatment of
cultured cells, and is cell type dependent
(Lammertink et al. 2014).

12.2.2 Vessel Wall: The First In-Vivo
Barrier for Drug Delivery
from the Bloodstream

Cell membrane is not the only barrier to over-
come to achieve drug delivery, and microbubble
cavitation (stable or inertial) may play a signifi-
cant role in the delivery enhancement. In most of
the tissues endothelial lining is dense, and does
not permit rapid exchange of materials (includ-
ing drugs) between the blood and the intersti-
tial space (see also Sect. 12.3.2.1). Transcytosis
through endothelial lining of the blood vessels is
an important mechanism for proper control and
sequestration of delivery of nutrients to the tis-
sues and cells located outside of the vasculature.
Respectively, drug delivery may not be efficient
if endothelium does not allow transfer of the par-
ticular drug. Initially, interaction of ultrasound
with microbubbles in the microvasculature was
observed in a rather abrupt mode: destructive
cavitation of microbubbles in the ultrasound field
led to microvessel rupture and exit of RBCs from
the bloodstream into the interstitial space (Skyba
etal. 1998). Formation of transient petechial hem-
orrhages upon ultrasound action on microbubbles
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Fig. 12.1 Ultrasound-assisted opening of blood-brain
barrier in a rat model. One megahertz focused ultra-
sound (IGT, 1 Hz, 20 ms pulses, 1-2 min) treatment of
rat brain following intravenous administration of deca-
fluorobutane microbubbles (DSPC/PEG stearate shell).
Imaging of focal areas 1-6 observed as T1 MRI contrast
with Gd-DTPA extravasation and accumulation (UVA
Molecular Imaging Center (7 T MRI Clinscan, Bruker/
Siemens) © Max Wintermark, 2014, with permission)

in the kidney vasculature was also observed, as
a sign of large entities (RBC) extravasation
(Wible et al. 2002). It has been suggested that
this approach could lead to enhancement of drug
delivery into the tissues (Skyba et al. 1998); later
this suggestion has been confirmed by intravital
microscopy observation of the interstitial delivery
of fluorescent nanoparticles (Price et al. 1998):
when ultrasound of sufficient acoustic pressure
(e.g., MI 0.7) was applied to the tissue follow-
ing intravenous administration of microbubbles
and nanoparticles, particles could be detected in
the interstitial space, along with red blood cells.
Relatively quickly (Hynynen et al. 2003) a more
“gentle”, lower-energy approach was proposed:
stable (nondestructive) cavitation of microbub-
bles in the vasculature resulted in the “softening”
of the strongest endothelial lining barrier of the
body, blood-brain barrier (BBB), leading to the
ability of small (Hynynen et al. 2006) (Fig. 12.1)
and large (Hynynen et al. 2005; Raymond
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et al. 2008) molecules, and even nanoparticles
(Treat et al. 2012) cross the barrier and accumu-
late in the interstitial space. Unlike cell mem-
brane sonoporation (cell membrane pores have
been reported to stay open for under a minute
(Hu et al. 2013), BBB may stay open for many
hours following ultrasound treatment (Samiotaki
and Konofagou 2013). This approach should be
easier to bring to clinical translation, because it
implies combining intravascular administration
of the drug with the (off-label) use of existing
clinical microbubble formulation, and thus does
not require the complicated, lengthy and costly
approval process for the new drug entity, such as
a microbubble that carries the drug. In a glioma
brain tumor rodent model, combining intravas-
cular microbubbles and doxorubicin-loaded
long-circulating liposomes (Doxil) with focused
ultrasound treatment resulted in long-term (up to
140 days) cure of a significant fraction of experi-
mental animals (Aryal et al. 2013) — a remarkable
achievement.

This approach has been expanded from BBB
opening to enhancing delivery across the vessel
wall in other tissues, e.g., hindleg muscle and
tumor (Bohmer et al. 2010), from dyes to viruses
(Muller et al. 2008); with multiple uses for
improvement of tissue delivery of a wide range
of drugs. Even more exciting is the ability to
enhance tissue delivery specifically in the ultra-
sound treated areas, while minimizing drug
deposition in the normal non-diseased tissues.
Exact mechanism of this prolonged vascular
permeability enhancement is still debated: from
the transient gap junction degradation (Alonso
et al. 2010) to enhancement of endocytosis (De
Cock et al. 2015) and transcytosis (Sheikov
et al. 2004).

An exciting example of an early stage clinical
trial for co-administration approach has been
reported already (Kotopoulis et al. 2013), in a
pancreatic cancer primary tumor setting.
Pancreatic cancer is known to have generally low
vascularity (Rodallec et al. 2006), so drug deliv-
ery from the bloodstream into the tumor mass is
restricted. Drug of choice, gemcitabine, stays in
the bloodstream for at least an hour following
intravenous administration (Gemzar 1996); thus,
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Fig.12.2 Time frame of each chemotherapy cycle [panel
(a)] and photograph of probe and custom-made probe
holder during patient treatment using microbubble sono-
poration for pancreatic cancer [panel (b)]. Panel (a) shows
the time frame for each treatment cycle from the start of
the gemcitabine infusion. Arrows indicate intravenous
injection time of 0.5 ml SonoVue followed by a 5-ml
intravenous injection of saline. Time between each injec-
tion (8t) is 3.5 min © American Association of Physicists
in Medicine, 2013 (Reprinted with permission from
Kotopoulis et al. (2013))

when ultrasound imaging of pancreas and the
cancer nodule is performed, repeatedly, with
multiple injections of SonoVue microbubbles
and corresponding imaging/insonation cycles
(Fig. 12.2), the vascular barrier to drug delivery
into the tumor tissue is “softened”.

Consequently, recirculating drug may have
much better chances to enter the tumor from the
bloodstream, providing therapy; slowing down
tumor growth in patients who did receive ultra-
sound and microbubbles in comparison with a
historical cohort of the standard-of-care patients
was demonstrated in this first-in-human trial
(Fig. 12.3). A continued expanded study from the
same group of authors may point towards an
exciting evidence of life extension (Dimcevski
et al., manuscript in submission).
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Fig.12.3 Change in tumor diameter over time measured
from CT images in patients with pancreatic malignancy ©
American Association of Physicists in Medicine, 2013
(Reprinted with permission from Kotopoulis et al. (2013))

12.2.3 Tissue Geometry, Mechanics
and Distance as Barriers
to Drug Delivery

We have already discussed above that inertial
(destructive) as well as stable cavitation of micro-
bubbles in the ultrasound field enhance delivery
into the cells and across the endothelial lining.
However, there are numerous other barriers that
the drug may have to cross, beyond the cell mem-
brane and endothelium. First, there is a layer of
pericytes on the outside of endothelial lining,
wrapping around capillaries and post-capillary
venules. In larger vessels, there are layers of
smooth muscle cells; large vessels are quite thick,
with distinguished layers of mechanically robust
intima, media, and adventitia. Mechanical prop-
erties of the vessel wall may limit drug passage,
even after endothelial lining “softening” by ultra-
sound, so in large vessels one may prefer to
deliver the drug just to the intima, e.g., an anti-
restenosis drug (Phillips et al. 2011). If the drug
should be delivered to the bulk interstitial space,
perhaps ultrasound-assisted delivery across the
vessel wall at the capillary or post-capillary level
may be more efficient. Next barrier is the tissue
itself: the space from the vessel into the bulk of
tissue may extend beyond tens of microns which
makes it difficult for the drug molecule to pene-
trate by diffusion through the crowded interstitial
space. Specialized drug or nucleic acid carrier
systems can be then applied — e.g., highly

209

pegylated nanoparticles that can penetrate
through the tissue rapidly, as proposed by Hanes
et al. (Nance et al. 2014b). Combination of
focused ultrasound and intravenous microbub-
bles with PEG-PEI-plasmid resulted in an excel-
lent delivery and transfection efficacy (Burke
et al. 2012) as well as deep tissue penetration
(Nance et al. 2014a). Acoustic radiation force
action on microbubbles may also be of assis-
tance: ultrasound field can improve microbubble
delivery to the target surface from the bulk of
blood vessels, reducing the required microbubble
dose (Dayton et al. 1999); ultrasound-induced
microstreaming may also assist drug delivery.

12.3 Drug-Carrying Sonosensitive
Particles

12.3.1 Drug-Loaded Nano/
Microbubbles

The driving force of drug delivery by sonopora-
tion with nano/microbubbles is stable (or inertial)
cavitation, which leads to release of sequestered
drug from the particle, as well as increase of per-
meability of adjacent cell membranes. For effi-
cient delivery, the drug should be present while a
bubble is acting on the cell membrane. This is
where drug-loaded bubbles may prove beneficial.

Recently, numerous research groups have been
developing drug-carrying bubbles, including drug
complexes with microbubbles, nanobubbles, nano-
dropletes, liposomes, emulsions and micelles. The
range of tested drugs is quite broad, from small to
large molecules, from inorganic to organic to bio-
molecules. Various types of drugs have been already
associated with bubbles, from anti-cancer agents
(Gao et al. 2008; Rapoport et al. 2009a), small inter-
fering RNA (Negishi et al. 2008; Endo-Takahashi
et al. 2012), micro-RNA (Hatakeyama et al. 2014;
Endo-Takahashi et al. 2014), antisense oligonucle-
otides (Koebis et al. 2013), plasmid DNA (Endo-
Takahashi et al. 2013), to proteins (Bioley et al.
2012a, b, 2013). This chapter section focuses on the
advances of drug-loaded ultrasound-sensitive parti-
cles, discusses their formulation, properties, issues
and prospects toward future clinical use.
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12.3.2 Formulations and Properties

Formulations are usually based on a perfluoro-
carbon (PFC) core (gas or liquid), stabilized by a
shell. PFCs are hydrophobic. To suspend and sta-
bilize them in physiological media such as saline
or isotonic sugar solution (e.g., 5 % glucose) we
need to use the shells made of amphipathic mate-
rial, which could be a protein, surfactant and/or
lipid. In the commercially available microbub-
bles, albumin or lipids are utilized as the shell
stabilizers. These molecules have hydrophobic
and hydrophilic groups in their structure.
Hydrophobic groups (e.g., exposed core of dena-
tured albumin) face the PFC (gas or liquid) core,
and hydrophilic groups face the aqueous phase to
inhibit particle aggregation and fusion. Gas-filled
particles with amphipathic polymer shell have
also been studied. In the early phase of drug load-
ing experiments, hydrophobic drugs were
selected and loaded in the bubble shell via hydro-
phobic interaction. Bubble shell surface charge
can be modified to attach the drugs (mostly
nucleic acids) via electrostatic interaction. As an
option to improve drug load, the drug could be
covalently attached to the microbubble shell.
Lately, newer types of bubbles have been devel-
oped, in which nanobubble was encapsulated
inside liposomes (Suzuki et al. 2007; Javadi et al.
2012). These liposomal bubbles may co-
encapsulate the drug in the inner aqueous phase
of liposomes. In this section, we introduce the
formulations of drug-loaded bubbles.

) Bubble
Fig.12.4 Structure of

drug-loaded microbubbles.
(a) Drug retained within
the bubble shell via
hydrophobic interaction.
(b) Drug and nucleic acids
attached to the bubble
shell via electrostatic
interaction

Hydrophobic drugs drugs
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12.3.2.1 Drug-Particle Formulations

Via Hydrophobic Interaction

(Non-covalent Binding)
During the past decade many research groups
have reported drug-loaded microbubble formula-
tions. Initially, a hydrophobic anti-tumor agent,
paclitaxel, was tested for its ability to associate
and retain with the microbubbles shell (Unger
etal. 1998; Tartis et al. 2006). Hydrophobic drugs
are simply mixed with microbubble shell mate-
rial and associate with the hydrophobic layer of
the shell (Scheme Fig. 12.4a). These drugs are
released, possibly in combination with shell frag-
ments, when ultrasound is applied and bubbles
are destroyed. Just as traditional ultrasound con-
trast microbubbles, drug-loaded microbubbles
may be visualized with ultrasound imaging,
which can provide additional information in the
image-guided drug delivery applications.

The endothelial gap junction pores in the nor-
mal tissue vasculature are less than 7 nm (Rapoport
et al. 2009b), which may limit delivery of nanopar-
ticles and biopharmaceuticals out of the vascula-
ture. In the tumor tissues blood vessels are
defective and leaky. In addition, lymphatic drain-
age in tumor tissue is poor as compared to normal
tissues (Matsumura and Maeda 1986). These fea-
tures allow so-called “passive targeting” to achieve
drug and gene delivery and accumulation in the
tumors. This phenomenon is known as the
enhanced permeability and retention (EPR) effect
(Matsumura and Maeda 1986). Microbubbles,
with their micrometer dimensions, are optimal as
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intravascular imaging agents, but their size is too
large to penetrate through the vascular endothelial
lining in tumors: typically, particles have to be sig-
nificantly less than 1 pm in diameter to extravasate
into the tumor interstitial space (Yuan et al. 1995).
Therefore, to deliver drugs to the tissues outside of
the vascular bed, nanobubbles (with gas core) and
nanodroplets (with liquid core), which are less
than 1 pm have been developed. These are gener-
ally prepared with sonication. In brief, aqueous
solution or nano-dispersion (e.g., micelles) of shell
material is sonicated in the presence of perfluoro-
carbon gas or liquid. Hydrophobic drugs can be
loaded in the shell of these particles by hydropho-
bic interaction. Nanodroplets are usually prepared
from liquid perfluoropentane and perfluorohexane
and stabilized with a polymer coat or a lipid mono-
layer shell (Rapoport et al. 2009a, 2011; Mohan
and Rapoport 2010). With submicron size, nano-
droplets can exit tumor vasculature after intrave-
nous injection and accumulate in the tumor
interstitium via EPR mechanism. The boiling
points of perfluoropentane and perfluorohexane,
which are utilized as liquid core in nanodroplet,
are 29 °C and 56 °C, respectively. Due to surface
tension, perfluoropentane nanodroplets may
remain liquid even at 37 °C, in “superheated”
state. However, they can rapidly convert (shift) to
gas bubbles in response to ultrasound (Fig. 12.5).
Therefore, these particles are sometimes
called phase-shift nanodroplets or nanoemulsion
(Marin et al. 2001). This phase shift can be

Shell E

Microbubbles

Liquidcore  Ultrasound

or

heat
e mmm)
. Phase-shift

Nanodroplets

Fig.12.5 Structure of nanodroplets and their phase-shift
conversion to microbubbles. Nanodroplets contain liquid
perfluorocarbon core (e.g., CsF},), stabilized with a lipid
or polymer shell. Stimulation with ultrasound irradiation
and/or heating results in conversion of the liquid core
phase to gas phase, with microbubble formation

induced by targeted focused ultrasound in-vivo,
for example, to convert the nanodroplets that
have accumulated in the tumor tissue by EPR
effect after intravenous injection. As a result,
drug can be released from the particles only at the
site of their phase shift by ultrasound exposure.
Resulting gas microbubbles can be observed by
ultrasound imaging. Therefore, this system might
be useful for imaging control of triggered drug
delivery.

Gas-core micro- and nanobubbles and liquid-
core nanodroplets usually exhibit a relatively
short in-vivo lifetime due to core loss (Shiraishi
et al. 2011). Lower molecular weight PFCs (usu-
ally gases) are better soluble in water and blood;
PFC core is lost from the shell and particles
become insensitive to ultrasound. Behavior of
nanobubbles and nanodroplets under ultrasound
exposure (inertial cavitation with rapid collapse)
may become uncontrolled. Consequently, dam-
age to cells and tissues might be induced if acous-
tic pressure is above the mandated ultrasound
contrast imaging Mechanical Index (MI) limits.
As a “softer” alternative, Zhang et al. (2014)
developed an interesting phase shift “solid—
liquid-gas” tri-phase transition particle. It is
based on a natural “solid—liquid-gas” tri-phase
transition medium, L-menthol as an inner core;
hollow mesoporous silica is used as the outer
shell. The nanoparticle can continuously gener-
ate volatile gas in a relatively mild manner, rather
than the conventionally abrupt phase transition
induced by boiling of superheated PFC liquid.
This controllable solid-liquid-gas tri-phase
transition of L-menthol can be attributed to the
gradual liquid to volatile gas phase-transition at
far below its boiling point (212 °C). The genera-
tion of L-menthol gas permits extended enhance-
ment of drug delivery following a single bolus
injection. In this paper, they reported prolonged
blood circulation time (T;,=130 min) and con-
tinuous accumulation in the tumor during 24 h
period. These particles have porous structure, so
they can be loaded with hydrophobic and hydro-
philic drugs at the same time. Synergistic effects
of high intensity focused ultrasound therapy and
chemotherapy with these particles could be
expected.
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12.3.2.2 Electrostatic Complexes

This loading style is mostly applied for negatively
charged molecules such as nucleic acids and some
proteins. Microbubbles or nanobubbles with cat-
ionic shells (cationic lipids or polymers) are
used. This approach has been applied for almost
three decades to prepare liposome-nucleic acid
complexes for lipofection. Particles are simply
mixed with negatively charged molecules (e.g.,
plasmid DNA, or oligonucleotides) in low or
moderate ionic strength media and complexes are
formed by electrostatic interaction (Fig. 12.4b).
Electrostatic adsorption onto the bubble shell has
been shown to protect nucleic acid from degra-
dation by nucleases, as well as enhance loading
efficiency. Net positive charge of the complexes
also helps attach the bubbles to cell membrane,
and further improve delivery efficiency. This
design was first reported by (Unger et al. 1997)
who prepared positively charged microbubbles as
a modification of MRX-115 microbubbles (lipid
shell of that parent formulation is based on zwit-
terionic dipalmitoyl phosphatidylcholine). In the
microbubbles intended for gene delivery, a 1:1
mixture of positively charged dipalmitoyl eth-
ylphosphatidylcholine (DPEPC) and zwitterionic
dioleoyl phosphatidylethanolamine was utilized.
These microbubbles bound plasmid DNA encod-
ing chloramphenicol acetyl transferase, and could
enhance transfection of plasmid DNA into cul-
tured cells when 1 MHz continuous wave ultra-
sound was applied for 5-30 s.

Many research groups have been utilizing
electrostatic binding not only for plasmid DNA
but also for oligonucleotides such as antisense,
small interfering RNA (siRNA), microRNA,
mRNA and minicircles. Various compositions of
microbubbles and nanobubbles have been devel-
oped and tested as gene delivery systems in-vitro
and in-vivo. To improve stability of microbubble
formulations, use of longer-chain lipids with
higher phase transition temperature was sug-
gested (Christiansen et al. 2003). In that study, a
mixture of cationic distearoyl trimethylammo-
nium propane (DSTAP) and neutral distearoyl
phosphatidylcholine (DSPC) and poly(ethylene
glycol) stearate, with longer-chain stearoyl (Cig
acyl) groups, was used for bubble preparation.

R. Suzuki and A.L. Klibanov

The resulting shell served as an effective stabi-
lizer for micrometer- size perfluorobutane gas
core. Refrigerated storage of these microbubbles
for many months in sealed vials under perfluoro-
butane atmosphere was reported. After complex-
ing with plasmid, they have provided efficient
transfection in the insonated skeletal muscle or
myocardium in-vivo (Christiansen et al. 2003).
Stability of microbubble formulations may be a
major factor for gene delivery efficiency (Alter
et al. 2009).

The type of cationic molecules is important
for efficient transfection, as is the ratio between
cationic lipids and nucleic acids. The latter is
usually described as N/P ratio. N represents total
number of aminogroups (nitrogen atom, positive
charge) derived from lipid in bubbles; P repre-
sents total number of phosphate groups (phospho-
rus atom, negative charge) derived from nucleic
acids. Optimization of N/P ratio is as important
for sonoporation as it is for conventional gene
delivery methods based on cationic molecules
such as lipofection or polyplex. Takahashi et al.
reported that distearoyl dimetylammonium pro-
pane (DSDAP)-based cationic liposomal nano-
bubbles had the highest gene delivery efficiency in
comparison with other cationic lipid formulations,
such as DSTAP or dimethyldioctadecylammonium
bromide (DDAB) (Endo-Takahashi et al. 2013).
DSDAP-based plasmid DNA-loaded nanobubbles
achieved therapeutic effect in mice with hindlimb
ischemia by bFGF gene transfer with ultrasound.
Lately, nucleic acid delivery is focused on siRNA
and microRNA, the novel gene therapy technolo-
gies. For gene silencing, siRNA molecules should
be delivered into the most of target cells to inhibit
expression of a desired gene. However, a simple
co-injection of microbubbles and free nucleic acids
results in very low transfection efficiency. Yet even
sonoporation with nucleic acid-loaded bubbles
would not be sufficient to achieve the desired
transfection levels. To overcome this problem, Un
etal. (2010a, b, 2011) developed active targeting of
nucleic acid-loaded nanobubbles, mannose-mod-
ified cationic liposomal bubbles, which utilized
mannose-modified PEG-lipids for macrophage tar-
geting. In their initial reports, plasmid DNA-loaded
mannose-modified liposomal bubbles provided
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Fig.12.6 Schematic
representation of thiolated
OVA linkage to microbubble
via maleimide-lipid anchored
to the microbubble shell. © S
Elsevier Ltd, 2012 (Reprinted
with permission from Bioley
et al. (2012b))
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higher transfection efficiency than non-targeted
liposomal bubble (Un et al. 2010a, b). Similar
mannosylated sonosensitive siRNA lipoplexes tar-
geted to hepatic endothelium suppressed intracel-
lular adhesion molecule-1 (ICAM-1) expression
(Un et al. 2012). Moreover, this group has reported
lipopolyplex bubbles, prepared as electrostatic
complexes of plasmid DNA and cationic polymer
with anionic liposomal nanobubbles (Kurosaki
et al. 2014). These bubble lipopolyplexes could
reduce cytotoxicity, aggregation with erythrocytes
and inflammatory response, the usual problems of
cationic gene delivery tools. There is another ele-
gant gene delivery system. Chen et al. developed
beta cell-specific gene expression system in pan-
creatic islets by the combination of ultrasound and
plasmid DNA-loaded microbubbles (Chen et al.
2006; Chai et al. 2009). In this study, rat insulin
promoter-driven human insulin plasmid DNA and
lipofectamine 2000 (commercially available cat-
ionic liposomes for gene delivery) were mixed, and
the electrostatic complexes were added to phos-
pholipids suspension in the perfluoropropane gas-
filled sealed vial and shaken in an amalgamator to
prepare microbubbles. Following intravenous infu-
sion of these microbubble-lipofectamine-plasmid
complexes, ultrasound was directed at the pan-
creas to destroy microbubbles within the pancre-
atic microcirculation, and islet-specific transgene
expression in pancreas was observed. Expression
peaked at day 4 and then decayed steadily over 4
weeks following a single treatment. Later, these
researchers have expanded their studies to sono-
poration gene delivery regeneration therapy (Chen
et al. 2007, 2012, 2014). Overall, electrostatic
drug-microbubble complexes play an important
role in the development of nucleic acid sonopora-
tion delivery systems.
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12.3.2.3 Covalent Coupling of Drug
Substances onto
Microbubbles

There are other drug loading methods, based on
covalent coupling between the drug and the bub-
ble. Covalent coupling of biomolecules to micro-
bubbles has been assessed and optimized for
targeted molecular ultrasound imaging for almost
two decades, as described and reviewed else-
where (Villanueva et al. 1998; Klibanov 2005).
For therapeutic protein delivery applications
(Fig. 12.6), Bioley et al. developed antigen-
decorated microbubble formulations (Bioley
et al. 2012a, b, 2013), and demonstrated that
microbubbles can serve as an efficient antigen
delivery system to promote phagocytosis of the
model antigen ovalbumin (OVA) even without
ultrasound exposure: in-vivo administration of
OVA-loaded microbubbles in mice resulted in the
induction of OVA specific antibody and T cell
responses.

12.3.2.4 Particle-Decorated
Microbubbles

There are specialized loading methods to protect
nucleic acid from nuclease and improve per-particle
loading efficiency. Positively charged liposomes,
lipoplexes and polyplexes that entrapped and/or sta-
bilize nucleic acids or drug-loaded nanoparticles, can
be placed on the surface of the microbubbles, either
via streptavidin-biotin bonds (Vandenbroucke et al.
2008; Yangetal. 2013), or by covalent coupling (Sirsi
etal. 2012). In addition, there are reports that describe
virus-coated microbubbles. Porter, Bamber et al.
(Taylor et al. 2007) developed a microbubble com-
plex with an entry-deficient retrovirus, where posi-
tively charged microbubbles carried viral particles
attached electrostatically. As mentioned above, these
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Fig.12.7 Structure of
Bubble liposome. (a) Cartoon
of Bubble liposome, (b)
Transmission electron
microscopy of Bubble
liposome. Original
magnification, x50,000. JEOL
JEM2000EX operated at

100 kV. © Elsevier B.V.
(Reprinted with permission
from Suzuki et al. (2008))

particle-loaded microbubbles were formed by com-
bining pre-formulated microbubbles with particles.
Alternative approach is also possible: Bekeredjian
et al. prepared adeno-associated virus (AAV) vec-
tor-loaded microbubbles by co-amalgamation of
viral particles with lipids in water-glycerol solu-
tion, by a rapid (45 s) mechanical activation with
a Capmix/Vialmix amalgamator and succeeded to
develop an ultrasound gene delivery system in a
cardiac setting (Muller et al. 2008). Lentacker and
colleagues (Geers et al. 2011) developed an in-
situ  microbubble-liposome complex preparation
method, where drug-loaded liposomes (Doxil)
were added to glycerol:propyleneglycol:water
media containing DSPE-PEG-maleimide, dipalmi-
toyl phosphatidylcholine (DPPC) and distearoyl-
sn-glycero-3-phosphoethanolamine-N-[PDP
(polyethylene glycol)-2000] (DSPE-PEG-PDP)
in sealed vials with decafluorobutane headspace,
followed by the same amalgamation step. This
mechanical activation gives rise to CyFy, lipid-
shelled microbubbles decorated with liposomes.
The liposomes are attached to the microbubble
shell via covalent thiol-maleimide linkages; respec-
tive DSPE lipid anchors on the termini of the con-
jugate are embedded in the liposome bilayer and
bubble monolayer shell. Finally, it was reported
that doxorubicin-liposome-microbubbles allowed
ultrasound-triggered killing of melanoma cells in-
vitro even at very low doses of doxorubicin (Escoffre
et al. 2013). The advantage of this approach is in the
small size, low price and availability of amalgam-
ators. Ease of use and short time of the preparation
ensure ability to generate sterile microbubble-parti-
cle complex at the bedside.

Targeting
ligand

12.3.2.5 Liposomal Bubbles
Liposome is an intelligent drug/gene delivery tool
because of its biocompatibility, flexible composi-
tion and ease of loading of various types of drugs
(including nucleic acids) inside and outside of the
particle. Targeting molecules can be placed on the
liposome surface for selective drug delivery to
receptor-carrying cells and surfaces. Recently,
liposome-based nanobubbles were developed.
Suzuki, Maruyama and Negishi et al. reported a
sonosensitive liposome particle encapsulating a
perfluoropropane nanobubble inside it (Fig. 12.7).
This liposomal bubble was termed “Bubble lipo-
some” (Suzuki et al. 2007, 2008; Kodama et al.
2010). For plasmid DNA, siRNA and miRNA
delivery, they utilized cationic Bubble liposomes
loaded with these nucleic acids. As an alternative
siRNA-loading method, they used hydrophobic
anchor, cholesterol modified siRNA (Negishi et al.
2011). Targeting of Bubble liposomes with specific
ligands further enhanced gene delivery efficiency.
A similar formulation with a similar structure,
named “eLiposome” was developed recently by
Pitt et al. (Fig. 12.8). This particle entrapped per-
fluoropentane and/or perfluorohexane nanodroplet
inside a liposome (Javadi et al. 2012; Lattin et al.
2012a). First, nanoemulsion of perfluoropentane
and/or perfluorohexane was prepared. Then nano-
droplets were encapsulated in liposomes by co-
sonication for the mixture of nanodroplets and
liposomes, or by hydration of dry lipid film with
the aqueous dispersion of nanodroplets. Finally,
nanodroplet encapsulated liposome was purified
with step-wise density gradient centrifugation
(Javadi et al. 2012). This eLiposome particles were
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eLiposome
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Fig.12.8 Cryo-TEM and illustrations of the liposome nanoparticles used in this study. Examples of C5F12 nanodrop-
let (a), eLiposome (b), and eLipoDox (c). © Elsevier, Inc, 2014 (Reprinted with permission from Lin et al. (2014)

sensitive to ultrasound exposure: co-entrapped cal-
cein release was demonstrated (Lattin et al. 2012b).
It is suggested that ultrasound helps convert liquid
fluorocarbon to gas, leading to a drastic increase of
volume and rupture of the surrounding membrane.
Targeted, folate modified eLiposome was devel-
oped and demonstrated targeted enhanced delivery
of calcein and plasmid DNA into HeLa cells with
ultrasound (Javadi et al. 2013). Likewise, folate-
modified doxorubicin encapsulated eLiposome
was also developed; it could effectively deliver
doxorubicin into HeLa cells and provided cytotox-
icity enhancement (Lin et al. 2014).

12.3.3 Problems to be Addressed:
Formulation and Stability
of Drug-Carrier Particles

Drug carrier liposome formulations are well
known for their excellent stability profile, e.g., as

demonstrated by Doxil. However, stability may
become an issue for more complex sonosensitive
drug carrier formulations (Shiraishi et al. 2011).
While microbubbles demonstrate reasonable sta-
bility, nanobubbles are not very stable on storage,
especially when compared to traditional drugs.
Some of the commercially available microbub-
bles (ultrasound imaging contrast agents) are
supplied as freeze-dried formulations, or pre-
pared by sealed vial amalgamation mixing imme-
diately before use. As discussed in the previous
section, Geers et al. (2011) prepared microbubble-
liposome-doxorubicin complexes by a Vialmix/
Capmix amalgamator (same as used for Definity/
Luminity clinical bubble formulation) — with the
intent of finalizing the preparation at the bedside,
immediately prior to use. Extended stability of
the preformulated nanobubble/nanodroplet com-
plexes may also be limited, and lyophilization
may not be helpful, obviously. Returning perfluo-
rocarbon nanodroplet aqueous emulsion to the
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lyophilized particle precursor cake and expecting
a uniform formulation after reconstitution may
be too optimistic. An example of perflenapent
(Echogen) a perfluoropentane/Zonyl nanoparti-
cle emulsion, also suggests a cautionary
approach: this formulation was approved by
EMEA, yet it was withdrawn from the market
without reaching wide clinical use. Overall, opti-
mization of the nanodroplet-based formulations
for their stability on storage and in-vivo is a criti-
cally important point to be addressed before clin-
ical use can be considered.

12.4 Selection of the Best
Technique: Optimal
Approaches
for Particular Tasks

Overall, significant efforts, with dozens of pub-
lished manuscripts have been dedicated to both
ultrasound drug delivery approaches: microbub-
ble drug carrier particles, and co-administration
of drug and bubbles. We cannot make a final
judgment for the “winner” strategy at this point,
but general considerations for the advantages and
disadvantages for the particular task can be pro-
vided based on the above analysis.

Main reason for any drug delivery project is to
improve therapeutic index, i.e., the ratio of the ther-
apeutic dose to the dose of the drug at which the
drug becomes toxic. Thus, if the drug is nontoxic
and can easily get to the target tissues, onto and into
the target cells, there should be no reason to attach
the drug to a microbubble, or even to enhance the
drug extravasation or intracellular delivery.
However, if the drug has low toxicity (e.g., nucleic
acid material) yet not active (nor toxic) unless it
gets into the desired tissues, cells and even particu-
lar intracellular compartments, then enhanced drug
delivery (e.g., via sonoporation) into the target is
required for any drug efficacy. A more “traditional”
is a scenario, when the drug is especially toxic in a
particular critical organ or tissue (e.g., doxorubicin
in the heart and bone marrow). In this case, entrap-
ment of the drug in a pharmaceutical carrier will
minimize drug deposition in the critical toxicity tis-
sue, and selective insonation of the target tissue
will enhance drug delivery and deposition into that
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organ. Obviously, both co-injection of microbub-
bles with drug-carrier liposomes (e.g., as in (Aryal
et al. 2013)) as well as the administration of an
ultrasound-responsive drug carrier particles (e.g.,
liposome-decorated microbubbles (Klibanov et al.
2010; Geers et al. 2011; Yan et al. 2013) can be
applied, but the efficiency may vary.

Pharmacokinetic parameters of the carrier and of
the drug itself play a major role in the therapeutic
index improvement. If a drug (e.g., gemcitabine) or
a drug carrier (e.g., a pegylated liposome) stays in
the bloodstream for many hours, the recirculating
drug has a much better chance to enter the tissue of
interest following “softening” endothelial lining
barrier by ultrasound treatment, e.g., BBB (Treat
et al. 2012), than for the drug carrier bubbles, which
lose gas after several minutes in the bloodstream.
Therefore, one can expect a higher fraction of the
drug (e.g., doxorubicin) accumulated in the
insonated tissue in case of longer circulating drug
carrier, especially that following the ultrasound/
microbubble treatment the barrier stays open for
hours, and allows efficient drug delivery into the
interstitial space. However, if the desired drug target
is the endothelium itself, and the drug cannot enter
the target cells unless sonoporation is applied (e.g.,
nucleic acid), proximity of the drug to the surface of
the cell during the ultrasound treatment may pro-
vide a significant benefit — and a combined drug/
bubble carrier offers such proximity (Christiansen
et al. 2003; Panje et al. 2012), especially if the par-
ticle is targeted to the endothelium by a specific
ligand, e.g., an antibody (Tlaxca et al. 2013).

From the practical consideration standpoint, a
combination of ultrasound action with the exist-
ing drugs (e.g., microbubbles approved for diag-
nostic imaging, drug-loaded liposomes or just a
free long-circulating drug) would gain approval
for clinical trials (e.g., Kotopoulis et al. 2013)
easier than for any novel ultrasound-triggered
formulation drug carrier systems — the latter will
obviously get significant scrutiny from the regu-
latory agencies.

Conclusion

Both approaches to ultrasound-triggered drug
delivery are being actively assessed in-vitro and
in preclinical animal testing in-vivo. Ultrasound-
sensitive carrier particle approach is going to be
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slower to reach clinical trial stage, which has
already begun for the co-injection approach of
microbubbles and the drug. Both approaches
have their respective advantages and disadvan-
tages. Development cost for the novel drug car-
rier particles is going to be an important factor
(especially that microbubbles and separate drug
carrier systems are already available for clinical
use worldwide). However, if a novel ultrasound-
sensitive drug carrier particle will offer an advan-
tage, such as curative potential with minimal
side effects, there will be strong reason for bring-
ing that particle formulation into development
and eventually towards the clinical practice.
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Abstract

The interaction of nanoparticles with directed energy is a novel applica-
tion in targeted drug delivery. This chapter focuses on perfluorocarbon
nanoemulsions, whose action in drug delivery depends on the ultrasound-
triggered phase shift from liquid to gaseous state. These nanoemulsions
have great potential for unloading encapsulated drugs at a desired time and
location in the body in response to directed ultrasound. In addition, they
actively alter their nano-environment for enhancing drug transport through
various biological barriers to sites of action, which significantly enhances

therapeutic outcome.
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13.1 Introduction

Chemotherapy remains the treatment choice for
many types of cancer. However, the dream of a
“magic bullet” that exclusively targets tumors
while avoiding normal tissues has remained elu-
sive and inspired extensive research. During the
last decade, progress in nanomedicine has
enabled tumor-targeted delivery of anticancer
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drugs, which has decreased side effects and
increased drug concentration in tumor tissue.
Advances in nanotechnology have allowed com-
bining various functionalities in molecular or
supramolecular constructs, i.e. nanoparticles.
The family of nanoparticles includes polymeric
micelles, liposomes, nano- or microemulsion
droplets, polymerosomes, hollow particles, efc.
Various chemotherapeutic drugs, imaging agents
and targeting moieties may be encapsulated in
the same nanocontainer. Drug encapsulation in
nanocarriers has a number of additional advan-
tages. First, it may dramatically increase the
effective aqueous solubility of highly potent
compounds formerly abandoned due to low
solubility. Encapsulation also prevents drug

221

J.-M. Escoffre, A. Bouakaz (eds.), Therapeutic Ultrasound, Advances in Experimental
Medicine and Biology, Vol. 880, DOI 10.1007/978-3-319-22536-4_13


mailto:natasha.rapoport@utah.edu

222

degradation resulting from body fluid action,
reduces side effects and allows drug transport
towards desired targets. However, after encapsu-
lated drug reaches its site of action, it should be
released from carrier. This can be achieved by
developing stimuli responsive drug carriers. After
tumor accumulation, local release of an encapsu-
lated drug into tumor tissue may be triggered by
various internal (i.e. pH, hypoxia, enzymatic deg-
radation) or external physical stimuli, e.g. ultra-
sound or light (Rapoport 2007). The application
of ultrasound for targeted drug delivery is dis-
cussed below, with special emphasis on the role
of triggered phase-shift transition inside injected
nanoparticles.

Ultrasound has a number of advantages when
compared with other physical methods used in
tumor therapy. Ultrasound is the most cost effec-
tive and accessible, and does not use ionizing radi-
ation. Ultrasound can be directed toward deeply
located body sites, and tumor sonication with mil-
limeter precision is feasible. Sonication may be
performed non-invasively or minimally invasively
through intraluminal, laparoscopic or percutane-
ous means. For extracorporeal sonication, the
transducer is placed in contact with a water-based
gel or a water layer on the skin, and no insertion or
surgery is required. Ultrasound has both thermal
(i.e. local heating of tissue to hyperthermia or abla-
tive temperatures) and non-thermal mechanisms
(i.e. cavitation and radiation force). These mecha-
nisms are expected to work synergistically to trig-
ger drug release from carrier, increase extravasation
and internalization of carrier and drug, and
increase drug diffusion in tumor tissue, which ulti-
mately results in enhanced treatment outcome.
Moreover, development of real-time imaging
methods, such as magnetic resonance imaging
(MRI) or ultrasound imaging, allows precise spa-
tiotemporal control of focused ultrasound (FUS)-
mediated drug delivery. Indeed, imaging assists in
identification of the target, guidance of ultrasound
action and evaluation of therapeutic efficacy. In
addition, real-time temperature measurements
during treatment using MRI thermometry provide
data that can be used in a feedback controller to
enable greater control of the energy delivery.
Ultrasound has been widely used for decades as an
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imaging modality. During the last two decades
therapeutic application of ultrasound has evolved
with the development of tumor ablation technique
(Lubner et al. 2010; Manthe et al. 2010;
McWilliams et al. 2010).

Tumors are usually highly heterogeneous for-
mations, with necrotic cores and perfused shells.
While the heat-induced ablation of a core is rela-
tively effective, that of a shell is problematic
since circulating blood carries the heat away.
However, enhanced perfusion that hampers abla-
tion favors drug delivery to the tumor periphery,
which is an area of active tumor growth. As
shown below, at non-ablative energies, ultra-
sound can enhance tumor-directed drug delivery
and overall therapeutic response.

Tumor tissue is characterized by poorly orga-
nized vascular architecture, irregular blood flow
and reduced lymphatic drainage. Leaky blood
vessels and the lack of a lymphatic system result
in an increased interstitial fluid pressure, which
hinders convectional transport of drug carriers
across blood vessel walls. Still, nanoparticles of
appropriate size accumulate in tumor tissue via
the enhanced permeability and retention (EPR)
effect (Iyer et al. 2006) based on defective tumor
microvasculature. A characteristic pore cutoff
size range between 380 and 780 nm has been
shown in a variety of tumors; although in some
tumors the size may increase up to 2 pm.
This allows extravasation of drug-loaded nanopar-
ticles through large inter-endothelial gaps
(Campbell 2006; Hobbs et al. 1998; Iyer et al.
2006), while the poor lymphatic drainage of
tumors results in longer retention of extravasated
particles in tumor tissue. In contrast to tumors,
blood vessels in normal tissues have tight inter-
endothelial junctions, which do not allow extrava-
sation of nanoparticles (Fig. 13.1). Effective
tumor accumulation of nanoparticles via the EPR
effect requires sufficient particle residence time in
circulation; to provide for this, nanoparticles are
commonly coated with poly(ethylene oxide)
chains that decrease blood protein adsorption and
particle recognition by the cells of the reticuloen-
dothelial system.

Ultrasound as a component of a drug delivery
system may be coupled with a variety of drug
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Fig. 13.1 Schematic representation of the EPR effect.
Nanoparticles cannot cross tight junctions in normal tis-
sues, but extravasate into tumor tissue through large inter-
endothelial gaps in the defective tumor microvasculature

carriers. An ideal drug carrier for ultrasound-
mediated drug delivery should satisfy a number
of requirements: stability in circulation; drug
retention until activated; size that allows extrava-
sation through defective tumor vasculature; ultra-
sound responsiveness.

13.2 Ultrasound Effects in Drug
Delivery: Anticipated
Mechanisms

Several mechanisms of ultrasound action in drug
delivery have been discussed (Dalecki 2004;
Deckers and Moonen 2010; Ferrara 2008; Frulio
et al. 2010; Miller et al. 1996; Rapoport et al.
2009a, b, Rapoport et al. 2011, 2013); both
ultrasound-triggered localized drug release from
carriers and effects of ultrasound on biological
tissue should be considered.

13.2.1 Thermal Effects

Ultrasound produces localized tissue heating.
Tissue heating depends on the tissue absorption of
energy and rates of thermal diffusion and convec-
tion. Absorption of ultrasound energy is frequency
dependent and increases monotonically with fre-
quency. Even a moderate temperature increase
may have serious biological consequences, e.g.
significantly increase permeability of blood capil-
laries (Dreher et al. 2006; Kong et al. 2000b,
2001) and/or lead to cell membrane fluidization
(Hayat and Friedberg 1986; Krupka et al. 2009).
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Thermal effects of ultrasound have been used
with temperature-sensitive liposomes that rapidly
release their contents at physiologically tolerated
tissue temperatures (Dewhirst et al. 2005; Gaber
et al. 1996; Hauck et al. 2006; Kong et al. 2000a,
b; Kong and Dewhirst 1999; Needham et al. 2000;
Negussie et al. 2011; Vujaskovic et al. 2010;
Yarmolenko et al. 2010). Heating produces a gel-
to-fluid phase transition in the phospholipid mem-
brane that enhances release and diffusion of drug
in the target region. Doxorubicin-loaded lipo-
somes have been commercialized (ThermoDox®,
Celsion Corp.) and are undergoing clinical trials
in combination with radiofrequency (RF) thermal
ablation (Hauck et al. 2006; Poon and Borys
2009). Ultrasound as a heating modality has also
been studied for release of drugs from loaded
liposomes, and other similar temperature-sensi-
tive liposomes (Deckers and Moonen 2010;
Dromi et al. 2007; Negussie et al. 2011; Staruch
et al. 2011; Stone et al. 2007).

13.2.2 Mechanical Action
of Ultrasound: Cavitation

Cavitation phenomena may exert substantial
effects on biological tissues and drug carriers.
Cavitation can be enhanced by the introduction
of gas-filled microbubbles. In current clinical
practice, microbubbles have been used as ultra-
sound contrast agents for cardiovascular imaging
(Becher and Burns 2000; Becher et al. 2005) and
for molecular imaging (Klibanov 2007). During
the last decade, microbubbles have attracted
attention as drug carriers and enhancers of drug
and gene delivery (See Chap. 11). In the ultra-
sound field, microbubbles grow and collapse in a
process of inertial cavitation. Inertial cavitation
of microbubbles creates microjets and shock
waves that can create holes in blood vessels and
cell membranes (sonoporation), thus increasing
permeability of biological barriers for drugs,
genes and their carriers (see Chaps. 9 and 10). At
ultrasound energies that don’t induce inertial cav-
itation, microbubbles stably oscillate in the
ultrasound field. Stable cavitation of systemically
injected microbubbles can induce alternating
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invagination and distention of blood vessel walls,
which in turn can damage the endothelial lining
and temporarily increase blood vessel permeabil-
ity (Chen et al. 2010; Chen et al. 2011; Gaitan
et al. 2010; Matula and Guan 2011). For blood
vessels that are large in comparison to microbub-
ble sizes, invagination appears to be a major ves-
sel damaging factor; for small blood capillaries,
both invagination and distension results in endo-
thelial damage and increased permeability (Chen
et al. 2011).

Several research groups have concentrated
their efforts on developing microbubble-based
drug delivery systems (see Chaps. 11 and 12).
Microbubble cavitation has been used for enhanc-
ing drug delivery from liposomes (Frulio et al.
2010; Hernot and Klibanov 2008; Klibanov et al.
2010). The efficient therapeutic action of micro-
bubbles combined with low duty cycle ultrasound
on subcutaneously grown glioma xenografts was
reported (Burke et al. 2011).

Microbubble cavitation was successfully used
for opening the blood-brain barrier to allow
effective delivery of drugs to the brain (see Chap.
16). Drug-loaded microbubbles have also been
developed for targeting intravascular targets (see
Chaps. 18 and 19), and tissue plasminogen acti-
vator (tPA)-loaded microbubbles combined with
ultrasound have been developed for thrombolysis
(Hitchcock and Holland 2010; Hitchcock et al.
2011; Laing et al. 2011; Shaw et al. 2009; Smith
et al. 2010; Sutton et al. 2013a, b). The biological
effects of microbubbles are based on the enhanced
penetration of various nanoscaled particles or
drugs through biological barriers (Mohan and
Rapoport 2010; Thakkar et al. 2013).

13.2.3 Mechanical Action
of Ultrasound in the Absence
of Cavitation

The most frequently discussed non-thermal and
non-cavitation mechanism of ultrasound is
related to acoustic streaming and ultrasound radi-
ation force. Sound propagating through a medium
produces a force upon the medium (acoustic
streaming) and the particles suspended in the
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medium (radiation force) (Dayton et al. 1999,
2006). Acoustic streaming and radiation force
each produce particle translation in the acoustic
field, and their effects may be combined. It was
demonstrated that acoustic streaming and/or radi-
ation force present a means to localize and con-
centrate particles near a vessel wall, which may
assist the delivery of targeted agents. The radia-
tion force pulses can bring a drug carrier into
proximity to a cell, which would facilitate adhe-
sion of the carrier or its fragments to cell mem-
branes (Shortencarier et al. 2004). This would be
especially effective for enhancing active target-
ing that is based on ligand/receptor interaction.
Actively targeted acoustically active lipospheres
were used to deliver paclitaxel (PTX) to HUVEC
cells overexpressing o,p;-integrins (Tartis et al.
2006). Circulating drug-loaded particles were
first deflected by radiation force to a vessel wall
and were subsequently fragmented by stronger
pulses (Dayton et al. 1999). A similar strategy
was used for enhancing the cellular interaction of
targeted lipid-coated perfluorooctylbromide
(PFOB) nanoparticles with melanoma cells
(Soman et al. 2006). The authors hypothesized
that the ultrasound facilitated drug transport from
the perfluorocarbon nanoparticles into cells due
to direct cell/nanoparticle interaction that stimu-
lated lipid exchange and drug delivery. Acoustic
streaming appears to dominate in large blood
vessels (with hundreds micrometers per second
for particle displacement), while radiation force
is expected to dominate in the microvasculature
because acoustic streaming decreases with
decreasing vessel diameter (Dayton et al. 2006).
Acoustic streaming and radiation force can push
nanoparticles through blood capillary walls, thus
enhancing extravasation of drug carriers or mac-
romolecular drugs (Dayton et al. 1999, 2006;
Ferrara 2008; Holland and McPherson 2009;
Stieger et al. 2007; Thakkar et al. 2013).

In addition to cavitation, non-cavitation mech-
anisms may be effective for microbubble action.
For perfluorocarbon microbubbles, the mismatch
between acoustic impedances of water or tissue
(1.4 MRayl) and perfluorocarbon (approx. 0.3
MRayl) may promote generation of shear
stresses. This in turn would increase
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inter-endothelial gaps and extra-cellular spaces,
resulting in increased extravasation and diffusion
of drug carriers and drugs in sonicated tissues
(Frenkel et al. 2000a, b, 2006; Hancock et al.
2009a, b; O’Neill et al. 2009; Yuh et al. 2005). In
an interesting novel application, ultrasound radi-
ation force was used to modulate ligand exposure
on the surface of actively targeted contrast agents
(Lum et al. 20006).

Ultrasound-triggered localized drug release
may be activated using carriers that are sensitive
to either mechanical factors, thermal factors, or
both (Borden et al. 2005, 2008; Dayton et al.
2006; Ferrara et al. 2007; Ferrara 2008; Gao et al.
2004; Kheirolomoom et al. 2007, 2010; O’Neill
and Rapoport 2011; Qin et al. 2009; Rapoport
2012a, b; Schroeder et al. 2007; Schroeder et al.
2009; Unger et al. 2004; Wheatley et al. 2006;
Zheng et al. 2008). Ultimately, the combined
thermal and mechanical actions of ultrasound on
drug carriers and biological tissues enhance per-
fusion, increase extravasation of drug carriers
and drugs, and facilitate drug penetration through
other biological barriers. Consequently, this
enhances drug diffusion throughout tumor tissue,
resulting in significantly enhanced therapeutic
efficacy of conventional drugs (see below)
(McDannold et al. 2008; McDannold et al. 2006;
Rapoport et al. 2009b, 2010b, 2011; Treat et al.
2007; Vykhodtseva et al. 2006, 2008).

The most straightforward and cost-effective
way to develop microbubble-based drug delivery
systems would be to load drugs into the FDA
approved ultrasound contrast agents, such as
Optison® (Amersham Inc.) or Definity® (Lanteus
Medical Imaging Inc.). While this approach may
be very beneficial for targeting intravascular tar-
gets, currently used ultrasound contrast agents
present a number of inherent problems as inter-
stitial-targeted drug carriers. A very short circu-
lation time (minutes) of commercially available
microbubbles, and their large size (2—10 microns),
do not allow effective extravasation into tumor
tissue, thus preventing effective drug targeting.
This problem may be solved by developing
nanoscaled phase-shift microbubble precursors,
which convert into microbubbles under ultra-
sound action as discussed below.
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13.3 Phase-shift Perfluorocarbon
Nanoemulsions as Drug
Carriers for Ultrasound-

mediated Drug Delivery

As mentioned above, microbubbles as drug carri-
ers present inherent problems for interstitial
delivery to tumors. To solve this problem, drug-
loaded nanoscaled microbubble precursors that
accumulate in tumors via passive or active target-
ing, which then convert into microbubble in-situ
under the action of ultrasound have been devel-
oped. The microbubble precursors are perfluoro-
carbon (PFC) nanoemulsions.

13.3.1 Generation
of Perfluorocarbon
Nanoemulsions

13.3.1.1 General Approach

Perfluorocarbon micro- and nanodroplets are
manufactured by emulsification of a water/surfac-
tant/perfluorocarbon mixture. Various surfactants,
perfluorocarbons and emulsification means have
been explored. In the works by Fowlkes’s group,
dodecafluoropentane (also called perfluoropen-
tane, PFP) was used as a droplet core, with albu-
min used as a droplet shell; emulsification was
performed in a high-speed shaker (Kripfgans
et al. 2000). PFP mixtures with a higher boiling
temperature than PFC were used by the Ferrara
group, with a lipid mixture used for droplet stabi-
lization (Dayton et al. 2006). For preparing
polymer-coated perfluorooctyl bromide (PFOB)
“nanocapsules”, a poly(lactic-glycolic acid) copo-
lymer was co-dissolved with PFOB in an organic
solvent. The mixture was then pre-emulsified in a
high-speed shaker and additionally emulsified by
ultrasound; organic solvent was removed by evap-
oration (Reznik et al. 2011). Acoustic character-
ization of these nanodroplets suggested that
vaporization may be induced by diagnostic
7.5 MHz ultrasound at a mechanical index in the
diagnostic range (MI<1) (Reznik et al. 2011). In
order to decrease droplet sizes, crude emulsions
are usually additionally processed through a
microfluidizer (Reznik et al. 2014). For delivering
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water soluble compounds (fluorescein or throm-
bin), a double emulsion technique has been devel-
oped (Fabiilli et al. 2010b).

A new approach for the generation of highly
acoustically active perfluorocarbon droplets was
recently suggested (Matsunaga et al. 2012;
Sheeran et al. 2011). The authors formulated
nanodroplets from highly volatile decafluorobu-
tane (DFB) (boiling point about -2 °C).
Nanodroplets were stable at physiological tem-
peratures, but were activated by ultrasound in-
vivo using pressures within the FDA guidelines
for diagnostic imaging (Matsunaga et al. 2012).
A different approach to generation of drug-
loaded PFC nanodroplets was suggested in the
works by Rapoport’s group. Here, drug-loaded
polymeric micelles were used as a starting point
for generating nanoemulsions (Gao et al. 2008;
Rapoport et al. 2010a; Rapoport et al. 2007,
Rapoport et al. 2009a, b, 2007, 2010b, 2011).
Manufacture simplicity, absence of toxic solvents
and increased drug loading capacity are attractive
features of this technology. In addition, amphi-
philic block copolymer micelles (if they are pre-
served in a formulation) may exert extremely
important biological effects by preventing devel-
opment of drug resistance (Alakhov et al. 1996;
Alakhova et al. 2010; Batrakova et al. 1999,
2001, 2003).

13.3.1.2 Polymeric Micelles

as a Starting Point

for Generation of Drug-

loaded PFC Nanodroplets
Polymeric micelles are formed by self-assembly
of individual amphiphilic block copolymer mole-
cules (unimers) in aqueous milieu. Hydrophobic
blocks form micelle cores, while hydrophilic
blocks (usually PEG) form micelle corona (or
shells). PEG shells are important for suppression
of nanodroplet uptake by reticuloendothelial sys-
tem cells. Lipophilic drugs are solubilized in
micelle cores. Many different polymeric micelle
systems have been designed. The application of
biodegradable, pH-sensitive micelles, like those
of poly(ethylene oxide)-co-poly(D,L-lactide)
(PEG-PDLA) or poly(ethylene oxide)-co-
poly(caprolactone) (PEG-PCL), are especially
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appealing. When internalized by tumor cells via
endocytosis, the micelles move to the acidic envi-
ronment of endosomes and lysosomes, where
their hydrolysis at low pH results in drug release.
The amphiphilic character of block copolymer
micelles, their size (between 20 nm and about
100 nm) and surface properties provide a rela-
tively high drug loading capacity and long circu-
lation time in the vascular system, which is
important for effective tumor targeting. However,
micelles manifest substantial shortcomings as
drug carriers. Micelle formation is thermodynam-
ically driven, meaning micelles dissociate into
unimers when copolymer concentration drops
below a critical value called the critical micelle
concentration (CMC). Systemic injections of
micellar formulations are associated with sub-
stantial dilutions in the circulatory system. This
may result in a premature drug release into circu-
lation before the drug reaches its target, which has
presumably occurred in clinical trials. Polymeric
micelles as drug carriers are either too unstable,
thus prematurely releasing their drug load, or on
the contrary too stable, therefore incapable of pro-
viding adequate drug release at the tumor site.

A feasible approach to overcoming these com-
plications consists in developing stable micellar
systems that could be activated using external
triggers (e.g. ultrasound), inducing drug release
at a desired body location (Rapoport 2007). This
may be done via introduction of some oil, e.g. a
PFC compound. At a suitable PFC/copolymer
ratio, PFC nanodroplets are formed. Nanodroplets
are much more stable against dilution than
micelles, and have other important advantages
for ultrasound-mediated drug delivery (see
below). To produce nanodroplets, a PFC com-
pound was introduced into a micellar solution
formed by an amphiphilic block copolymer (i.e.
poly(ethylene oxide)-co-poly(L-lactide) (PEG-

PLLA), poly(ethylene oxide)-co-poly(D,L-
lactide) (PEG-PDLA), or poly(ethylene
oxide-co-polycaprolactone (PEG-PCL). The

mixture was emulsified on ice under low-
frequency ultrasound. A chemotherapeutic drug
(Doxorubicin (DOX) or paclitaxel (PTX)) was
pre-introduced into a micellar solution (Gao et al.
2008; Rapoport et al. 2007, 2009b, 2011).
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Perfluorocarbon compounds tested were PFP or
perfluoro-15-crown-5-ether (PFCE), however
any PFC compound or their mixture may be
emulsified this way. PFCE generates more stable
and easy to handle nanoemulsions than PFP; in
addition, it offers a possibility of monitoring in-
vivo nanodroplet biodistribution using ' F-MRI
since twenty equivalent fluorine nuclei in a PFCE
molecule generate a sharp peak in MR spectra. A
phase state of perfluorocarbon/copolymer formu-
lations depends on the PFC/copolymer concen-
tration ratio as shown schematically in (Fig. 13.2)
(Gao et al. 2008). At low concentration, PFC is
dissolved in micelle cores (zone 1, Fig. 13.2).
When the PFC concentration exceeds a limit of
solubility in micelle cores, nanodroplets evolve

Copolymer concentration

e

Critical micelle concentration

PFP concentration

Fig.13.2 Schematic representation of the phase diagram
of a perfluorocarbon/block copolymer formulation in
aqueous solution (Reprinted with permission from (Gao
et al. 2008))

Fig.13.3 Schematic
representation of a
drug-loaded nanodroplet
(a) and laser confocal
image of DOX-loaded
PFP/PEG-PLLA
droplets; scale bar 1 pm
(b); micron-sized
droplets were produced
to better visualize drug
location on the droplet
surface

PFC droplet

Hydrophobic block with drug

into a separate phase. In this process, former
micelle cores turn into droplet shells.

A nanodroplet shell contains two layers: the
inner layer, formed by a hydrophobic block of a
block copolymer (e.g. polylactide or polycapro-
lactone), and the outer layer, formed by a hydro-
philic block, usually PEG, as shown schematically
in Fig. 13.3a. A lipophilic drug initially encapsu-
lated in micelle cores moves with the hydropho-
bic block into the inner layer of a droplet shell, as
exemplified by the laser confocal imaging of
DOX encapsulating droplets (Fig. 13.3b).

In some ranges of PFC/copolymer concentra-
tion ratios, micelles coexist with nanodroplets
(zone 2, Fig. 13.2). As PFC concentration
increases, all block copolymer is used for droplet
stabilization and micelles disappear; only drop-
lets are observed in zone 3. The droplet size in
PFC nanoemulsions ranges from 200 to 750 nm
depending on the type of the stabilizing copoly-
mer, perfluorocarbon-to-copolymer concentra-
tion ratio and emulsification conditions (Gao
et al. 2008). An example of a size distribution
diagram for a 1 %PFCE/5 %PEG-PDLA formu-
lation is presented in Fig. 13.4, revealing coexist-
ing micelles and nanodroplets (corresponding to
zone 2 of the phase diagram).

13.3.2 Droplet-to-bubble Phase
Transition in PFP
Nanoemulsions

Starting with a pioneering work by Apfel, it was

shown that perfluorocarbon droplets can convert
into microbubbles under ultrasound irradiation

PEG
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Fig.13.4 Particle size
distributionina 1 %

PECE/S % PEG-PDLA 30T
formulation (zone 2 of the

phase diagram, see Fig. 25
14.2); left peak — PEG- Q
PDLA micelles with < 20
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(Apfel 1998). This effect, called acoustic droplet
vaporization (ADV), has been thoroughly investi-
gated by the Fowlkes group (Fabiilli et al. 2009,
2010a, b; Kripfgans et al. 2000, 2002, 2004, 2005;
Lo et al. 2006, 2007; Miller et al. 2000; Wong
et al. 2011; Zhang et al. 2010), the De Jong and
Versluis groups (Chen et al. 2013; Faez et al.
2013; Kokhuis et al. 2013; Kooiman et al. 2014;
Maresca et al. 2013; Reznik et al. 2013, 2014,
Segers and Versluis 2014; Shpak et al. 2013,
2014; Ten Kate et al. 2013; Thomas et al. 2013)
and Rapoport group (Gao et al. 2008; Nam et al.
2009; O’Neill and Rapoport 2011; Rapoport et al.
2009a, b, 2010a, 2012a). In medical applications,
acoustic droplet vaporization was tested for tem-
poral and spatial control of tissue occlusion
(Kripfgans et al. 2002; Kripfgans et al. 2005;
Zhang et al. 2010), as well as for cavitation nucle-
ation agents for non-thermal ultrasound therapy
(Miller et al. 2000; Miller and Song 2002), for
enhancing gene transfer, for phase aberration cor-
rection (Kripfgans et al. 2002) and for the ultra-
sound-enhanced drug delivery; for reviews on the
latter application, see (Rapoport 2012a, b).

13.3.2.1 Vaporization of the PFP
Droplets: Mechanism
and Therapeutic Applications
It was found that micrometer-sized albumin-
coated PFP droplets vaporized into gas bubbles
with the application of short tone bursts in the
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diagnostic frequency range of 1.5-8§8 MHz
(Kripfgans et al. 2000). The resulting bubbles
were 20-80um in diameter. The threshold for
vaporization decreased with increasing ultra-
sound frequency and sonication time, and in the
presence of microbubbles as nucleation agents
(Kripfgans et al. 2000; Lo et al. 2007). The vapor-
ization threshold was higher for smaller droplets
(Kripfgans et al. 2004). These experiments were
complemented with the optical imaging of the
droplet-to-bubble transition using the ultra-high
speed imaging camera (Wong et al. 2011).

Physico-chemical aspects of the PFP droplet
vaporization were discussed by Rapoport et al.
(20094, b, 2010a). PFP has a boiling temperature
of 29 °C at atmospheric pressure and therefore
manifests high propensity for vaporization under
heating. However, for small droplets stabilized
by elastic copolymer shells, the Laplace pressure
(i.e. the pressure difference between the inside
and outside of a droplet) may substantially
increase boiling temperature. This effect is
caused by the surface tension at the interface
between a droplet and a bulk liquid. The Laplace
pressure is given by

AP=P,

inside

P

outside ~

(13.1)

where P4 1S the pressure inside a droplet, Poygiqe
is the pressure outside a droplet, o is the surface
tension and r is a droplet radius.
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Excessive pressure inside a droplet results in an
increase in PFP boiling temperature. This phe-
nomenon has important consequences for drug
delivery. Laplace pressure is inversely propor-
tional to droplet size according to Eq. 13.1, mean-
ing smaller droplets have higher boiling
temperatures than larger droplets. The surface ten-
sion at the PFP/water interface for “naked” (i.e.
not surfactant-coated) PFP droplets is 56+1
mN/m. Using the known parameters of the Antoine
equation for the pressure dependence of PFP
vaporization temperature (Barber and Cady 1956),
the dependence of the PFP droplet vaporization
temperature on droplet size was calculated for two
values of the interfacial tension 30 and 50 mN/m,
typical values for PEG-coated colloid particles
(Alexandridis et al. 1994) (Fig. 13.5) (Rapoport
et al. 2009a). As indicated by Fig. 13.5, PFP boil-
ing temperature in droplets smaller than 4 pm is
higher than physiological temperature. These
droplets remain in the liquid state at physiological
temperatures, while droplets larger than 4 pm
vaporize. Therefore, droplets larger than 4 pm
should be excluded from pharmaceutical PFP
emulsion formulations as they would prematurely
vaporize upon systemic injection. The fact that
micron-sized droplets would not extravasate is
equally important. Hence, in Rapoport’s works,
paclitaxel (PTX)-loaded PFP nanodroplets were
prepared with the average size of 250-300 nm and
relatively low polydispersity (see Fig. 13.4). These
nanodroplets circulated as liquid nanodroplets and

Droplet diameter, um
—--30mN/m -5 50 mN/m

gradually extravasated into tumor tissue, upon
which their conversion into microbubbles, which
led to a localized drug release, was triggered by
tumor-directed ultrasound.

Note of warning: Droplet-to-bubble transition
upon injection of PFP nanoemulsion may be
induced by shear stresses generated during injec-
tion through a small diameter (high-gauge) nee-
dle (Rapoport et al. 2009a, b). This phenomenon
was first observed in Echogen microemulsions;
its clinical implications have been discussed in
ref. (Becher and Burns 2000). Though some gen-
eration of microbubbles in the vascular bed may
be beneficial for increasing ultrasound-induced
vascular permeability (Caskey et al. 2007, 2009a,
b; Chen et al. 2010; Chen et al. 2011; Kinoshita
et al. 2006; Matula and Guan 2011; Stieger et al.
2007), substantial transition of nanodroplets into
microbubbles inside blood vessels should be
avoided unless occlusion therapies have been
considered. For safety reasons, PFP nanoemul-
sions should be injected either by infusion or
through low-gauge needles.

Upon complete PFP droplet vaporization
inside a copolymer wall, particle diameter
increases fivefold due to a 125-fold density differ-
ence between liquid and gaseous PFP phases
(Gao et al. 2008; Kripfgans et al. 2000; Rapoport
et al. 2007). Therefore, a 500-nm diameter droplet
would generate a 2.5-pm bubble upon complete
vaporization. However, bubbles of much larger
sizes were observed upon ultrasound-induced
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PFP droplet vaporization (Kripfgans et al. 2000;
Lo et al. 2007; Rapoport et al. 2009a, b). These
were secondary bubbles formed from primary
2.5-um bubbles. At least two different mecha-
nisms of bubble growth beyond the size of pri-
mary bubbles may be considered: bubble
coalescence with droplets or between themselves;
diffusion of dissolved air and/or PFP from small
bubbles into larger bubbles (i.e. Oswald ripening).
Oswald ripening may also play a predominant
role in gel or solid matrices, where droplet and
bubble diffusion and collisions are restricted or
stalled.

The increase of bubble size upon ultrasound-
induced vaporization was tested in embolo-
therapy. Experiments performed on the
externalized rabbit kidney using albumin-
coated PFP microdroplets with an initial diam-
eter less than 6 pm showed more than a 70 %
perfusion reduction following ADV (Kripfgans
et al. 2005). The authors hypothesized that this
effect may be sufficient for cell death and
tumor treatment via ischemic necrosis. It was
also suggested that radiofrequency ablation of
tumors might also benefit from ADV due to
reduced perfusion and heat loss. These experi-
ments were later extended to externalized
canine kidneys (Zhang et al. 2010). Substantial
reduction of cortex perfusion was achieved in
some cases.

To elucidate physical mechanisms behind
acoustic vaporization of PFP droplets, the rela-
tionship between ADV and inertial cavitation
(IC) thresholds was studied (Fabiilli et al. 2009;
Giesecke and Hynynen 2003; Kawabata et al.
2006; Lo et al. 2007; Schad and Hynynen 2010).
Most of these experiments were performed with
albumin- or lipid-coated microbubbles and
showed that the ADV threshold was lower than
the inertial cavitation threshold, indicating that
the droplet-to-bubble transition preceded inertial
cavitation. Measurements of the inertial cavita-
tion threshold were performed for micrometer-
sized albumin-shelled droplets containing various
PFC cores, including those with higher boiling
temperatures than that of PFP (i.e. perfluorohex-
ane and perfluoromethylcyclohexane) (Giesecke
and Hynynen 2003). The authors found that
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inertial cavitation thresholds did not noticeably
depend on perfluorocarbon molecular weights
and boiling temperatures, and thus, the droplets
did not need to be in a superheated state to be
cavitated by ultrasound bursts. This was later
confirmed in experiments with nanosized
perfluoro-15-crown-5-ether (PFCE) droplets that
effectively converted into bubbles at ultrasound
pressures that were only slightly higher than
those for PFP nanodroplets (Rapoport et al.
2011). The mechanism of a droplet-to-bubble
conversion with high boiling temperature perflu-
orocarbon compounds is most probably funda-
mentally different from true vaporization (see
below). It was also found that nanometer-sized
droplets containing a mixture of perfluoropen-
tane (DDFP) and 2H,3H-perfluoropentane could
be vaporized at diagnostic ultrasound frequencies
(4-7.8 MHz) and that the vaporization threshold
could be changed by altering relative concentra-
tions of the two PFCs in the droplet (Kawabata
et al. 2005). The authors hypothesized that the
vaporization of a higher boiling temperature
2H,3H-perfluoropentane may have been caused
not only by a directly delivered ultrasound
energy, but also by the energy deposited by ultra-
sonically induced PFP bubbles. Droplet-to-
bubble transition in PFP nanodroplets was shown
to be catalyzed by pre-existing larger droplets or
microbubbles. The catalytic effect was stronger
at lower ultrasound frequencies (Rapoport et al.
2009a, b). This suggested that the droplet-to-
bubble transition in nanoscaled droplets can be
effectively catalyzed not only by mixing PFCs of
various boiling temperatures, but also by using a
bimodal or broad droplet size distribution in ini-
tial formulations. This is given that the conver-
sion of larger droplets at lower power levels
would catalyze droplet-to-bubble transition of
smaller droplets.

Given that there is a large mismatch between
the ultrasound wavelength and the droplet size,
detailed physical mechanisms of droplet vapor-
ization today remain elusive. Nevertheless, a new
mechanism was recently proposed (Kooiman
et al. 2014; Reznik et al. 2014; Shpak et al. 2014).
The authors concluded that droplet vaporization
is initiated by a combination of two phenomena:
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highly nonlinear distortion of the acoustic wave
before it hits the droplet, and focusing of the dis-
torted wave by the droplet itself. At high excita-
tion pressures, nonlinear distortion causes
significant superharmonics with wavelengths of
the order of the droplet size. These superharmon-
ics strongly contribute to the focusing effect;
therefore, this proposed mechanism also explains
the observed pressure thresholding effect. This
interpretation is validated with experimental data
on the positions of the nucleation spots captured
with an ultrahigh-speed camera; excellent agree-
ment with the theoretical predictions was
observed. The authors suggested a number of
ways to decrease ultrasound pressure required for
droplet vaporization: mixing different liquids to
vary the acoustic impedance; to use dual or mul-
tiple frequency transducers to optimize the
amplitudes and phases of the transmitted waves
for maximal constructive interference, thus maxi-
mizing the focusing on the droplet. Still, the con-
clusions of the paper were not promising for
delivering nanodroplet-loaded drugs into tumor
interstitium using the ADV effect because nucle-
ation of vaporization strongly depended on drop-
let sizes and manifested low probability for
nanosized droplets. Small droplets would require
higher ultrasound frequencies for vaporization;
the latter don’t penetrate deep into the interior of
the body due to enhanced attenuation. On the
other hand, micron-sized droplets that require
lower ultrasound frequencies for nucleation and
manifest higher probability of vaporization
would not extravasate. Despite these apparent
issues, excellent therapeutic results were obtained
with drug-loaded nanosized droplets and ultra-
sound (see Sect. 13.4). Note that droplet-to-
bubble transition is not necessarily associated
with true perfluorocarbon vaporization as dis-
cussed in the next section.

13.3.2.2 Droplet-to-bubble Phase
Transitions in Perfluoro-15-
crown-5-ether Nanoemulsions
PFCE has a much higher boiling temperature
than PFP (146 °C at atmospheric pressure).
However, initiating droplet-to-bubble transition
in PFCE nanodroplets required only slightly
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higher ultrasound energies than those for PFP
(Rapoport et al. 2011), confirming the previously
reported data (Giesecke and Hynynen 2003). The
droplet-to-bubble transition in PFCE nanodrop-
lets was induced by both continuous wave or
pulsed ultrasound; the latter caused insignificant
heating (Rapoport et al. 2011), confirming that
the mechanism of droplet-to-bubble transition in
a PFCE nanoemulsion was non-thermal. A pos-
sible mechanism of ultrasound-induced droplet-
to-bubble transition in PFCE has been suggested
(Rapoport et al. 2011). Perfluorocarbon emul-
sions differ from other emulsions by very high
gas solubility, particularly for oxygen. This fea-
ture has allowed the use of perfluorocarbon emul-
sions as blood substitutes (Cohn and Cushing
2009). According to Henry’s law, the solubility of
gases increases with pressure. It has been hypoth-
esized that a pressure drop during a rarefactional
phase of ultrasound led to the evolution of PFC-
dissolved oxygen in a gas phase inside the nano-
droplet shell, followed by a rectified diffusion of
dissolved gases from the surrounding liquid into
the resulting nanobubble. According to this
hypothesis, PFCE bubbles should predominantly
contain a mixture of oxygen and other ambient
gases, rather than PFCE vapor (though a bubble
will also contain a low fraction of PFCE vapor in
equilibrium with PFCE liquid phase). The bub-
bles formed this way are transient in nature; when
the ultrasound is turned off, the equilibrium
between nanodroplets and surrounding medium
is restored; gases with super-equilibrium concen-
trations diffuse out of bubbles, thus restoring
PFCE nanodroplets. This was confirmed experi-
mentally. A PFCE nanoemulsion was placed in a
long test tube; only the lower part of a test tube
was sonicated. Bubbles that formed in the ultra-
sound field moved up due to buoyancy, but con-
verted back to heavy droplets upon leaving the
ultrasound field. On the way down towards the
bottom of the test tube, droplets entered the ultra-
sound field and converted back to bubbles.
Ultimately, nanoparticles “danced” at the border
of the ultrasound field.

This proposed mechanism has been corrobo-
rated by the fact that degassing PFCE nanoemul-
sions inhibited the droplet-to-bubble transition
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Fig.13.6 Relative subharmonic (a) and broadband noise
(b) levels generated under the action of 1-MHz focused
ultrasound (HIFU) at room temperature by PFP and PFCE
nanodroplets inserted into 0.6 % agarose gel. Nanodroplets

that was restored after contact with air was re-
established. The bubble formation mechanism
suggested above is different from true vaporiza-
tion of nanodroplets, which is involved in the for-
mation of PFP bubbles. Bubbles formed from
either PFP or PFCE nanodroplets were shown to
cavitate in the ultrasound field, as manifested by
the generation of harmonic frequencies in the fast
Fourier transform (FFT) spectra of the scattered
ultrasound beam (Rapoport et al. 2009a, 2010a,
2011). Stable cavitation was observed in both an
aqueous environment and agarose gel used as a
tissue phantom (Fig. 13.6a). However, a broad-
band noise (characteristic of inertial cavitation)
was not generated by PFCE droplets (Fig. 13.6b).
Droplet-to-bubble  conversion in-vivo was
recently confirmed by ultrasound imaging
(Matsunaga et al. 2012; Wilson et al. 2012). The
material presented above implies that drug-
loaded nanodroplets may serve as nano-scaled
microbubble precursors that have a prospect of
accumulating in tumors due to their nanoscaled
sizes, and then convert into microbubbles in-situ
under the action of tumor-directed ultrasound.
Using this approach, successful therapy for
breast, ovarian, and pancreatic cancer was
achieved in animal model preclinical studies as
described below.
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were stabilized by a mixture of 0.25 % PEG-PLAA/0.25 %
PEG-PCL copolymer. Triangles — PFP droplets; circles —
PFCE droplets; squares — pure agarose gel (Reprinted
with permission from (Rapoport et al. 2010a))

13.4 Therapeutic Outcomes
and Anticipated Mechanisms
of Ultrasound-Mediated
Drug Delivery using Phase-
shift Perfluorocarbon
Nanoemulsions as Drug
Carriers

Successful in-vitro ultrasound-triggered delivery
of paclitaxel (PTX) to monolayers of prostate
cancer cells was reported for a phospholipid-
coated perfluorohexane nanoemulsion developed
by ImaRx (Dayton et al. 2006). Promising in-
vitro results were also obtained for delivery of a
chemotherapeutic drug camptothecin to mela-
noma and ovarian cancer cells. Ultrasound-
activated perfluorocarbon nanodroplets of
diameters 220-420 nm were stabilized by phos-
pholipids and/or Pluronic F68. Confocal laser
scanning microscopy confirmed nanoemulsion
uptake by the cells (Zhou et al. 2009). Albumin/
soybean oil-coated PFP microdroplets were
tested in-vitro for the delivery of a lipophilic drug
chlorambucil (Fabiilli et al. 2010a). Application
of ultrasound almost doubled cell killing by the
drug.

Tumor therapy with drug-loaded perfluorocar-
bon nanoemulsions combined with ultrasound
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Fig.13.7 Schematic
representation of the
mechanism of a drug release
from a perfluorocarbon
nanodroplet triggered by
ultrasound-induced phase
shift (Reprinted with
permission from (Rapoport
et al. 2009b))

Droplet

was also studied in-vivo. Strong therapeutic
effects were achieved with drug-loaded lipid-
stabilized perfluorooctylbromide (PFOB) or
PFCE nanoemulsions (Kaneda et al. 20009;
Soman et al. 2009; Tran et al. 2007; Winter et al.
2007). In the experiments by the Lanza and
Wickline group, a technology was developed to
impart active targeting properties to lipid-coated
nanodroplets. Integrin-targeted perfluorocarbon-
based nanoparticles (250 nm diameter) were used
for imaging o,p(3)-integrin receptor expression
in tumors. The tumor-to-muscle droplet accumu-
lation ratio was found to be 7 for targeted nano-
droplets, and only 3 for non-targeted nanodroplets.
This group also used molecularly targeted lipid-
coated perfluorocarbon-based nanoparticles for
in-vivo delivery of a highly toxic amphipathic
cytolytic peptide, melittin, to tumor bearing mice.
Melittin was incorporated into the outer lipid
monolayer of a perfluorocarbon nanoparticle.
The authors observed a dramatic reduction in
tumor growth, without any apparent signs of tox-
icity. Furthermore, it was demonstrated that
molecularly targeted nanocarriers selectively
delivered melittin to multiple tumor targets,
including endothelial and cancer cells, suppos-
edly through a hemifusion mechanism. For
review on lipid-coated perfluorocarbon nanopar-
ticles for YF molecular imaging and targeted
drug delivery agents in cancer and cardiovascular
diseases see Kaneda et al. 2009. Targeted
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Bubble

Ultrasound

nanodroplets were also used for diagnosis and
therapy of atherosclerosis (Caruthers et al. 2009;
Wickline et al. 2007; Winter et al. 2008).

The mechanism of ultrasound-mediated drug
delivery proposed in these publications is based on
the enhancing effect of the ultrasound radiation
force on the droplet/cell contacts. This facilitates
fusion between cell membranes and phospholipid-
coated nanodroplets, which results in drug transfer
from nanodroplets into the interior of the cell. The
mechanism suggested above is presumably opera-
tive for lipid-coated particles; however it would
hardly function for block copolymer-stabilized
nanodroplets that expose PEG chains on the sur-
faces. An alternative mechanism was proposed for
these nanodroplets. The mechanism is based on
the ultrasound-induced droplet-to-bubble transi-
tion as presented schematically in Fig. 13.7
(Rapoport et al. 2009b). Upon the droplet-to-bub-
ble transition, the nanoparticle volume increases
dramatically, while the thickness of the droplet
shell, as well as block copolymer concentration on
the particle surface, decreases correspondingly.
This allows the drug to be “ripped off” the droplet
surface. Drug transition from bubbles to cells
under the action of ultrasound was observed in
model experiments (Rapoport et al. 2007).

In-vivo, PTX was shown to be tightly retained
in PFP/PEG-PLLA nanodroplets, as manifested
by the experiments with bi-lateral ovarian carci-
noma tumors (Fig. 13.8).
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Fig. 13.8 Photographs of a mouse bearing two ovarian
carcinoma tumors (a) — immediately before and (b) —
3 weeks after the treatment; mouse treated by four sys-
temic injections of nanodroplets-encapsulated PTX
(20 mg/kg as PTX) given twice weekly; the right tumor
was sonicated by 1-MHz CW ultrasound (nominal output

A mouse was treated with four systemic
injections of PTX-loaded nanodroplets (20 mg/
kg PTX) twice weekly for 2 weeks; only one
tumor (right side) was sonicated by unfocused
1-MHz continuous wave (CW) ultrasound at a
nominal output power density 3.4 W/cm? with
exposure duration of 1 min. The non-sonicated
tumor (left side) grew with the same rate as con-
trol tumors, indicating that the drug did not reach
this tumor in therapeutic concentrations. In con-
trast, the size of the sonicated tumor decreased
dramatically, and the tumor appeared completely
resolved after the treatment. This data suggests
that without ultrasound, PTX was tightly retained
by the PFP droplets, but was effectively released
under the action of tumor-directed therapeutic
ultrasound. Tight drug retention by the nanodrop-
let carrier in-vivo provides protection for healthy
tissues; on the other hand, effective ultrasound-
induced localized drug release into the tumor
results in efficient tumor regression.

Very promising results on the therapeutic
action of drug-loaded PFP or PFCE nanoemul-
sions combined with 1- or 3-MHz ultrasound
were confirmed in experiments with breast and
pancreatic tumors (Rapoport et al. 2009b, 2011).
Effective therapy of pancreatic ductal adenocar-
cinoma is especially important because other
treatment modalities tested for this devastating

power density 3.4 W/cm?, exposure duration 1 min) deliv-
ered 4 h after the injection of the drug formulation.
Ultrasound was delivered through a water bag coupled to
a transducer and mouse skin by Aquasonic coupling gel.
Reprinted with permission from (Rapoport et al. 2009b)

disease have so far proved ineffective. In our
experiments, pancreatic tumor cells were trans-
fected with red fluorescent protein to allow moni-
toring of tumor size and cell survival in
orthotopically inoculated PDA tumors using
intravital fluorescence imaging. In initial experi-
ments tumors were treated with unfocused
1-MHz ultrasound and PTX was encapsulated in
PFP/PEG-PLLA nanodroplets (Rapoport et al.
2010b, 2011). Though development of drug
resistance was observed in the course of treat-
ment, the results (extended life span, decreased
metastasizing and ascites) (Rapoport et al. 2010b;
Shea et al. 2011) were considered encouraging
and stimulated transition to experiments with
focused ultrasound delivered under the MRI con-
trol designated as MRgFUS. Temperature rise
during treatment was monitored using MRI ther-
mometry (Rapoport et al. 2013) as shown sche-
matically in Fig. 13.9.

The ultrasound beam was steered in a single
plane within the tumor; hence the treated volume
was much smaller than the whole tumor volume.
In these experiments, PTX was encapsulated in a
second generation of block copolymer coated per-
fluorocarbon nanodroplets, PFCE/PEG-PDLA
nanodroplets that manifested a number of impor-
tant improvements over the PFP/PEG-PLLA for-
mulation used earlier. The improvements were
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Fig.13.9 Schematic representation of a mouse position-
ing on the small animal MRgFUS device. (a) An axial
image of a mouse on the small animal MRgFUS device.

provided by both a different compound of the
droplet core, and a different structure of the block
copolymer that forms an elastic rather than solid
shell. Importantly, the development of the drug
resistance was prevented, presumably due to the
action of the PEG-PDLA unimers that were in
equilibrium with PEG-PDLA micelles (Alakhova
et al. 2010; Batrakova et al. 1998, 2001).

A PFCE core allows the use of ’F MR imag-
ing for monitoring nanodroplet biodistribution
since PFCE contains 20 equivalent fluorine nuclei
that generate a sharp single resonance peak in '°F
magnetic resonance spectra (Ahrens et al. 2005;
Noth et al. 1997; Yu et al. 2005). The results
obtained shed light on some important aspects of
the mechanisms involved in the combined ther-
apy with drug-loaded perfluorocarbon nanodrop-
lets and ultrasound. It is important to underline
that ultrasound power levels used in this study
were always subablative. After a single treatment
with PTX-loaded nanodroplets and MRgFUS
applied 6-8 h after the injection, PDA tumors in
four of twenty-eight mice were completely
resolved and never recurred. Additionally, the life
span of other mice was very significantly
extended over the treatment with the same for-
mulation without ultrasound (Table 13.1).

No effect of MRgFUS was observed when
ultrasound was applied either before or 2 h after
the nanodroplet injection. The average life span
of mice treated with pulsed ultrasound was sig-
nificantly lower than that of mice treated with

transducer

(b) The white arrow indicates the tumor (initial size
455 mm?®) (Reprinted with permission from (Rapoport
et al. 2013))

Table 13.1 Average mouse life span for various treat-
ment parameters. MRgFUS was applied 8 h after the drug
injection

Average life span,

Treatment group weeks
Control 3.5+0.5
No injection, MRgFUS (N=6) 4.8+2.3
Empty droplets, MRgFUS 3.5+2.1
(N=6)

PTX droplets, no MRgFUS 7+0.8
(N=7)

PTX droplets, MRgFUS CW 10.3+1.6
(N=8)

PTX droplets, MRgFUS (N=4) 6+1.4

CW ultrasound. The treatment with empty drop-
lets with or without ultrasound did not produce
any therapeutic effect; moreover, treatment with
empty droplets combined with MRgFUS was
either inefficient or detrimental. Also, increasing
ultrasound power above 4.6 acoustic watts (but
remaining in the subablative power levels)
exerted a detrimental effect on the tumor growth
and animal survival. These data indicate that the
main therapeutic effect was caused by the drug,
and not by ultrasound. Even without ultrasound,
treatment with PTX-loaded PFCE/PEG-PDLA
nanodroplets considerably extended mouse life
span (Table 13.1). Still, for the optimal combina-
tions of ultrasound parameters, MRgFUS signifi-
cantly enhanced the action of the drug. It is
noteworthy that despite only a small fraction of
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the total tumor being treated by ultrasound, a
substantial delay of the tumor growth was
observed, which suggests that drug was effec-
tively disseminated from the sonicated areas by
enhanced convection or diffusion. The data of
this study implied that ultrasound may exert both
positive and negative effects on biological tissue.
Positive effects may be related to ultrasound-
increased drug carrier and drug extravasation,
drug release from carrier, and drug internaliza-
tion by tumor cells. On the other hand, vasodila-
tion or vasoconstriction in response to ultrasound
and cavitating microbubbles may result in nega-
tive effects such as inflammation, edema, hemor-
rhaging effects etc.

Tissue response to ultrasound-induced heating
is multifaceted. In the absence of drug, the
response to sub-ablative heating may be negative
due to enhanced perfusion that promotes tumor
growth. In contrast, in the presence of drug,
enhanced perfusion is a positive factor that pro-
motes drug delivery to tumor tissue. In addition,
hyperthermia increases vascular wall and plasma
membrane permeability, thus increasing drug
internalization by tumor cells. The ultimate bio-
logical response to ultrasound presumably
depends on the prevalence of positive or negative
factors, which is expected to depend on the treat-
ment protocol.

Taken together, these results suggest that
drug-loaded perfluorocarbon nanoemulsion in
combination with ultrasound treatment can pro-
vide efficient therapy for a broad spectrum of
diseases.

13.5 Conclusions and Future
Prospects

Targeted drug delivery has been a goal of the bio-
engineering community ever since the ‘magic
bullet’ concept was introduced by Paul Ehrlich
over a century ago. By combining tissue targeting
of drug-loaded nanodroplets with active release
mechanisms, this formerly elusive goal is turning
into medical reality. The unprecedented opportu-
nity to localize drug delivery is associated with
developing stimuli responsive drug -carriers,

N. Rapoport

particularly ultrasound-responsive phase-shift
perfluorocarbon nanoemulsions. Their important
properties combine drug carrying, tumor-
targeting, enhancing intracellular drug delivery
and enhancing the ultrasound contrast of tumors.
This novel technology has demonstrated excel-
lent therapeutic potential in murine cancer
models.

Much preclinical work remains to be done for
introducing phase-shift nanoparticles into clini-
cal practice. Transition to experiments on larger
animal models is a critical task. Passive targeting
of nanoparticles may prove more challenging in
larger animals (and humans) than in small animal
models due to much smaller tumor-to-body vol-
ume ratio in larger animals. Actively targeted
phase-shift nanoemulsions may be required for
effective tumor accumulation. For this, identify-
ing more selective surface receptors on tumor
cells is a crucial task.

Design of optimal clinical drug delivery sys-
tems involves the identification of targets, track-
ing delivery systems in the body, guidance of
therapy and monitoring of immediate and delayed
therapeutic responses. More research needs to be
carried out on biodistribution and pharmacoki-
netics of the components of nanoemulsion for-
mulations, as well as optimization of ultrasound
parameters and time of ultrasound application.
These problems remain to be addressed in future
translational studies.
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Abstract

Bubble-assisted ultrasound is a versatile technology with great potential in
immunotherapy and vaccination. This technology involves the exposure of
immune cells (i.e., dendritic cells, lymphocytes) in-vitro or diseased tis-
sues (i.e., brain, tumor) in-vivo to ultrasound treatment with gas bubbles.
Bubble destruction leads to physical forces that induce the direct delivery
of weakly permeant immuno-stimulatory molecules either into the cyto-
plasm of immune cells, or through the endothelial barrier of diseased tis-
sues. Hence, therapeutic antibodies (i.e., antibody-based immunotherapy)
and cytokine-encoding nucleic acids (i.e., cytokine gene therapy) can be
successfully delivered into diseased tissues, thus improving immune
responses. In addition, protein antigens, as well as antigen-encoding
nucleic acids (pDNA, mRNA), can be delivered into dendritic cells (i.e.,
dendritic cell-based vaccines), thus leading to a long-lasting prophylactic
or therapeutic immunization. This chapter focuses on the state-of-the-art
of bubble-assisted ultrasound in the field of immunotherapy and
vaccination.
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14.1 Introduction

Immunotherapy and vaccination are promising
strategies for inducing long-lasting therapeutic or
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Fig. 14.1 Immunotherapy and vaccination

interferons, interleukines) natively produced by the
immune cells. In the vaccination field, prophylactic
and therapeutic immunizations are reported. The
prophylactic vaccination aims to induce immune
response against disease by administrating disease-
associated antigens (Ags) in healthy patients while
the therapeutic vaccination, also defined as an
immunotherapy, intends to stimulate the immune
response in diseased patients. Prophylactic immu-
nization will lead to rapid and efficient immune
response during the disease occurrence. The
immuno-stimulating molecules and Ags can be
delivered either in the form of recombinant protein
or encoded by nucleic acids (i.e., pPDNA, mRNA).
However, the physico-chemical properties includ-
ing charge, hydrophilicity, size, and molecular
weight reduce their access to the biological targets
(i.e., immune cells, skin, skeletal muscle) thus lim-
iting the therapeutic effectiveness. Consequently,
the clinical development of these therapies requires
the use of safe and efficient methods that deliver
the immuno-stimulating molecules and Ags. A
suitable delivery method has to overcome several
biological obstacles: (i) it should protect the recom-
binant protein and nucleic acids against degrada-
tion by enzymes present in the blood or in the target

Diseased

Prophylactic immunization

Disease-associated antigens

patient

tissues; (ii) it ought to increase their passage
through biological barriers (i.e., vascular endothe-
lium, plasma membrane) and (iii) it should improve
their diffusion in interstitial tissue. Strategies for
the delivery of nucleic acids as well as recombinant
proteins including the use of viral, physical and
chemical methods have been proposed.

Among the delivery methods tested, the
combination of high frequency ultrasound
(1-10 MHz) and gas bubbles (e.g., microbubble,
nanobubble, liposomal bubble) was introduced as
a physical, non-viral method that is currently
under evaluation for gene and drug delivery (See
Chaps. 12,13, 14, 15,16, 17, 18, and 19). Bubble-
assisted ultrasound involves the treatment of a
desired volume of cells in-vitro or tissue in-vivo
with ultrasound in the presence of bubbles. These
bubbles are formulated as lipid, albumin or poly-
mer shelled micrometer (e.g., microbubbles) or
nanometer (i.e., nanobubbles, liposomal bubbles)
sized gas bodies in aqueous suspension (See
Chap. 11). They are then mixed with cells in-
vitro or administered by intravascular/intratissue
injection in-vivo. The exposure of bubbles to
ultrasound causes their periodic oscillations (also
referred to as stable cavitation) and/or their


http://dx.doi.org/10.1007/978-3-319-22536-4_11
http://dx.doi.org/10.1007/978-3-319-22536-4_19
http://dx.doi.org/10.1007/978-3-319-22536-4_18
http://dx.doi.org/10.1007/978-3-319-22536-4_17
http://dx.doi.org/10.1007/978-3-319-22536-4_16
http://dx.doi.org/10.1007/978-3-319-22536-4_15
http://dx.doi.org/10.1007/978-3-319-22536-4_14
http://dx.doi.org/10.1007/978-3-319-22536-4_13
http://dx.doi.org/10.1007/978-3-319-22536-4_12

14 Bubble-Assisted Ultrasound: Application in Immunotherapy and Vaccination

collapse (inertial cavitation) under suitable
acoustic conditions (See Chap. 9). It is now
known that bubble oscillations can induce physi-
cal phenomena (e.g., shock waves, micro-stream-
ings, micro-jets) that can disturb the integrity of
biological barriers (Doinikov and Bouakaz 2010;
Ohl et al. 2006; Ohl and Wolfrum 2003). The use
of bubble-assisted ultrasound to deliver therapeu-
tic molecules to diseased tissues has been exten-
sively explored over the past decade. Indeed, this
technology has been successfully used to transfer
nucleic acids into the heart, vessels, liver, skeletal
muscle and tumors (Escoffre et al. 2013b). In
addition, in-vivo local delivery of low molecular
weight chemotherapeutics has been reported
(Escoffre et al. 2013a; Iwanaga et al. 2007) and is
now under clinical investigation (Kotopoulis
et al. 2013). For both in-vitro and in-vivo applica-
tions, this technology enables delivery of exoge-
nous molecules with minimal cell or tissue
damage, inflammation and/or immunological
response (Hauff et al. 2005; Taylor et al. 2007;
Escoffre et al. 2010a). In addition, ultrasound can
be non-invasively targeted to a specific volume of
superficial tissue (e.g., skin), as well as deeply
embedded organs (e.g., liver). Together, these
properties make bubble-assisted ultrasound an
innovative and compelling method for the deliv-
ery of nucleic acids, antibodies (Abs), cytokines
and Ags.

Recently, the applications of bubble-assisted
ultrasound have been extended to immunotherapy
and vaccination, especially for the treatment of
brain diseases and cancer. The focus of this chap-
ter is to review the current applications of bubble-
assisted ultrasound in these fields. The limitations
and the future developments of bubble-assisted
ultrasound will be further discussed.

14.2 Ab-Based Immunotherapy
14.2.1 Applications in Neurology

The increasing knowledge of molecular mecha-
nisms of brain diseases and the absence of

successful therapies allowed the advent of
Ab-based immunotherapies for the treatment of
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neurodegenerative diseases. Nevertheless, this
attractive therapeutic option is restricted by a
physiological barrier, the blood-brain barrier
(BBB) (Wong et al. 2013). This barrier plays a
major role in the brain homeostasis. The BBB
consists of pericytes, astrocytes, neurons and
microglia and endothelial cells in close contact.
The endothelial cells of the central nervous sys-
tem (CNS) are unique cells that are tightly fused
to each other by intercellular attachments known
as tight junctions. The BBB limits the passage of
most molecules (e.g., nucleic acids or antibodies)
from the circulation into the brain parenchyma,
thus precluding their use in the treatment of neu-
rodegenerative diseases and brain tumors. The
factors that determine molecular extravasation
are their molecular charge and size (e.g., 150 kDa
for Abs), their lipid solubility (e.g., Abs are
hydrophilic) and whether or not these molecules
use any transport processes across the BBB
(e.g., transcytosis).

To overcome these limitations, different strat-
egies of antibody delivery across the intact BBB
have been evaluated. These include chemical or
genetic modification of the antibodies with cat-
ionic compounds (i.e., absorptive-mediated tran-
scytosis) or with endogenous molecules necessary
for normal brain function (i.e., receptor-mediated
transcytosis) (Chacko et al. 2013). However, the
main limitation of these approaches is the puta-
tive loss of Ab function. Transient BBB disrup-
tion (BBBD) is another strategy that improves
intracerebral delivery of antibodies. Indeed,
intra-arterial (i.a.) injection of hyperosmotic
solutions (e.g., 1.6 M mannitol) or pharmacologi-
cal agents (e.g., bradykinin) has been used to
induce a transient BBBD, which was, however,
non-focal and involved the entire brain tissue
supplied by the injected artery branch. Local
BBBD can be clinically performed by direct
stereotaxis-guided injection of molecules into the
targeted brain site, however this method remains
invasive.

Nowadays, many efforts are being made to
increase the BBB permeability to facilitate local
delivery of therapeutics into the brain. Since the
1990s, local BBBD using microbubble-assisted
ultrasound under magnetic resonance imaging
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(MRI) guidance is under investigation (Aryal et al.
2014; Burgess and Hynynen 2014). Thus, ultra-
sound-driven microbubble oscillations near the
BBB may promote the extravasation and the uptake
of antibodies into the desired brain region. MRI
provides the identification of the target location,
and allows the assessment of the efficacy of the
BBBD on the basis of the extravasation of MRI
contrast agents. Owing to this method, several
groups around the world have successfully reported
the targeted delivery of chemotherapeutics, genes,
therapeutic Abs and the extravasation of immune
or stem cells into the CNS (See Chap. 16).

Example — Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive and
incurable neurodegenerative disorder that affects
several tens of millions of people worldwide. AD
pathogenesis is thought to be correlated to the
accumulation of beta-amyloid (Af) plaques and
hyperphosphorylated tau tangles (Ittner and Gotz
2011). New knowledge of the pathogenesis of AD
has allowed emerging diagnostic and therapeutic
strategies that aim at detecting and reducing Af
plaques. Ab-based immunotherapy is a promising
therapeutic option for AP plaque clearance, either
by active immunization with AP} peptides or genes,
or by passive immunization after administration of
anti-Ap Abs (Liu et al. 2012). Current treatment of
AD patients requires long-term intravenous (i.v.)
perfusion of high doses of anti-Ap Abs in order to
remove AP plaques from the brain (Opar 2008;
Wilcock and Colton 2008). In AD mouse models,
i.v. and i.a. injection of a high dose of 500 pg
anti-Ap Abs resulted in clearance of Af plaques
and cognitive progress, while pharmacokinetic
analyses revealed that less than 1 % of Abs actu-
ally reached the brain (Bard et al. 2000; DeMattos
et al. 2001; Banks et al. 2002). However, Thakker
et al.., reported that the intracerebral injection of
40 pg anti-Ap Abs was more efficient at clearing
AP plaques than intra-peritoneal (i.p.) administra-
tion of 200 pg Abs (Thakker et al. 2009). Hence,
targeted intracerebral delivery of anti-Ap Abs
allows an effective amount of Ab access to the Ap
plaque-heavy anatomical regions, thus leading to
an improved treatment in AD mice models.
However, most technical procedures required to
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achieve this are invasive. In this context, Raymond
et al. investigated anti-Ap Ab delivery into the
brain of AD mouse models using MRI-guided
and microbubble-assisted focused ultrasound
(MRIgFUS) (Raymond et al. 2008). MRI guid-
ance allowed selective treatment and monitoring
of affected brain regions (Fig. 14.2a, b).

After i.v. injection of anti-Ap Abs (0.1 mL of
53 mg/mL whole serum), mice were sonicated
(0.69 MHz, PRF! of 1 Hz, DC? of 1 %, PNP? of
0.67-0.8 MPa, duration of 40-45 s) with con-
comitant i.v. administration of Definity® micro-
bubbles (0.01 mL 1:10 diluted contrast agent).
Subsequently, BBB disruption was monitored
with T1-weighted fast spin echo MRI following
i.v. injection of Magnevist® (MR contrast agent;
62.5 nL/kg). The results revealed that sonicated
brain regions displayed a 2.7+ 1.2-fold increase
in anti-Af Abs binding to AP plaques. No Ab
extravasation was detected in the unsonicated
regions. In addition, T1-weighted fast-spin echo
MRI and anti-A Abs detection in sonicated
regions showed a positive correlation between
the MRI intensity change and Ab concentration,
thus indicating that the BBBD was responsible
for the intracerebral delivery of anti-Af Abs.
Afterwards, this procedure was successfully
reproduced in two different transgenic strains
(i.e., APPswe:PSEN1dE9, PDAPP) across a large
age range (i.e., 9-26 months). Little or no tissue
damage (i.e., scattered petechia) was detected in
sonicated brain tissues, thus revealing the safety
of this approach.

This same group then continued to investigate
the therapeutic benefit of anti-Af} Abs with FUS-
mediated BBBD in a transgenic AD mouse model
(i.e., TgCRND®8) (Jordao et al. 2010). Following a
similar procedure, the mice brains were targeted
with ultrasound (0.558 MHz, 10 ms burst/Hz,
PNP of 0.3 MPa, duration of 120 s) after i.v.
co-administration of Definity® (160 pL/kg),
Gadovist® (MR contrast agents; 0.1 mL/kg) and
40 pg of anti-Ap Abs (BAM-10) (Fig. 14.2a).

! PRF pulse repetition frequency.
2DC duty cycle.
3 PNP peak negative pressure.
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Fig. 14.2 Anti-Ap Abs (BAM-10) delivery using

microbubble-assisted FUS under MRI guidance
(MRIgFUS). Mice were positioned in a supine position
(a). The right sides of mice brains were targeted with
FUS after i.v. co-injection of Definity®, Gadovist® and
anti-Ap Abs (BAM-10). T1-weighted contrast-enhanced
MRI scans were used to position ultrasound foci prior to
(b) and following (b’) transcranial FUS treatment.

Within minutes following the sonication,
Gadovist® was taken up in the targeted brain tis-
sues (Fig. 14.2b) and anti-Ap Abs were later
detected bound to AP plaques (Fig. 14.2c—e). Four
days post-treatment, the number and mean size of
Ap plaques as well as surface area of Ap were sig-
nificantly decreased in right sonicated side of
mice brain compared to left unsonicated side of
brain (Fig. 14.2f-h). In conclusion, microbubble-
assisted FUS under MRI guidance is a promising
non-invasive technology for the local delivery of
low but therapeutic doses of anti-Af} Abs.

14.2.2 Applications in Oncology
Cancer therapy has considerably developed over

the past decade, especially in the area of thera-
peutic Abs (Scott et al. 2012). Unlike chemother-
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BAM-10 antibodies (green stain) and AP plaques (red
stain) were detected using immunofluorescence assays
at 4 h (¢, ¢’), 2 days (d, d’) and 4 days (e, e’) post-
treatment (scale bar 50 pm). In 4 days, the mean count
(f), size (g) and surface area (h) of AP plaques of right
sonicated and left unsonicated sides of mice brains were
determined (Reprinted with permission from Jordao
et al. (2010))

apy, Abs are able to distinguish between healthy
and tumor tissues, thus potentially providing effi-
cient therapy, while minimizing adverse side
effects to healthy tissues. Abs potentially provide
effective therapy by targeting specific molecular
targets involved in biological pathways of tumor
growth and dissemination, thus leading to tumor
cell growth inhibition. In in-vivo experiments,
Abs activity is found to depend on natural killer
cell action, identifying antibody-dependent
cellular cytotoxicity (ADCC) as the main mecha-
nism of Abs action. Recently, the FDA and EMA
have approved several Ab-based immunothera-
pies for the clinical treatment of hematological
malignancies (e.g., Zevalin®, Rituxan®) and solid
tumors (e.g., Erbitux®, Herceptin®). In clinical
trials, these Abs decreased mortality in patients
with metastatic or early cancer, either as a mono-
therapy or combined with chemotherapy.
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However, Ab-based immunotherapy is rarely
curative in solid tumor. Owing to their poor
intratumoral (i.t.) bioavailability, systemic injec-
tion of high or frequent Ab doses is necessary to
reach therapeutic efficacy. Consequently, these
Ab doses are associated with severe side effects
and this immunotherapy becomes an expensive
option. Indeed, the limited success of this
approach for solid tumors is due to a number of
factors, including Ab physicochemical proper-
ties, and the biological characteristics of the
tumor microenvironment (Frenkel 2008). The
large size of antibodies (150 kDa) may provide a
long circulatory half-life (t;,>21 days in
humans), but on the other hand decreases its
extravasation and penetration into tumor tissues.
Contrary to healthy tissues, tumor tissues have a
high interstitial fluid pressure due to their leaky
vasculature and lack of functional lymphatics
(Boucher et al. 1990). These high pressures
establish an outward fluid motion from the
periphery of the solid tumor and reduce fluid
infiltration across the vascular wall. As a result,
the extravasation and tumor accumulation of
convection-dependent macromolecules, such as
Abs, are severely limited. The increase in mean
distance between tumor cells and vessels is
another limitation for insufficient delivery of
Abs. Indeed, high cell proliferation levels lead to
tumor cells forcing vessels apart, thus resulting in
a decrease in vascular density and a limitation in
the access of Abs to distant tumor cells
(Minchinton and Tannock 2006). Once in the
tumor interstitium, extracellular matrix and
binding-site barriers limit the interstitial transport
of Abs through non-specific and specific interac-
tions, respectively. Altogether these limitations
prevent sufficient and uniform distribution of Abs
in solid tumors. Recently, microbubble-assisted
ultrasound has been investigated to improve Ab
delivery in oncology.

Example 1: Cetuximab and Head and Neck
Squamous Cell Carcinoma

Head and neck squamous cell carcinoma
(HNSCC) is the sixth most common cancer
worldwide with an estimated global incidence of
500,000 new cases and is known for its rapid
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clinical progression. During the past 25 years,
treatments combining surgery, radiotherapy and
chemotherapy have improved disease outcome,
but this is linked to significant patient morbidity
and an increase in treatment-related deaths (Price
and Cohen 2012). The increasing knowledge on
HNSCC pathogenesis allowed the identification
of a new molecular target, the epidermal growth
factor receptor (EGFR) (Bose et al. 2013). EGFR
was found to be overexpressed in HNSCC and
has been associated with more advanced disease
and unfavorable outcomes. These investigations
led to the development of a novel targeted thera-
peutic, cetuximab (Erbitux®), a chimeric
human:murine IgG1 monoclonal antibody that
targets EGFR. Clinical trials have revealed mod-
est outcome improvements in HNSCC treated
with this Ab, especially when combined with
radiotherapy (Bonner et al. 2006). In addition,
adverse side effects of cetuximab treatment alone
or combined with other therapies still signifi-
cantly contribute to patient morbidity (Logan
2009). In this context, any method increasing in
intra-tumor cetuximab bioavailability, while
simultaneously minimizing side effects to healthy
tissues, would be an attractive method for
HNSCC therapy.

Recently, Heath et al. examined the therapeu-
tic benefit of cetuximab delivery by microbubble-
assisted ultrasound for the treatment of HNSCC
(Heath et al. 2012). In-vitro results showed that
this method (Definity® microbubbles; 1 MHz,
MTI* of 0.5, PRP? of 0.01 s, DC of 20 %, duration
of 5 min) resulted in a 30 % increase in intracel-
lular uptake of cetuximab in HNSCC cells com-
pared to cetuximab treatment alone. In agreement
with previous data, this enhanced Ab incorpora-
tion was positively correlated to a significant
increase in cell apoptosis. In-vivo cetuximab
delivery using microbubble-assisted ultrasound
(Definity® microbubbles; 1 MHz, MI of 0.5, PRP
of 5's, DC of 20 %, duration of 5 min) in subcu-
taneous HNSCC tumor xenografts led to a 30 %
decrease in tumor size compared to cetuximab
treatment alone. Histopathological analyses of

4 MI mechanical index.
5 PRP pulse repetition period.
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tumors revealed that the reduction in tumor size
was positively correlated to a decrease in
microvessel density and to an increase in apopto-
sis. In addition, no tissue damage was reported
in the tumor surrounding tissues after treatment.
In conclusion, cetuximab delivery using
microbubble-assisted ultrasound showed a thera-
peutic benefit.

Example 2 — Trastuzumab and Brain
Metastatic Breast Cancer

Breast cancer is the most common cancer in
women worldwide and the principle cause of
death from cancer among women. Moreover,
25-30 % of human breast cancers overexpress
the human epidermal growth factor receptor
(HER-2), which is predictive of poor clinical out-
come (Arteaga et al. 2012). HER-2 positive
breast cancer has been found to metastasize to the
CNS more frequently than all other breast cancer
types (Leyland-Jones 2009). The prognosis for
patients with CNS metastases is in majority very
poor. The standard treatments are steroids com-
bined with radiotherapy, surgery or stereotaxic
radiosurgery (Chang and Lo 2003). As previ-
ously described, chemotherapy is generally
excluded as an effective therapeutic option due to
the BBB. However, in most primary brain tumors
and metastases, the permeability of the tumor
vasculature is heterogeneous, thus facilitating
free access of toxic concentrations of chemother-
apeutics to a small subset of highly perfused
metastases (Eichler et al. 2011). Nevertheless,
metastatic seeds could be protected by the BBB
of the surrounding healthy tissues. Thus, the
BBB remains one of the main hindrances to
patient cure. Unfortunately today, facing the lack
of efficient therapeutic alternatives, the number
of women with CNS metastases and recurrence
after radiotherapy is still increasing.

Trastuzumab (Herceptin®) is a humanized
monoclonal Ab that targets HER-2 overexpressed
in breast tumors (Hudis 2007). This immunother-
apy decreases mortality in patients with early and
metastatic breast cancer, either as a monotherapy
or combined with chemotherapy and/or radiother-
apy (Joensuu et al. 2006; Horton et al. 2010). This
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survival benefit is mostly due to control of sys-
temic disease, with the CNS remaining a sanctuary
site. Nevertheless, clinical investigations have
reported that the increasing use of trastuzumab
has resulted in a higher incidence of brain metas-
tases from primary tumors (Bendell et al. 2003).
In order to effectively treat CNS metastases,
trastuzumab will need to overcome the limita-
tions imposed by the BBB and the tumor
microenvironment. Recently, Kinoshita et al.
investigated the use of microbubble-assisted
ultrasound to deliver trastuzumab into the brain
of healthy mice (Kinoshita et al. 2006). Using
a 0.69 MHz focused ultrasound transducer and
the i.v. co-injection of trastuzumab (20 mg/kg)
and Optison® microbubbles (1.6 mL/kg) with
Magnevist® (1.6 mL/kg), the BBB was non-
invasively opened under MRI guidance. After
0.6 MPa or 0.8 MPa sonication (PRF of 1 Hz,
DC of 1 %, duration of 40s), the amount of
trastuzumab in the targeted brain tissue
increased to 1.50 and 3.25 ng/g of tissue,
respectively. No trastuzumab was detected in
unsonicated brain tissues. This intracerebral
delivery was positively correlated to BBBD
monitored by TI-weighted fast-spin echo
MRI. In addition, histopathological analyses
revealed that the sonication resulted in few
scattered, extravasated red blood cells and
apoptotic cells, whose the numbers increased
with increasing acoustic pressure. However, no
ischemic neurons were detected in the soni-
cated brain tissue. In conclusion, this technol-
ogy is a promising method to increase the
intracerebral bioavailability of trastuzumab.
Six years later, Park et al. assessed the thera-
peutic benefit of this method in a rat model of
breast cancer metastases in the brain (Park et al.
2012). To this end, HER-2 positive human breast
cancer cells (i.e., BT-474) were intracranially
implanted into nude rats. Animals received 6
weekly sonication treatments (0.69 MHz, PRF of
1 Hz, DC of 1 %, PNP of 0.69 MPa, duration of
60s) under MRI guidance, combined with i.v.
injection of trastuzumab (2 mg/kg), Magnevist®
(0.2 mL/kg) and Definity® microbubbles (10 pL/
kg) (Fig. 14.3). Tumor growth and survival rates
were monitored using MRI for 7 weeks after treat-
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Pre-FUS
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T1WI+Contrast

Fig. 14.3 Trastuzumab delivery using microbubble-
assisted FUS under MRI guidance (MRgFUS). Serial
T1-weighted images (T1WI) were acquired before (Pre-
FUS) and after (Post-FUS) six treatments with trastu-
zumab delivered by microbubble-assisted FUS. Human
HER-2 positive breast tumor disappeared after 6 weeks

ment. Trastuzumab delivery using microbubble-
assisted ultrasound resulted in a significant
decrease in tumor volume compared to Ab
treatment alone (Fig. 14.3a, b). At the study end-
point, tumor eradication was only observed in rats
treated by microbubble-assisted ultrasound com-
bined with trastuzumab administration. More than
half treated rats survived, resulting in a median
survival time of more than 83 days (i.e., at least
17 % longer than trastuzumab treatment alone). To
conclude, trastuzumab delivery using microbub-
ble-assisted ultrasound showed a significant thera-

Week 5 Week 6

Week 4 Week 5 Week 6

(a) and another one did not exhibit a strong response (b).
Post-treatment images were acquired after Magnevist®
injection. Yellow contours show the brain regions where
the signal intensity was at least 5 % above that in non-
sonicated brain regions (Reprinted with permission from
Park et al. (2012))

peutic benefit compared to trastuzumab treatment
alone.

14.3 Dendritic Cell-Based
Vaccination

Dendritic cells (DCs) are the most potent antigen
presenting cells (APCs), and they are able to prime
and activate cytotoxic T-lymphocytes (CTL or
CD8* T cells) and T helper lymphocytes (Th or
CD4* T cells) responses (Abbas and Lichtman
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2006). CD8* T cells are involved in the elimination
of infected or transformed cells, whereas CD4+ T
cells essentially support efficient and long-lasting
T and B lymphocyte responses through cytokine
production and intercellular interactions. Free Ags
induce a potent CD4* T cell response, while the
induction of CD8* T cell responses is efficiently
achieved as a result of the cross-presentation of
particle-coupled Ags. In addition, DCs are also
involved in the generation of Ab responses through
their interactions with B lymphocytes. Immature
DCs function as sentinel cells throughout the
organism periphery where they recognize and
engulf Ags. These Ags are subsequently processed,
and DCs migrate to afferent/draining lymph nodes
(i.e., secondary lymphoid organs) where the local
initiation of immune responses occurs. DCs mature
into APCs during their migration, and these mature
DC:s present epitope peptides derived from Ags via
major histocompatibility complex (MHC) class I
molecules and MHC class II molecules. At the
same time, exogenous Ags may have direct access
to the draining lymph node where they are recog-
nized by resident DCs, and a suitable profile of
adaptive immune responses is generated under the
control of environment-mediated signals. While
innocuous Ags usually activate tolerogenic cells,
Ags associated with danger signals, such as harm-
ful pathogens, ultimately trigger effector immune
cells.

Currently, immunization techniques using live
attenuated and killed pathogen-based vaccines
have proven efficient immune response induc-
tion, thus controlling various infections (Andre
2003). However, such vaccines are not useful for
the prevention or the treatment of cancer, autoim-
mune and allergic disorders. Besides, the use of
live attenuated pathogens for vaccination raises
extensive safety issues. To overcome these limi-
tations, subunit vaccines based on recombinant
or purified Ags have emerged as an alternative
option (Foged 2011). Nevertheless, these Ags are
poorly immunogenic. Addition of immune-
modulating molecules/adjuvants has successfully
been described to increase the immunogenicity
of recombinant Ag-based vaccines. For decades,
research has focused on the development of effi-
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cient and safe methods to deliver Ags, peptides,
mRNA and pDNA into DCs (Cintolo et al. 2012).
These methods include the absorption or covalent
linkage of Ags to particles (e.g., lipid or polymer-
based nano- or micro-particles), mineral salts
(e.g., alum) and antibodies, as well as their
encapsulation inside particles. The efficiency of
these methods relies on their ability to prevent Ag
degradation, thus delivering effective concentra-
tions of Ags into DCs to activate them. The com-
bination of efficient Ag delivery methods with
immuno-stimulating molecules could be crucial
for the induction of efficient and long-lasting
effector and memory immunities. Recently, sev-
eral studies reported bubble-assisted ultrasound
as a promising and efficient method to deliver
Ags into DCs (Lemmon et al. 2011; Un et al.
2010, 2011; Oda et al. 2012; De Temmerman
et al. 2011). Indeed, recombinant Ags, peptides
or nucleic acids can be loaded on gas bubbles
during their assembly. Besides, bubbles provide
additional protection against Ag degradation. In
the following examples, the combination of these
intelligent carriers with ultrasound has been suc-
cessfully reported for the delivery of Ags into
DCs for the treatment of melanoma lung
metastasis.

Example 1: Delivery of Melanoma-derived
Ag Proteins

Melanoma is the leading cause of skin cancer
death worldwide and has early tendency to metas-
tasize (Black and Brockway-Lunardi 2013;
Ferlay et al. 2013). The 5-year survival of patients
with localized melanoma (i.e., confined to the
primary site) is between 80 and 90 %, while
patients with metastasized melanoma have a
S-year survival below 20 %. The chemo-
resistance of melanoma, along with the highly
tumor heterogeneous response rate for any single
or combination of chemotherapeutics, explains
that metastatic melanoma leads to the majority of
melanoma deaths. As a result, the development
of effective therapeutic options, including
DC-based immunotherapy, is becoming a chal-
lenge for the treatment of metastasized mela-
noma (Sanlorenzo et al. 2014).



252

Ultrasound
W exposure
1

Bubble
liposomes
IS -

- &
& Transient
&
£y
w
4

.
<

Extraction of melanoma
cell derived antigens

Antigens delivery with Bubble liposomes
and ultrasound for DCs.

4 #
) Dendritic cell (DC)

Immunization of the DCs

J.-M. Escoffre et al.

Sl

Suppression of
melanoma metastasis

MEEGRERE)  Cytotoxicity

e"““( e

Melanoma cell
MHC class |

presentation

d Cytotoxic
# I Tlymphocyte
- (CTL)
DC

Induction of CTLs via MHC class 1 presentation
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Recently, prophylactic immunization with
DCs, exposed to Ags during bubble liposome
(BL)-assisted ultrasound, was investigated for pre-
venting melanoma lung metastasis (Oda et al.
2012). In this approach, the Ags were extracted
from melanoma cells and were delivered (50 pg)
into DCs using BL-assisted ultrasound (2 MHz,
DC of 10 %, burst rate 2 Hz, 2 W/cm?, 3 x 10s with
time interval of 10 s; 120 pg of BLs) (Fig. 14.4).

The delivery efficiency was approximately
74 %. Unlike Ag delivery methods previously
described, relying on endocytotic pathways;
BL-assisted ultrasound directly delivers the
melanoma-associated Ags (MAA) into the cyto-
sol. Accordingly, this approach induces MHC
class I-restricted MAA presentation on DCs. To
assess the in-vivo prophylactic immunization,
C57BL/6 mice were immunized twice with DCs
before i.v. injection of B16/BL6 melanoma cells.
Histopathological analyses revealed that
DC-based immunotherapy provided a fourfold
decrease in the frequency of melanoma lung
metastasis. This investigation demonstrated that
BL-assisted ultrasound is an encouraging method
for Ag protein delivery into DCs (Fig. 14.5).

Example 2: Delivery of Ag-encoding pDNA

To obtain high therapeutic efficiency from DNA
vaccination (also known as genetic vaccination)
using tumor-specific Ag-encoding pDNA, it is
crucial to deliver pDNA selectively and efficiently
into APCs; including DCs (splenic CD11* cells)
and macrophages (non-parenchymal liver cells)
(Aurisicchio and Ciliberto 2012). Nevertheless, the
two main limitations of this strategy are: (i) the low

in-vitro and in-vivo transfer efficiency of pDNA
into APCs using current delivery methods; (ii) the
low number of organ APCs, thus limiting the selec-
tive delivery of pDNA. Since APCs express a large
number of mannose receptors, many research
groups have designed mannose-modified non-viral
carriers for pDNA delivery into APCs.

Un et al. developed mannose receptor-targeted
bubble lipoplexes (BL), which were shown selec-
tivity with regard to APCs and respond to ultra-
sound (Un et al. 2010). Using a luciferase reporter
gene, they demonstrated that the in-vivo i.v.
injection of targeted BL (400 pL BL incorporat-
ing 50 pg pDNA), followed by a transdermal
ultrasound exposure (1 MHz, DC of 50 %, burst
rate of 10 Hz, intensity of 1 W/cm?, insonation
time 2 min) to the abdominal area, induced a
selective 500-800-fold higher luciferase expres-
sion in APCs (i.e., splenic CD11* cells and non-
parenchymal liver cells). This enhanced gene
expression was positively correlated to the
improvement of pDNA delivery efficiency to tar-
geted organs (i.e., spleen and liver). The authors
did not observe any severe side effects, such as
liver toxicity, with this procedure. Using pDNA-
encoding ovalbumin as a model antigen, the
authors showed that thrice immunization induced
high production of interferon-y (IFN-y) by
splenic CD11* cells, thus leading to significant
enhancement in the differentiation of helper T
cells into Thl cells. This led to CTL activation
with high specific anti-tumor activity against
ovalbumin-expressing cells. To investigate the
prophylactic  effects,  ovalbumin-expressing
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Fig. 14.5 Reduction of melanoma lung metastasis fol-
lowing prophylactic immunization. MAA were delivered
in DCs by BL-assisted ultrasound. Mice were immunized
with the DCs twice with 1-week interval. One week later,
melanoma cells were inoculated through the tail vein. Two

weeks after the injection of tumor cells, mice were eutha-
nized. The lungs were visualized by stereomicroscopy (a)
and the number of lung metastatic colonies was deter-
mined (b) (Reprinted with permission from Oda et al.
(2012))
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tumor cells were subcutaneously transplanted
after thrice immunization. Results revealed that
DNA vaccination using targeted BL and ultra-
sound led to a 4.5-5-fold decrease in tumor vol-
ume, compared to an immunization with either
untargeted BL-assisted ultrasound or with i.v.
injection of targeted or bare lipoplexes alone. The
survival, as well, of vaccinated mice was signifi-
cantly prolonged by this DNA immunization pro-
cedure. In addition, tumor re-transplantation to
completely tumor-rejected mice revealed that
anti-tumor effects obtained from this delivery
method were maintained for at least 80 days.

A year later, the same authors investigated this
DNA vaccination method for metastatic and
relapsed murine melanoma (i.e., BI6BL6) (Un
et al. 2011) (Fig. 14.6a).

Following DNA immunization using targeted
BL carrying pDNA, which expressed ubiquity-
lated melanoma-specific Ags (i.e., gp 100,
tyrosinase-related protein 2), the secretion of Th1
cytokines (i.e., IFN-y, tumor necrosis factor-ot)
and CTL activities were specifically enhanced in
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growth (b) and lung metastasis (c¢) (Reprinted with permis-
sion from Un et al. (2011). Copyright © 2011 American
Chemical Society)

the presence of BI6BL6 melanoma Ags. In addi-
tion, the authors succeeded in obtaining potent
and long-lasting DNA immunization against pri-
mary and solid melanoma tumors, as well as
melanoma lung metastasis (Fig. 14.6b, c). A
complete tumor rejection was reported in 70 % of
immunized mice. In addition, these mice showed
significantly prolonged survival (80 % at 100
days after tumor transplantation) compared to
control groups, where no mouse survived longer
than 60 days post-tumor inoculation.

As compared to DNA vaccination, mRNA-
based immunization presents several advantages
including (i) no integration into the host genome,
rendering its method much safer; (ii) the nuclear
envelope is a cell barrier for pDNA transfer into
the nucleus, especially in non-dividing cells (iii)
mRNA generates only transient gene expression
which is necessary and sufficient for Ag pro-
cessing and presentation by DCs. Bubble-
assisted ultrasound is currently under
investigation for mRNA-based (De Temmerman
etal. 2011).
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14.4 Cytokine Gene Therapy

The increase of host anti-tumor immunity by the
local or systemic expression of cytokines seems to
be the favorable therapeutic strategy for affecting
growth of all types of tumors. Several Th-1 cyto-
kines, including interleukin-2 (IL-2) (Chi et al.
2003), IL-12 (Suzuki et al. 2010), IL-27
(Zolochevska et al. 2011), INF-y (Sakakima et al.
2005) and granulocyte macrophage colony stimu-
lating factor (GM-CSF) (Chi et al. 2003) induce
significant inhibitions in tumor growth and metas-
tases, as well as significantly increasing survival. In
general, the intra-tumor delivery and expression of
cytokine pDNA are very well tolerated, and the
severe systemic side effects reported with the use
of recombinant cytokines are not observed.
Complete tumor regression, followed by long-last-
ing anti-tumor immunity, has been reported in
response to pDNA encoding Th-1 cytokines
(Suzuki et al. 2010; Zolochevska et al. 2011).
These promising results indicate that host immu-
nity against primary and metastatic cancer diseases
can be stimulated after local cytokine pDNA based
immunotherapy, provided that an efficient, safe and
targeted delivery of pDNA can be achieved.
Naked pDNA is covalently closed-circular
double-stranded DNA, which is unable to freely
cross through biological barriers, such as the cell
plasma membrane or vascular endothelium
(Escoffre et al. 2010b). pDNA can carry larger
coding sequences and is easier and inexpensive
to mass-produce compared to viral vectors. Low
immunogenicity and lack of integration of pDNA
make it a greatly attractive molecule for gene
therapy, especially for  immunotherapy.
Previously, the direct injection of pDNA into tar-
get tissue was a simple and safe technique avail-
able to achieve pDNA delivery and expression.
Howeyver, the main limitations of this method are
low levels of gene expression, limited intratissue
distribution and inter-individual heterogeneity. In
order to improve the efficiency of pDNA deliv-
ery, physical methods, including bubble-assisted
ultrasound have been investigated (Escoffre et al.
2013b). These methods have received special
interest since they can bypass many undesired
effects associated with direct delivery methods
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and they allow repeated pDNA delivery to
achieve the therapeutic effectiveness.

Using bubble-assisted ultrasound for pDNA
delivery, the simplest approach is the co-
administration of bubbles with pDNA. Both com-
ponents are mixed in-vitro before their
intra-vascular or intratissue injection. The target
tissue is then exposed to ultrasound. Using this
approach, bubbles and pDNA can be indepen-
dently handled before their administration, allow-
ing thus the adjustment of the treatment through
change in the relative ratio of components, as well
as adding or substituting one component.
Nevertheless, this approach has two potential limi-
tations: (i) Naked pDNA is sensitive to serum and
tissue DNAses, causing it to be rapidly cleared; (ii)
Bubbles and pDNA may not distribute identically
in the target tissue. To overcome these effects, cat-
ionic lipids or polymers are used to condense and
protect pDNA from DNAses. Lipoplexes and
polyplexes are formed and co-administered with
bubbles. pDNA can also be loaded on bubbles dur-
ing their assembly, or by incubation of pDNA with
cationic bubbles. In addition, lipoplexes and poly-
plexes can be loaded on bubbles through electro-
static interactions or covalent linkages. Thus,
bubbles provide an additional protection of pPDNA
from DNAses and both components are conse-
quently distributed identically. To our knowledge,
no study supports the use of pDNA-loaded bub-
bles for cytokine-based immunotherapy. Currently,
the intra-tumor delivery of a mixture of bubbles
and cytokine pDNA is the most current strategy
used in cytokine-based immunotherapy. Several
reports have demonstrated the feasibility and the
therapeutic benefit of this approach for the deliv-
ery of cytokine pDNA, including INF-y and IL-27
(Sakakima et al. 2005; Zolochevska et al. 2011).
The example of IL-12 based immunotherapy using
bubble-assisted ultrasound is described in the next
paragraph.

Example: IL-12 based immunotherapy

IL-12 is a heterodimeric protein composed of p35
and p40 subunits produced by DCs and macro-
phages (Abbas and Lichtman 2006). This cytokine
has a variety of immunomodulatory and anti-tumor
effects, including the induction of IFN-y secretion
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Fig. 14.7 IL-12 based immunotherapy. Mice were intra-
dermally inoculated with murine ovarian carcinoma cells.
(a) Single gene therapy. (b) Repetitive gene therapy. Each
treatment (arrow) consists of an i.t. delivery of IL-12

by stimulation of T lymphocytes and natural killer
(NK) cells, and the increase in CD8* T and NK
cell proliferation and cytotoxicity (i.e., promotion
and the development of T-helper 1 (Th-1)
responses). Moreover, this cytokine induces anti-
angiogenic effects, mainly through IFN-y-
dependent production of interferon-inducible
protein-10. IL-12 could be a versatile cytokine
with great potential as an immunotherapeutic
agent for the treatment of cancer. Recombinant
protein rhIL-12 therapy has had some success, but
has unfortunately been associated with toxicity.
Indeed, clinical phase I and II trials reported that
the systemic administration of rhIL-12 induced
multiple serious adverse effects, including renal
and systemic toxicity (Gollob et al. 2000; Alatrash
et al. 2004). High-dose levels were linked to tran-
sient immune suppression, which would be unfa-
vorable for effective immunotherapy. Nevertheless,

encoding pDNA using BL-assisted ultrasound or
Lipofectamine-2000 (LF2000). The volume of the grow-
ing tumors was measured (Reprinted with permission
from Suzuki et al. (2010))

preclinical studies support that the local delivery
of IL-12 into tumors seems to be less toxic, while
retaining an effective immunotherapeutic effect
(Heller and Heller 2010; Lucas et al. 2002). More
recently, new preclinical and phase I trials have
been reported with intra-tumoral (i.t.) delivery of
IL-12 gene using non-viral and viral vectors (Daud
et al. 2008; Mahvi et al. 2007; Ren et al. 2003). All
of these IL-12 based immunotherapies were well
tolerated.

Among these vectors, Suzuki et al. have evalu-
ated the delivery of IL-12 pDNA using bubble
liposome-assisted ultrasound in an ovarian carci-
noma mouse model (Suzuki et al. 2010). Seven
days after intradermally inoculation of murine
ovarian carcinoma OV-HM cells, a mixture of
experimental bubbles (2.5 pg) and IL-12 pDNA
(10 pg) was inter-tumorally (i.t) injected and ultra-
sound (1 MHz, 0.7 W/cm?, 60 s) was transder-



14 Bubble-Assisted Ultrasound: Application in Immunotherapy and Vaccination

16

257

14

12

10

Relative tumor volume
(o]

=@~ PBS

BL + US
(CD4 - depletion)

oBL+US

(CD8 - depletion)
BL + US
. (CD4, CDS8 - depletion)

BL + US
(Normal rat IgG)

. BL + US
(NK - depletion)

o[ =BL+US

0 5 10

Days after first treatment

Fig. 14.8 Determination of immune cells responsible for
the anti-tumor effect induced by IL-12 based immunother-
apy. Mice were intradermally inoculated with murine ovar-
ian carcinoma cells. CD8*, CD4* and NK cells were

mally applied to the tumor tissue. A conventional
lipofection method using lipofectamine was also
investigated and compared to bubble-assisted
ultrasound. Lipofectamine-2000 (20 pg) was
mixed with IL-12 pDNA (10 pg) for 20 min to
form polyplexes. Subsequently, these polyplexes
were injected into the tumor. The authors showed
that IL-12 was more effectively expressed in solid
tumors using bubble-assisted ultrasound than
using lipofection. The therapeutic effect of a single
delivery of [L-12 pDNA was also examined. While
pDNA delivery using bubbles, ultrasound or lipo-
fection only showed no significant anti-tumor
effect, tumor growth was significantly suppressed
in mice treated with i.t. delivery of IL-12 pDNA
using bubble-assisted ultrasound (Fig. 14.7a).
However, complete tumor regression was not
observed. Consequently, the authors examined the
therapeutic benefit of repeated IL-12 based immu-
notherapy. Six treatments using bubble-assisted
ultrasound led to tumor suppression and complete
regression in 80 % of the tumor-bearing mice
(Fig. 14.7b). In addition, these mice showed pro-

15 20

depleted by the i.p. injection of specific antisera. Repetitive
gene therapy was performed using BL-assisted ultrasound.
The volume of the growing tumors was measured
(Reprinted with permission from (Suzuki et al. 2010))

longed survival. No adverse side effects related to
IL-12 based immunotherapy were observed.

To investigate the anti-tumor mechanism of
this immunotherapy, the authors examined the
individual contributions of CD8*, CD4* T and
NK cells. Through in-vivo analysis of CDS8*,
CD4* and NK cell depletions, they demonstrated
that CD8* CTLs, activated by CD4* Th cells,
were the predominant effector cells in this immu-
notherapy (Fig. 14.8). This conclusion was sup-
ported by immunohistochemical analyses.
Indeed, tumors treated with IL-12 pDNA using
bubble-assisted ultrasound showed increased
infiltration of CD8* CTLs compared to control
groups. In addition, the presence of high levels of
perforin (i.e., the major cytotoxic molecule in
activated CDS8* cells) in the treated tumors
supported the infiltration of activated CD8* CTLs
into these tumors. In summary, the authors dem-
onstrated that bubble-assisted ultrasound effec-
tively delivers IL-12 pDNA into tumor tissue.
The local IL-12 production induces immune
responses resulting in tumor eradication.
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14.5 Conclusions and Future
Prospects

Bubble-assisted ultrasound is under investigation
as a promising non-viral delivery method. This
technology combines the use of gas bubbles and
the application of ultrasound in such a way that
the ultrasound-mediated destruction of bubbles
induces physical phenomena, which transiently
increase the permeability of biological barriers
(i.e., plasma membrane, vascular endothelium) to
poorly permeant molecules. Although the precise
molecular and cellular mechanisms involved in
bubble-assisted ultrasound are still unclear, this
method has received special interest in the fields
of anticancer chemotherapy, gene therapy, regen-
erative medicine, and very recently in the areas of
immunotherapy and vaccination. Indeed, bubble-
assisted  ultrasound  successfully delivers
immuno-stimulatory components, such as thera-
peutic Abs (i.e., Ab-based immunotherapy) or
cytokine-encoding nucleic acids (i.e., cytokine
gene therapy) in-vivo, thus stimulating and
improving immune responses against brain dis-
eases and cancer. Moreover, protein Ags or
Ag-encoding nucleic acids, can be efficiently
delivered into dendritic cells (i.e., dendritic cell-
based vaccines), thus resulting in a long-lasting
immunization against cancer.

Most recent data available on bubble-assisted
ultrasound in the fields of immunotherapy and
vaccination show that proofs of principle have
been mainly achieved for oncological applica-
tions in accessible tumors, such as melanoma or
subcutaneous xenograft tumor models. However,
ultrasound is also a promising technology for
non-invasive and targeted treatment of deep-
seated tumor tissues by focusing the ultrasound.
Where the i.t. injection of bubbles and immuno-
stimulating molecules and Ags seems to be the
best administration route for cutaneous and sub-
cutaneous tumors, i.v. injection should be favored
for deep-seated tumors. Indeed, even though i.t.
ultrasound-guided needle delivery can be per-
formed, the i.v. route is the cheap and safe way
used for the administration of therapeutics in the
human clinic. The i.v. delivery of therapeutic Abs
using bubble-assisted ultrasound is only reported

J.-M. Escoffre et al.

in brain tissue. Consequently, further investiga-
tions are still required to demonstrate that the
improvement of immune responses and long-
lasting immunization can be achieved by
bubble-assisted ultrasound through i.v. delivery
of immuno-stimulating molecules and Ags.

Moreover, most proofs of principle have been
essentially attained using small animals, thus
demonstrating the therapeutic benefit of this
technology as a site-specific and non-invasive
therapeutic method. As previously described for
gene therapy or chemotherapy using bubble-
assisted ultrasound, large animal studies, as well
as human proof-of-concepts, are still lacking and
might face challenging and unexpected limita-
tions. Efficacy trials, especially in large animals,
require a very efficient delivery of therapeutic
molecules. The improvement of this method
relies on two main strategies:

(1) Design of bubbles dedicated for therapeutic
purposes: In current studies, commercial
UCAs (i.e., SonoVue®, Definity®) are
employed for the delivery of immune-
stimulating molecules and Ags. The use of
these clinically approved microbubbles may
facilitate the clinical translation of
microbubble-assisted ultrasound, but any
undesired side effect might have a negative
impact on these UCAs in ultrasound-based
diagnostics. In addition, the use of commer-
cial UCAs restricts the delivery of immuno-
stimulating compounds and Ags using the
co-administration approach. Indeed, the
modification of these UCAs for therapeutic
applications would prevent their clinical
translation, thus requiring new validation
from the regulatory and healthy authorities.
The coadministration approach seems to be
especially interesting for Ab-based immu-
notherapy, where antibodies have a long cir-
culation lifetime. However, the development
of loaded bubbles should allow to carry opti-
mal amounts of immuno-stimulating mole-
cules and Ags and to protect them from
degradation for therapeutic application
including DC-based vaccination and cyto-
kine gene therapy.
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(i1) Development of therapeutic ultrasound proto-
cols: Although the influence of acoustic
parameters on the effectiveness of therapeutic
molecule delivery has been described for gene
therapy and chemotherapy, no exhaustive
optimization of these parameters for the deliv-
ery of immuno-stimulating molecules and
Ags has been reported. Note that, it is not
straightforward to compare the results of these
studies directly, due to the absence of com-
mon units concerning the applied US param-
eters and the large parameter space (US
frequency, pressure, pulse duration, pulse rep-
etition rate, total duration, spatial coverage).
Consequently, further investigations are still
required to show the influence of these param-
eters in the activation/stimulation, and the
duration of immune responses. In addition,
homemade US devices and probes are mainly
used in these studies, while it seems obvious
nowadays that the use of diagnostic US imag-
ing systems (linear array) could facilitate the
clinical translation of this technology. On the
other hand, dedicated ultrasound probes, such
as two-dimensional arrays, should be designed
specifically for therapeutic applications. The
two-dimensional ultrasound arrays are com-
posed of thousands of small transducers with
the ability to steer in three dimensions, thus
allowing high and homogeneous delivery of
therapeutic molecules. Future preclinical
studies should evaluate the effectiveness of
diagnostic US imaging systems and two-
dimensional ultrasound arrays to deliver
immuno-stimulating molecules and Ags.
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Abstract

Therapeutic efficacy of both traditional chemotherapy and gene therapy in
cancer is highly dependent on the ability to deliver drugs across natural
barriers, such as the vessel wall or tumor cell membranes. In this regard,
sonoporation induced by ultrasound-guided microbubble (USMB)
destruction has been widely investigated in the enhancement of therapeu-
tic drug delivery given it can help overcome these natural barriers, thereby
increasing drug delivery into cancer. In this chapter we discuss challenges
in current cancer therapy and how some of these challenges could be over-
come using USMB-mediated drug delivery. We particularly focus on
recent advances in delivery approaches that have been developed to further
improve therapeutic efficiency and specificity of various cancer treat-
ments. An example of clinical translation of USMB-mediated drug deliv-

ery is also shown.
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15.1 Introduction

Cancer has emerged as the leading cause of
human death worldwide (Jemal et al. 2011). In
2012, approximately 14.1 million patients were
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diagnosed and about 8.2 million patients died
from cancer (Ferlay et al. 2014). This high mor-
tality primarily results from a lack of effective
therapy in many cancer types. Current treatment
approaches include either surgical removal with
and without adjuvant radiation and/or systemic
chemotherapy, primary radiation or chemother-
apy (Minchinton and Tannock 2006; Jain 1998).
However, most chemotherapeutics lack tumor
specificity, leading to high systemic toxicity. In
addition to chemotherapy, gene therapy has been
investigated as an alternative treatment approach
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as it has demonstrated promising antitumor
effects in preclinical studies. However, major
hurdles still exist for this treatment approach in
terms of safe methods to selectively deliver thera-
peutic genes into tumor cells and high enough
gene expression levels to efficiently eradicate
tumors in-vivo (Shillitoe 2009; Tong et al. 2009).

Over the last two decades, several methods
have been developed to deliver drugs, including
genes, to the tumor target location using an exter-
nally applied “trigger” (Waite and Roth 2012;
Guarneri et al. 2012). Among these methods,
ultrasound-guided microbubble (USMB) destruc-
tion has great potential for clinical translation in
oncology because it is a safe, non-invasive, cost-
effective and non-ionizing modality (Edelstein
et al. 2007). Importantly, this approach can create
temporary and reversible openings in vessel walls
and cellular membranes through a process called
“sonoporation”, allowing enhanced transport of
therapeutic agents across these biological barri-
ers in the insonated region (Tzu-Yin et al. 2014;
Kaneko and Willmann 2012).

An in-depth description of the mechanisms of
sonoporation can be found in previous chapters
of this book. Here, we focus on the in-vitro and
in-vivo investigations on USMB-mediated drug
delivery in various tumor models for improved
cancer therapy. Specifically, we discuss how
USMB assists in overcoming the challenges of
drug delivery into tumors, general treatment pro-
tocols, current status in preclinical and clinical
applications, as well as future directions fo