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Targeted microbubbles: a novel application for
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Kidney stone disease is endemic. Extracorporeal shockwave
lithotripsy was the first major technological breakthrough
where focused shockwaves were used to fragment stones in
the kidney or ureter. The shockwaves induced the formation
of cavitation bubbles, whose collapse released energy at the
stone, and the energy fragmented the kidney stones into
pieces small enough to be passed spontaneously. Can the
concept of microbubbles be used without the bulky machine?
The logical progression was to manufacture these powerful
microbubbles ex vivo and inject these bubbles directly into
the collecting system. An external source can be used to
induce cavitation once the microbubbles are at their target;
the key is targeting these microbubbles to specifically bind to
kidney stones. Two important observations have been
established: (i) bisphosphonates attach to hydroxyapatite
crystals with high affinity; and (ii) there is substantial
hydroxyapatite in most kidney stones. The microbubbles can
be equipped with bisphosphonate tags to specifically target

kidney stones. These bubbles will preferentially bind to the
stone and not surrounding tissue, reducing collateral damage.
Ultrasound or another suitable form of energy is then applied
causing the microbubbles to induce cavitation and fragment
the stones. This can be used as an adjunct to ureteroscopy or
percutaneous lithotripsy to aid in fragmentation. Randall’s
plaques, which also contain hydroxyapatite crystals, can also
be targeted to pre-emptively destroy these stone precursors.
Additionally, targeted microbubbles can aid in kidney stone
diagnostics by virtue of being used as an adjunct to
traditional imaging methods, especially useful in high-risk
patient populations. This novel application of targeted
microbubble technology not only represents the next frontier
in minimally invasive stone surgery, but a platform
technology for other areas of medicine.
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Introduction

Lifetime incidence of urinary stones is ~210% for men and 7%
for women, which corresponds to a prevalence of ~2-3% in
the general population. In all, 50% of patients with previous
urinary stones will experience a recurrence within 5 years [1—
3]. Major intra-abdominal surgery was mainstay in the
treatment of kidney and ureteric stones before the 1980s, but
was fraught with morbidity and mortality, even among
experienced urologists [4,5]. However, over the last few
decades there has been great expansion in minimally invasive
techniques that has led to the dramatic decrease in open
stone surgery [4,6]. ESWL was the first major breakthrough
in stone surgery, which fragmented stones via acoustical
pulses generated by a machine located outside a patient’s
body [7]. This technology enabled urologists to treat patients
with urinary stones without the morbidity and invasiveness of
open surgery. As technology and optics improved, other
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minimally invasive methods for symptomatic urinary stone
treatment have been developed including percutaneous
nephrolithotomy (PCNL) and ureteroscopy (URS), but their
comparative discussion is beyond the scope of this review.

ESWL

ESWL was initially developed in 1980 by Dornier
Medizintechnik GmbH (now Dornier MedTech Systems,
Germany) and has been widely used since the introduction of
the first commercial lithotriptor Dornier Human Model 3
(HM3) in 1983 [8]. It has been used in the non-invasive
treatment of many types of stones including kidney, bladder,
salivary and biliary, using thousands of focused shockwaves
generated outside the body to shatter stones into small
fragments. Urinary stones pass spontaneously, but biliary
stones typically require secondary procedures for removal.
Lithotripters differ from one another in the method
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(electromagnetic, electrohydraulic, piezoceramic) used to
generate shockwaves, but they all produce similar acoustic
waves. Shockwaves are characterised by a rapid high energy
peak, which differs from ultrasonic sinusoidal waves by its
extremely large pressure amplitude. Additionally, ultrasound
usually consists of a periodic oscillation, whereas a shockwave
is a single pulse [8]. The focusing mechanism (fluoroscopy
and/or ultrasonography) of the lithotriptor directs the
shockwaves to a fixed second focal point (F2) target whereby
the shockwaves becomes additive at the same location where
the patient and their stone/s are positioned for treatment [9].

Cavitation is the primary mechanism by which shockwaves
break stones into small pieces [8]. Shockwaves are focused
onto a stone and the interaction between the shockwaves and
the stone created a negative pressure tail that induces the
formation of strongly collapsing cavitation bubbles [10-13].
The bubble nucleus is initially compressed by the shockwaves
and then rapidly expands and then collapses (cavitation),
which liberates energy resulting in high-speed micro jets with
strong erosion abilities to fragment nearby stones [14-16].
Cavitation plays a critical role in the generation of small
stone fragments during lithotripsy. The lithotriptor machine
is necessary to provide extracorporeal energy that generates
shockwaves that are additive upon convergence at the F2 that
create cavitation microbubbles [8]. Is it possible to deliver
these microbubbles to offending urinary stones without the
need for a large, expensive and bulky machine?

The original Dornier HM3 and other older general
lithotripters had the most optimal coupling and resulted in
the most efficient stone fragmentation [17]. Newer generation
lithotripters have smaller F2 zones in hopes of reducing pain
and potential renal injury; unfortunately, stone fragmentation
rates have been significantly compromised [18,19]. Additional
factors that influence the efficacy of ESWL include stone
composition, skin to stone distance (body mass index),
presence of anomalous renal anatomy, stone location, and
associated hydronephrosis [4,8]. Typical side-effects include
post-procedural gross haematuria, subcapsular haematoma
(0.9%), occasional acute kidney injury, and rarely damage to
surrounding organs [10,17,18,20,21]. Unconfirmed
associations with hypertension and diabetes mellitus have
been suggested [22,23].

Other minimally invasive techniques, such as PCNL and
URS, have supplemented ESWL in treating kidney and
ureteric stones with improved optics, smaller instruments and
laser lithotripters that allow for direct visualisation of stone
fragmentation [4]. Unlike ESWL, these other endoscopic
approaches frequently require postoperative drainage with JJ

© 2014 The Authors
10 BJU International © 2014 BJU International

ureteric stents and/or percutaneous nephrostomy tubes [4].
Could the principles of microbubble cavitation be leveraged
during endoscopic approaches, including URS and PCNL,
without the need for a large lithotriptor machine to optimise
stone fragmentation? If this could be applied, it would
provide a logical extension to making the treatment of stones
more minimally invasive.

Microbubbles have played a growing and significant role in
medical therapeutics and diagnostics as contrast agents for
ultrasonographic imaging [24-32]. The first use of this
technology was in radiographic imaging to identify cardiac
structural anomalies. Carbon dioxide (CO,) encapsulated
microbubbles were first used as contrast agents in the venous
circulation to delineate the right heart for evaluation of
suspected ventricular septal defects. These microbubbles were
comprised of perfluorocarbon gases, and injected into the
systemic circulation. Subsequent echocardiography was
performed to detect the presence of these microbubbles in the
left ventricle, providing an ultrasonographic method for
identifying the presence and magnitude of cardiac shunts
[33]. Microbubbles have been used as an imaging agent for
ultrasound in various other parts of the body with great
success. Some have investigated its use in targeted destruction
of tissue [34,35] or the restoration of some vital tissue such as
myocardium [36]. Recently, targeting ligands have been
attached to the surface of the microbubbles, which have been
widely used in the cardiovascular system, as well as for
tumour diagnosis and therapy [37-39]. Others have combined
microbubbles and ultrasound for drug delivery to brain
tumours [40—42] and to other immunologically privileged
areas. Other emerging applications of this technology include
the effective opening of the blood—brain barrier, and for the
therapeutic treatment of antimicrobial films [37].

Various microbubble products are available commercially;
including microbubbles marketed under the trade names
DEFINITY® (Lantheus Medical Imaging, Inc., N. Billerica,
MA, USA) and OPTISON® (General Electric Imaging,
Fairfield, CT, USA). The preparation of these Food and Drug
Administration (FDA) approved commercially available non-
targeted microbubbles is carried out according to already
established and approved procedures, with appropriate
modifications as necessary [39]. Tagged microbubbles are self-
assembled with a phospholipid surface and a perfluoronated
carbon gas centre. These microbubbles have an average
diameter between 0.1 and 10 um. The contents of the
microbubble can vary with application. For example, the
bubble contains air, CO,, a fluorinated or perfluorinated gas,
another gas, or mixtures of various gasses. Moreover, the
microbubbles may initially be at a temperature such that a



deflated microbubble may be injected into the patient, but
will inflate as it heats to physiological temperatures (=37 °C).
These microbubbles can be filled partially or completely with
a payload other than a gas, such as a pharmaceutically active
agent, a cytotoxic agent, an imaging agent, or the like and
delivered to a targeted organ or mass. To target urinary
stones these stable, short-lived microbubbles (15-20 min) are
synthesised with bisphosphonate surface tags to facilitate
selective attachment to hydroxyapatite. After attaching the
bisphosphonate chemical tags to the biocompatible
microbubbles, the microbubbles are then delivered into a
patient.

Our current approach is inspired by a microbubble solution
developed by DEFINITY, which is comprised of a mixture of
commercially available and FDA approved phospholipids.
DEFINITY microbubbles encapsulate perfluoropropane, a gas
which has been shown to be exhaled from the lungs with no
toxic effects [43]. Specifically, our strategy involves chemical
modification of the major phospholipid component present in
the DEFINITY mixture, dipalmitoylphosphatidylcholine
(DPPC) [44]. Initially, synthetic efforts are directed towards
chemical modification of one of the methyl substituents on
the amino group of DPPC, as the corresponding
bisphosphonate derivatives can be readily accessed from
commercially available starting materials using standard
transformations (Fig. 1). Furthermore, chemical modification
of the amino group in this fashion results in a minimal
structural change to DPPC. It is reasonable to expect that
these new bisphosphonate analogues will result in similar
physical properties, such as solubility as well as improved
stability in vivo when incorporated in microbubble solutions,
and will retain the biocompatibility exhibited by DPPC.

Targeted microbubbles can be used in the diagnosis of kidney
stones. Targeted microbubbles as contrast materials require a
small dosage and show excellent detection sensitivity [27-29].
CT is the ‘gold standard’ in radiographic diagnosis of kidney
stones providing the highest sensitivity, but some stones (i.e.
drug stones) are invisible even on CT [6]. Targeted

Structures of phospholipid-based microbubble forming compounds.
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microbubbles can bind to specific drug targets, revealing them
on radiography. Plain X-ray is poor at visualising radiolucent
stones (i.e. uric acid, cystine), but these stones can be
specifically targeted to allow detection using simple plain
radiographs. Stones in the parenchyma of the kidney can be
differentiated from ones in the collecting system, thereby
proving a more accurate measurement of stone burden.
Traditionally MRI is poor at visualising stones [4], but
microbubbles can be equipped with MRI-detectible ligands
that have an affinity for kidney stones, thereby aiding in MRI
detection. This may have a value in high-risk patient
populations, such as pregnant women or children.
Additionally, specific ligands (i.e. sulthydryl groups) can be
used to tag the microbubbles to detect specific stone types,
providing a unique, non-invasive method in the diagnosis of
kidney stones.

Lipid-coated microbubbles can be labelled to target specific
tissue [27,36,45—47]. Microbubbles can be generated ex vivo
with a functional group that is able to specifically target a
particular substance or tissue. These microbubbles would
subsequently bind selectively at the target site (i.e. kidney
stone). The microbubbles would be induced to cavitate
through the use of variety of energy sources. The rapid
collapse of these microbubbles would release energy only at
the site of interest. This minimally invasive technology has
the potential to replicate the microbubbles generated in vivo
from ESWL that can cavitate and fracture stones. The key is
labelling the microbubbles to bind only onto the specific
surface of the stones to minimise or eliminate complications
and increase efficiency. How does one specifically target the
urinary stones using microbubbles to direct their cavitation
energy only to the stone? We explore observations that
answer these questions.

Based on X-ray diffraction, infrared spectroscopy, and
chemical analysis hydroxyapatite is regarded as the principal
inorganic constituent of bone mineral, built of crystals
containing mainly calcium and phosphate [48-50].
Bisphosphonates are compounds that are used to treat or
slow the progress of osteoporosis and bone-related events, by
inhibiting osteoclastic bone resorption by attaching to
hydroxyapatite binding sites on bony surfaces. They have a
high affinity for calcium phosphate (hydroxyapatite or
apatite) surfaces in the inorganic matrix of human bone
where they preferentially attach [51-53]. Bone scanning is
routinely performed with *™Tc-labelled diphosphonates that
are similar to the bisphosphonates used for therapeutic
applications. The principle uptake mechanism involves
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adsorption onto or into the crystalline structure of
hydroxyapatite after i.v. administration [54]. Quantitative
bone scintigraphy using a y-camera allows for kinetic
modelling to evaluate aspects of bone perfusion and
metabolism, including conditions with diffuse alteration to
bone remodelling (such as primary hyperparathyroidism,
renal osteodystrophy, and osteoporosis), and for assessment
of bone perfusion, regional metastasis, bone (graft) vitality
and osteonecrosis [55—-57]. Can this same affinity of
bisphosphonates to hydroxyapatite be exploited in urinary
stone disease?

Most urinary stones are calcium based, and a significant
portion is composed of hydroxyapatite. Many think that most
biomineralisation starts with hydroxyapatite crystals.
Additionally, these stones contain a number of cavities
irregularly distributed throughout the entire interior that
entomb small spheres of hydroxyapatite in the lattices of
crystal sheets [58—61]. Theoretically with microbubbles tagged
with bisphosphonates, the urinary stones can be specifically
targeted; and can be used as an alternative minimally invasive
treatment for stone fragmentation. A microbubble can have a
specific targeting moiety (such as a bisphosphonate ligand)
created ex vivo, that will have an affinity for hydroxyapatite
in urinary stones after being injected into the urinary system.

Randall’s plaque is thought to be the initial nidus for many
stones. Dr Alexander Randall [62] hypothesised that these
papillary interstitial plaques were composed of calcium
phosphate (hydroxyapatite), not calcium oxalate, and served
as a nidus for subsequent stone formation. By injecting
microbubbles that preferentially bind to the hydroxyapatite of
these papillary plaques, one could theoretically cavitate and
destroy them in hopes of reducing the nidi for future stone
formation.

An investigational technology called histotripsy is a novel
technique that uses pulsed ultrasound that causes rapid
cycles of compression and expansion, which in turn form
microbubbles that have been used to fragment and
homogenise unwanted tissue. It has been developed by a
University of Michigan research team as a potential
treatment for benign prostatic hyperplasia with good results
in animal models. Human studies are pending [63-65].
Histotripsy shows the versatility and power of microbubbles
technology, but specific tissue targeting is performed by an
external machine, but the individual microbubbles are not
target specific.

This microbubble technology can be quickly prepared in the
outpatient or the inpatient setting. These microbubbles can be

© 2014 The Authors
12 BJU International © 2014 BJU International

injected into the urinary system and last about 15-20 min
before spontaneous dissolution. These targeted
bisphosphonate laden microbubbles can concentrate and
attach to the surfaces and inner crevices of urinary stones.
Any excess bubbles not attached to the desired target can be
washed away using a combination of a diuretic and/or fluid
irrigation. This is important because excess bubbles can shield
any applied energy source, interfering with the effect of the
locally bound microbubbles. The passage of excess bubbles
will allow for selectivity of the targeted stone and avoid
collateral injury.

Prior medical applications of cavitation have used
extracorporeal energy sources to create and collapse
microbubbles in the tissue [32,63,66—68]. This new
technology differs from such procedures by using application-
specific, gas-containing microbubbles that are manufactured
ex vivo. The manufactured microbubbles contain targeting
tags (e.g. bisphosphonates) that allow them to concentrate on
or near the targeted tissue (e.g. urinary stones). They are then
specifically delivered to the surface or vicinity of the desired
target.

Energy required to cause cavitation can be delivered in the
form of electromagnetic radiation (e.g. radio or microwaves),
or ultrasound waves. Due to its low electrical conductivity,
electromagnetic frequencies between 400 and 10 000 kHz
may be suitable because it propagates through tissue without
strong interactions, while focusing on the intended target
[69]. For example, standard ultrasound units are applied
within or adjacent to the body with sufficient power to
initiate cavitation of the pre-positioned bubbles.

The bisphosphonate tags on the microbubbles, as previously
described, have an affinity for the hydroxyapatite present in
most urinary stones such that microbubbles bind to the target
and not to surrounding fluid or tissue. Energy from a nearby
source (ultrasound, radio frequency energy, or the like) is
then applied to induce cavitation. The engineered
microbubbles act as a cavitation nucleus upon interaction
with the delivered energy and can fragment the targeted stone
(Fig. 2 and accompanying Videos S1 and S2). Theoretically,
when treating a patient with kidney or ureteric stones, the
urologist can deliver these tagged microbubbles to a site
within the patient (ureter or kidney) using routine
endoscopes.



Ex vivo cavitation (fop images) of stone. The same cavitation captured with rapid-shutter speed 1/1 000 000 second camera (below images).
The microbubble coated calcium-based urinary stones show excellent fragmentation.

the stone using a small catheter placed up to the stone. If the
stone is in the kidney, one can inject the microbubbles in a

Delivery of the microbubbles into or near the targeted retrograde or an anterograde percutaneous fashion depending
urinary stone can be achieved by various means. With upon patient anatomy and location of stone fragments
ureteric stones, these microbubbles can be injected directly (Fig. 3). Randall’s plaques, which are precursors to calcium-
into the ureteric orifice using a flexible scope or even onto based urinary stones, can also be targeted pre-emptively at

Synthesise microbubbles and inject into collecting system. External energy source used to cavitate attached microbubbles and break stones info

small pieces.
Step 1: Preparation Step 2: Injection Step 3: Fragmentation

Kidney stones

. Ultrasonic
Lipid energy
microspheres
bound to
kidney stones
Lipid microspheres o o Catheter used to \ ] Pab&jble,
in solution o o inject solution stone fragments
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the time of PCNL or URS. Many urologists have a sense of
foreboding after endoscopic lithotripsy knowing these plaques
will probably become recurrent stones — it is just a matter of
time [62,70]. Microbubbles theoretically can be used to target
these plaques at the time of URS or PCNL to pre-emptively
destroy them; therefore, potentially reducing stone
recurrence. Additionally, this technology can be used as an
adjunct to URS or PCNL, where stones initially can be
fragmented by traditional means, and microbubbles can
subsequently be deployed to complete the conversion of these
stone remnants into dust. This would be a manner in which
to attempt to recreate the ‘popcorn effect’, where small
fragments are obliterated into dust or gravel that would pass
spontaneously.

Energy needed to initiate cavitation can be delivered ex vivo
as in traditional lithotripters. Alternatively a micro-energy
source can be applied from the tip of a catheter or
endoscope, which can be directed under fluoroscopic
guidance or direct vision. This would enable the urologist to
observe the resultant fragmentation in real-time. These
catheters are readily available and widely used in other
minimally invasive medical fields [71,72].

Application of this targeted microbubble technology can be
broadened outside of urological indications. Depending on
specific needs, various formulations and preparations may be
constructed to unique targets using surfactants or other
additives for dispersal [73]. Delivery of specifically tagged
microbubbles can be delivered through natural orifices such
as the mouth, nose, eyes, vagina, urethra, and ears. It can also
be delivered by s.c. injection and/or spray [74].

The novel application of targeted microbubble technology
represents the next frontier in minimally invasive stone
surgery, and our team envisions this as a platform technology
in medicine. Traditional ESWL uses an extracorporeal energy
source that creates microbubbles at the targeted stone, and
subsequent cavitation leads to stone fragmentation. Targeted,
tagged microbubbles eliminate the need for a large, bulky
machine, and these unique microbubbles can be delivered
directly to the offending stones. An energy source applied
from either an extracorporeal or intracorporeal source can
initiate the cavitation process, leading to stone fragmentation.
This is the obvious extension of minimally invasive stone
treatment. We envision the principles of this technology to be
applied to other commonly appreciated pathological
conditions in medicine.

© 2014 The Authors
14 BJU International © 2014 BJU International

D.L. reports personal fees from Applaud Medical, Inc. outside
the submitted work. M.L.S. reports having a patent
Provisional Patent pending. R H.G. reports having a patent
Provisional Patent pending. All other authors have nothing to
disclose.

—

Willard SD, Nguyen MM. Internet search trends analysis tools can provide

real-time data on kidney stone disease in the United States. Urology 2013;

81: 3742

Stamatelou KK, Francis ME, Jones CA, Nyberg LM, Curhan GC. Time

trends in reported prevalence of kidney stones in the United States: 1976-

1994. Kidney Int 2003; 63: 1817-23

Portis AJ, Sundaram CP. Diagnosis and initial management of kidney

stones. Am Fam Physician 2001; 63: 1329-38

4 Matlaga B, Lingeman JE. Surgical management of urinary lithiasis. In

Wein AJ, Kavoussi LR, Novick AC, Partin AW, Peters CA eds, Campbell-

Walsh Urology, Philadelphia: Saunders: 2010

Srisubat A, Potisat S, Lojanapiwat B, Setthawong V, Laopaiboon M.

Extracorporeal shock wave lithotripsy (ESWL) versus percutaneous

nephrolithotomy (PCNL) or retrograde intrarenal surgery (RIRS) for

kidney stones. Cochrane Database Syst Rev 2009; 4: CD007044.

Pearle MS, Goldfarb DS, Assimos DG et al. Medical management of

kidney stones: AUA guideline. J Urol 2014; 192: 31624

Chaussy C, Brendel W, Schmiedt E. Extracorporeally induced destruction

of kidney stones by shock waves. Lancet 1980; 2: 12658

Eisenmenger W. The mechanisms of stone fragmentation in ESWL.

Ultrasound Med Biol 2001; 27: 683-93

McAteer JA, Evan AP. The acute and long-term adverse effects of shock

wave lithotripsy. Semin Nephrol 2008; 28: 200-13

10 Lokhandwalla M, Sturtevant B. Fracture mechanics model of stone
comminution in ESWL and implications for tissue damage. Phys Med Biol
2000; 45: 192340

11 Pishchalnikov YA, Sapozhnikov OA, Bailey MR et al. Cavitation bubble
cluster activity in the breakage of kidney stones by lithotripter
shockwaves. J Endourol 2003; 17: 435-46

12 Zhu S, Cocks FH, Preminger GM, Zhong P. The role of stress waves and
cavitation in stone comminution in shock wave lithotripsy. Ultrasound
Med Biol 2002; 28: 66171

13 Cleveland RO, Sapozhnikov OA, Bailey MR, Crum LA. A dual passive
cavitation detector for localized detection of lithotripsy-induced cavitation
in vitro. ] Acoust Soc Am 2000; 107: 1745-58

14 Bailey MR, Pishchalnikov YA, Sapozhnikov OA et al. Cavitation
detection during shock-wave lithotripsy. Ultrasound Med Biol 2005; 31:
1245-56

15 Leighton TG, Cleveland RO. Lithotripsy. Proc Inst Mech Eng H 2010;
224: 31742

16 Johnsen E, Colonius T. Shock-induced collapse of a gas bubble in
shockwave lithotripsy. J Acoust Soc Am 2008; 124: 2011-20

17 Ackaert KS, Schroder FH. Effects of extracorporeal shock wave lithotripsy
(ESWL) on renal tissue. A review. Urol Res 1989; 17: 3—7

18 Skolarikos A, Alivizatos G, de la Rosette J. Extracorporeal shock wave
lithotripsy 25 years later: complications and their prevention. Eur Urol
2006; 50: 981-90

19 Argyropoulos AN, Tolley DA. Optimizing shock wave lithotripsy in the
21st century. Eur Urol 2007; 52: 34452

20 Knapp PM, Kulb TB, Lingeman JE et al. Extracorporeal shock wave

lithotripsy-induced perirenal hematomas. J Urol 1988; 139: 7003

)

w

(9]

=)}

N

o

o



2

—

22

23

24

25

26

27

28

29

30

3

—

32

33

34

35

36

37

38

39

40

4

—_

Evan AP, Willis LR, Lingeman JE, McAteer JA. Renal trauma and the
risk of long-term complications in shock wave lithotripsy. Nephron 1998;
78: 1-8

Sato Y, Tanda H, Kato S et al. Shock wave lithotripsy for renal stones is
not associated with hypertension and diabetes mellitus. Urology 2008; 71:
586-92

Krambeck AE, Gettman MT, Rohlinger AL, Lohse CM, Patterson DE,
Segura JW. Diabetes mellitus and hypertension associated with shock
wave lithotripsy of renal and proximal ureteral stones at 19 years of
followup. J Urol 2006; 175: 1742-7

Topol EJ, Humphrey LS, Borkon AM et al. Value of intraoperative left
ventricular microbubbles detected by transesophageal two-dimensional
echocardiography in predicting neurologic outcome after cardiac
operations. Am ] Cardiol 1985; 56: 773—5

Sboros V, Moran CM, Pye SD, McDicken WN. An in vitro study of a
microbubble contrast agent using a clinical ultrasound imaging system.
Phys Med Biol 2004; 49: 159-73

Kern R, Perren F, Schoeneberger K, Gass A, Hennerici M, Meairs S.
Ultrasound microbubble destruction imaging in acute middle cerebral
artery stroke. Stroke 2004; 35: 1665-70

Klibanov AL, Hughes MS, Villanueva FS et al. Targeting and ultrasound
imaging of microbubble-based contrast agents. MAGMA 1999; 8: 177-84
Burns PN, Wilson SR. Microbubble contrast for radiological imaging: 1.
Principles. Ultrasound Q 2006; 22: 5-13

Correas JM, Claudon M, Tranquart F, Helenon AO. The kidney: imaging
with microbubble contrast agents. Ultrasound Q 2006; 22: 53—66
Uemura H, Sano F, Nomiya A et al. Usefulness of perflubutane
microbubble-enhanced ultrasound in imaging and detection of prostate
cancer: phase II multicenter clinical trial. World J Urol 2013; 31: 1123-8
Postema M, van Wamel A, ten Cate FJ, de Jong N. High-speed
photography during ultrasound illustrates potential therapeutic
applications of microbubbles. Med Phys 2005; 32: 3707-11

Unger EC, Matsunaga TO, McCreery T, Schumann P, Sweitzer R,
Quigley R. Therapeutic applications of microbubbles. Eur ] Radiol 2002;
42: 160-8

Valdes-Cruz LM, Sahn DJ. Ultrasonic contrast studies for the detection of
cardiac shunts. ] Am Coll Cardiol 1984; 3: 978-85

Miyamoto N, Hiramatsu K, Tsuchiya K, Sato Y. Carbon dioxide
microbubbles-enhanced sonographically guided radiofrequency ablation:
treatment of patients with local progression of hepatocellular carcinoma.
Radiat Med 2008; 26: 92—7

Koito K, Namieno T, Hirokawa N et al. Enhanced sonography using
carbon dioxide gas for small hepatocellular carcinoma: a comparison
study between pure carbon dioxide gas and carbon dioxide microbubbles.
Radiat Med 2005; 23: 104-10

Smith AH, Fujii H, Kuliszewski MA, Leong-Poi H. Contrast ultrasound
and targeted microbubbles: diagnostic and therapeutic applications for
angiogenesis. ] Cardiovasc Transl Res 2011; 4: 404-15

Cavalieri F, Zhou M, Tortora M, Lucilla B, Ashokkumar M. Methods of
preparation of multifunctional microbubbles and their in vitro/in vivo
assessment of stability, functional and structural properties. Curr Pharm
Des 2012; 18: 2135-51

McDonald CJ, Devon M]J. Hollow latex particles: synthesis and
applications. Adv Colloid Interface Sci 2002; 99: 181-213

Liu Y, Miyoshi H, Nakamura M. Encapsulated ultrasound microbubbles:
therapeutic application in drug/gene delivery. ] Control Release 2006; 114:
89-99

Liu HL, Fan CH, Ting CY, Yeh CK. Combining microbubbles and
ultrasound for drug delivery to brain tumors: current progress and
overview. Theranostics 2014; 4: 432—44

Liao AH, Liu HL, Su CH et al. Paramagnetic perfluorocarbon-filled
albumin-(Gd-DTPA) microbubbles for the induction of

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

focused-ultrasound-induced blood-brain barrier opening and concurrent
MR and ultrasound imaging. Phys Med Biol 2012; 57: 2787-802

Ting CY, Fan CH, Liu HL et al. Concurrent blood-brain barrier
opening and local drug delivery using drug-carrying microbubbles and
focused ultrasound for brain glioma treatment. Biomaterials 2012; 33:
704-12

Calderwood HW, Ruiz BC, Tham MK, Modell JH, Saga SA, Hood CI.
Residual levels and biochemical changes after ventilation with
perfluorinated liquid. J Appl Physiol 1975; 39: 603—7

Hernot S, Klibanov AL. Microbubbles in ultrasound-triggered drug and
gene delivery. Adv Drug Deliv Rev 2008; 60: 1153-66

Leong-Poi H. Contrast ultrasound and targeted microbubbles: diagnostic
and therapeutic applications in progressive diabetic nephropathy. Semin
Nephrol 2012; 32: 494-504

Hu YL, Fu YH, Tabata Y, Gao JQ. Mesenchymal stem cells: a promising
targeted-delivery vehicle in cancer gene therapy. J Control Release 2010;
147: 154-62

Tinkov S, Winter G, Coester C, Bekeredjian R. New doxorubicin-loaded
phospholipid microbubbles for targeted tumor therapy: part I-formulation
development and in-vitro characterization. J Control Release 2010; 143:
143-50

Grigorian EA, Zhdanov GP, Frygin VA. [X-ray dosimetric method for
the quantitative determination of the bone mineral component]. Vestn
Rentgenol Radiol 1981; 3: 20-3

Bogatov VN. Structure and chemical composition of the mineral
component of human bone. Usp Sovrem Biol 1978; 85: 71-84

Turner CH. Bone strength: current concepts. Ann N 'Y Acad Sci 2006;
1068: 42946

Drake MT, Clarke BL, Khosla S. Bisphosphonates: mechanism of
action and role in clinical practice. Mayo Clin Proc 2008; 83:

103245

Hughes DE, Mian M, Guilland-Cumming DF, Russell RG. The cellular
mechanism of action of bisphosphonates. Drugs Exp Clin Res 1991; 17:
109-14

Reszka AA, Rodan GA. Mechanism of action of bisphosphonates. Curr
Osteoporos Rep 2003; 1: 45-52

Francis MD, Ferguson DL, Tofe AJ, Bevan JA, Michaels SE.
Comparative evaluation of three diphosphonates: in vitro adsorption (C-
14 labeled) and in vivo osteogenic uptake (Tc-99 m complexed). J Nucl
Med 1980; 21: 1185-9

Brenner Al Koshy J, Morey ], Lin C, DiPoce J. The bone scan. Semin
Nucl Med 2012; 42: 11-26

Abdelrazek S, Szumowski P, Rogowski F, Kociura-Sawicka A, Mojsak M,
Szorc M. Bone scan in metabolic bone diseases. Review. Nucl Med Rev
Cent East Eur 2012; 15: 124-31

Kaye J, Hayward M. Soft tissue uptake on 99mTc methylene
diphosphonate bone scan imaging: pictorial review. Australas Radiol 2002;
46: 13-21

Grases F, Costa-Bauza A, Garcia-Ferragut L. Biopathological
crystallization: a general view about the mechanisms of renal stone
formation. Adv Colloid Interface Sci 1998; 74: 169-94

Carpentier X, Daudon M, Traxer O et al. Relationships between
carbonation rate of carbapatite and morphologic characteristics of calcium
phosphate stones and etiology. Urology 2009; 73: 968-75

Evan AP, Lingeman JE, Coe FL, Worcester EM. Role of interstitial
apatite plaque in the pathogenesis of the common calcium oxalate stone.
Semin Nephrol 2008; 28: 111-9

Costa-Bauza A, Barcelo C, Perello ], Grases F. Synergism between the
brushite and hydroxyapatite urinary crystallization inhibitors. Int Urol
Nephrol 2002; 34: 447-51

Randall A. Papillary pathology as a precursor of primary renal calculus. J
Urol 1940; 44: 580

© 2014 The Authors

BJU International © 2014 BJU International 15



63

64

65

66

67

68

69

70

71

72

Schade GR, Styn NR, Ives KA, Hall TL, Roberts WW. Prostate
histotripsy: evaluation of prostatic urethral treatment parameters in a
canine model. BJU Int 2014; 113: 498-503

Roberts WW, Teofilovic D, Jahnke RC, Patri J, Risdahl JM, Bertolina
JA. Histotripsy of the prostate using a commercial system in a canine
model. J Urol 2014; 191: 8605

Schade GR, Hall TL, Roberts WW. Urethral-sparing histotripsy of the
prostate in a canine model. Urology 2012; 80: 730-5

Unger EC, Porter T, Culp W, Labell R, Matsunaga T, Zutshi R.
Therapeutic applications of lipid-coated microbubbles. Adv Drug Deliv
Rev 2004; 56: 1291-314

Pancholi K, Stride E, Edirisinghe M. Generation of microbubbles for
diagnostic and therapeutic applications using a novel device. ] Drug
Target 2008; 16: 494-501

Mayer CR, Bekeredjian R. Ultrasonic gene and drug delivery to the
cardiovascular system. Adv Drug Deliv Rev 2008; 60: 1177-92

Mantiply ED, Pohl KR, Poppell SW, Murphy JA. Summary of measured
radiofrequency electric and magnetic fields (10 kHz to 30 GHz) in the
general and work environment. Bioelectromagnetics 1997; 18: 56377
Khan SR, Finlayson B, Hackett R. Renal papillary changes in patient with
calcium oxalate lithiasis. Urology 1984; 23: 194-9

Fiek M, Gindele F, von Bary C et al. Direct thermography-a new in vitro
method to characterize temperature kinetics of ablation catheters. J Interv
Card Electrophysiol 2013; 38: 53-9

La Meir M. New technologies and hybrid surgery for atrial fibrillation.
Rambam Maimonides Med ] 2013; 4: e0016

© 2014 The Authors

16 BJU International © 2014 BJU International

73 Delalande A, Postema M, Mignet N, Midoux P, Pichon C. Ultrasound
and microbubble-assisted gene delivery: recent advances and ongoing
challenges. Ther Deliv 2012; 3: 1199-215

74 Fan Z, Kumon RE, Deng CX. Mechanisms of microbubble-facilitated
sonoporation for drug and gene delivery. Ther Deliv 2014; 5: 46786

Krishna Ramaswamy, Department of
Urology, University of California, 400 Parnassus Ave, Suite
A610, San Francisco, CA 94122, USA.

krishna.ramaswamy@ucsf.edu; Krishna.rama@gmail.
com

DPPC, dipalmitoylphosphatidylcholine; FDA,
USA Food and Drug Administration; HM3, Human Model 3;
PCNL, percutaneous nephrolithotomy; URS, ureteroscopy.

Additional Supporting Information may be found in the
online version of this article:

Videos S1 and S2. Real-time cavitation of tagged
microbubbles as captured by an ultra-fast shutter camera.





