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Noninvasive, transient and local image-guided blood-brain barrier disruption
can be accomplished using focused ultrasound exposure with intravascular
injection of preformed microbubbles. MRI-guided blood-brain barrier
disruption has been demonstrated and has been shown to heal in within a few
hours after exposure. The delivery of several marker molecules has been
demonstrated in different animal models with minimal or no damage to the
brain tissue. Most notably, the delivery of antibodies and liposomal
doxorubicin has been shown. The method may potentially open a new era in
CNS drug delivery and perhaps also aid in molecular imaging and targeting.
However, effective clinical devices and methods need to be developed further
and the clinical feasibility demonstrated.
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1. Introduction

The blood-brain barrier (BBB) limits the passage of many molecules from the
circulation into the brain parenchyma, thus precluding their use in drug treatments of
the brain [1-4. The BBB is formed by the endothelial cells of the cerebral microvessels
that connect to each other by intracellular attachments known as tight junctions 1,2]. In
addition, there is a physiological barrier at the level of basal lamina [5] that actively
removes undesirable molecules from the brain. The factors that determine penetration of
substances from the blood to the CNS are lipid solubility, molecular size and charge. The
BBB prevents penetration of ionized water-soluble materials with molecular weight
> 180 [2. There are two ways to enhance propagation through the barrier: chemical
modification of the drugs to make them lipophilic, or the use of other carriers, such as
amino acid and peptide carriers. The tight junctions can also be opened temporarily by
an intra-arterial injection of certain chemicals, such as mannitol, or other hyperosmotic
solutions. These cause the endothelial cells to shrink, resulting in an opening of the tight
junctions that lasts for a few hours [6]. Both the osmotic and chemical methods produce
diffuse BBB openings within the entire tissue volume supplied by the injected artery
branch [1,21 without the ability to selectively target a brain region. With the development
of non-invasive imaging methods that can visualize not only the anatomy, but also the
physiology, function and location of specific molecules of the brain, it would be desirable
to use this information for the delivery of the therapeutic agents only in specific locations
targeted for treatment or diagnosis. This requires disruption of the BBB only in locations
specified by imaging, while protecting the surrounding regions of the brain from
potential side effects. This type of localized drug delivery can currently be accomplished
by direct injection of agents through a needle or catheter into the targeted region of
the brain [2].
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Focal, non-invasive, image-guided disruption of the BBB
will require some sort of energy delivery deep into the brain.
The only non-invasive method that can focus energy deep
into the body is ultrasound. Although trans-skull focal
ultrasound exposure of human brain tissue was considered
very difficult for a long time 7, recent technological
development has made it possible to deliver ultrasound
through the intact skull to precise volumes of tissue under
MRI guidance and monitoring (1. It has been known for
several decades that deep brain tissue sonications can be
associated with the disruption of the BBB [9-11]. In the first
report that specifically explored the disruption of the BBB,
Patrick et al. studied blood—brain barrier disruption (BBBD)
around ultrasound-induced thermal lesions in animals and
proposed it for delivery of chemotherapy for brain tumour
treatments [121. However, in these experiments, the disruption
of the BBB was always accompanied by tissue damage. The
disruption of the BBB around ultrasound-induced tissue
damage resulting from elevated temperature has been later
verified by contrast-enhanced MRI [13]. Recently, long-dura-
tion temperature elevations have been shown to be associated
with BBBD in an in vitro cell culture model [14].

High-pressure amplitude ultrasound exposures can generate
oscillating and collapsing gas bubbles in tissue. This
phenomenon, called cavitation, is associated with high shear
stress, temperature and pressure in the proximity of the
micrometer-sized bubbles. Viykhodseva et al. demonstrated that
short (ms) ultrasound exposures can also induce BBB disruption
and that sometimes there was no damage to the neurons in the
locations with the compromised BBB [15]. However, these results
were not consistent, and so far there have been no reports
describing exposure parameters that could consistently produce
BBBD without associated tissue damage. Similar results were
observed at higher frequency short-pulse sonications by
others [16]; however, it is not known if the BBBD was caused by
cavitation in these studies.

A few years ago, the current author’s group demonstrated
non-invasive and reversible disruption of the BBB at targeted
locations using focused ultrasound bursts in conjunction with an
ultrasound contrast agent [17]. These contrast agents, activated by
ultrasound, are now extensively explored for many therapeutic
applications (see [18]). Subsequent studies have expanded on that
initial work, investigating the disruption with electron
microscopy [19,20], and showing that the ultrasound exposures
reliably produce negligible damage to the brain parenchyma,
with no delayed effects [217. Other groups have also followed
these initial reports and verified the effectiveness of the proposed
method [22). This method will be the main subject of this review.

2. Microbubble-aided focal ultrasound
disruption of the blood-brain barrier

The method for BBBD with ultrasound utilizes preformed
microbubbles injected into the bloodstream before the
ultrasound exposures. These bubbles, developed for

ultrasound imaging, contain gas (air or perfuorocarbon)
encased in a shell — most often made of albumin or lipids —
and have diameters of ~ 1 and 5 um, such that they pass
through the capillary network. The bubbles are injected
intravenously, and the sonications are delivered during their
first pass through the capillary network. When the bubbles
pass through the tissue volume exposed to ultrasound, they
expand and contract at the frequency of the propagating
acoustic wave due to the cyclic pressure reductions and
increases associated with the exposure. The bubble
oscillations also cause the surrounding fluid to move at the
frequency of the ultrasound, thus creating large shear forces
around the bubbles. In addition, the bubbles are pushed by a
radiation force (231 in the direction of wave propagation.
Above a threshold, the bubble oscillations become so large
that the inertia of the surrounding fluid cause the bubble to
collapse, inducing high temperatures and pressures and
causing a shock wave to propagate at supersonic speed
radially from the collapse site. If the bubbles collapse close
to a wall, they can create fluid jets that can damage the
wall [24-26]. The exact physical mechanism of the disruption
of the BBB is not unknown yet, but it has been shown that
the bubble collapse is often associated with BBBD, although
it is possible to induce BBBD with only bubble oscillations
and no detectable collapse [277. The bubble oscillations may
trigger receptors in the vessel wall to cause the BBBD. One
possible explanation is that the bubbles reduce the oxygen
transfer temporarily, but for long enough to trigger
ischemia-related receptors. It is known that ischemia
can compromise the BBB [28]. Regardless of the actual
biological mechanism, the bubbles absorb and concentrate
energy from the ultrasound wave- reducing the power levels
by at least two orders of magnitude from that
required to induce bio-effects without the bubbles [177. As
the microbubbles are contained in the blood, the induced
biological effects are mostly confined to the blood
vessel walls.

The microbubbles used so far are standard, clinically
proven, diagnostic ultrasound contrast agents. The most expe-
rience has been collected with Optison™ (GE Healthcare),
containing bubbles of perfluorocarbon gas (perflutren) with a
human albumin shell. According to the manufacturer, the
bubbles have a mean diameter of 2.0 — 4.5 um, with the
maximum diameter of 32 um. The bubble concentration in
the agent is 5 — 8 x 108 bubbles/ml. Most of the animal
experiments have been performed at the clinically
recommended diagnostic dose of 0.2 ml of Optison/kg. The
prefluorocarbon gas is not metabolized and is removed from
the body via lungs. The albumin shell is assumed to be
handled by normal metabolic routes for human albumin. The
clearance of Optison is fast, with a t,, of 1.3 min in healthy
individuals. Optison can most likely be replaced by other
ultrasound contrast agents. This was demonstrated in animals
when similar BBBD was achieved by using Definity™
(Bristol-Myers Squibb), which is another diagnostic agent
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Figure 1. Examples of T1-weighted MR images obtained after sonication of a rabbit, rat and mouse brain in vivo and an
injection of a bolus of gadolinium contrast agent. The images are acquired across the focus of the ultrasound beam and show local

contrast enhancement at the sonicated locations.

with microbubbles containing the same perfluorocarbon gas,
but surrounded by a lipid shell. The mean diameter of the
bubbles is 1.1 — 3.3 um, with a maximum diameter of 20 um.
The bubble concentration is 1.2 x 10.0%° bubbles/ml. The
mean t,, of the contrast agent in blood in healthy subjects
is 1.3 min.

Both of these agents contain some bubbles that are too
large to pass through the capillary network. As the contrast
agent is intravenously injected, the large bubbles are filtered
away by the lungs. However, if intra-arterial injection is
needed, then the large bubble should be removed to avoid
development of microembolizations. These large bubbles
were the most likely cause for the BBB disruptions seen in
experiments with intra-arterial injection of Optison without
sonications in rats [29] as similar BBBD has not been seen with
intravenous injections.

3. Animal studies using MRI contrast agents

The disruption of the BBB with focused ultrasound and
microbubbles has been investigated extensively using standard
commercial MRI agents, such as gadopentetate dimeglumine
(Magnevist®, Berlex Laboratories; molecular weight of 928),
which does not penetrate through the BBB. These studies
showed that focal disruption of the BBB is feasible at pressure
amplitudes that do not induce necrosis, ischemia or apoptosis
of the brain tissue (0.4 — 0.5 MPa at 0.69 MHz) [20]. Figure 1
shows the focal enhancement induced in rabbit, rat and mice
brains. The amount of contrast enhancement was found to be
dependent on the pressure amplitude; however, at higher
pressures, the exposures induced tissue damage (Figure 2A). A
frequency of 1.7 MHz was associated with a few locations of
extravasated red blood cells (RBC) that seemed not to have any
long-term effect on the brain tissue [30]. At the lower
frequencies, the pressure threshold of the BBB disruption

decreased and the number of extravasated RBC decreased such
that, at the frequency of 250 kHz, the BBB disruption was
possible without any extravaced RBC [31]. The disruption of the
BBB seemed to be self-healing, such that 6 h after the
sonications, only a small signal enhancement was observed with
contrast-enhanced MRI (Figure 2B). The imaging studies
performed at 2 — 5 days, and 4 weeks after the sonications
revealed that the BBB was completely healed [20,307. Similarly, a
light microscopy study demonstrated intact brain tissue and
vasculature at these follow-up time points.

A larger intravascular MRI  contrast agent,
monocrystalline iron oxide nanoparticles ((MION], 20 nm
nanoparticulate contrast agent, MION-47, Center for
Molecular Imaging Research) was also used in BBB
disruption tests. These tests demonstrated that MION
leaks into the brain in the sonicated locations. However,
the leakage was much stronger when the agent was present
in the blood during the sonications than when injected
after the exposure. After the exposure, only a slight
enhancement was observed [31. These experiments
demonstrated that large molecules and particles can be
delivered through the BBB and that the maximum delivery
is achieved when the agent is in the blood during the
sonication. More work needs to be done to characterize the
duration of the BBBD for each molecule of interest and to
establish the feasibility of wusing longer or repeated
exposures to increase the amount of molecules delivered.

4. Multi-photon in vivo microscopy
observations

In order to determine the time course between the
sonications and the disruption of the BBB, a series of
mouse experiments were performed using in vivo
multi-photon microscopy [321. In these experiments, two
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Figure 2. A. The percentage of sonicated locations that showed contrast enhancement in T1-weighted MR images after
sonication as a function of the pressure amplitude during the 10 ms ultrasound bursts. The percentage of the locations that
showed light microscopy evidence of neural damage is also plotted in the graph. B. The magnitude of the contrast enhancement as
a function of time after the sonications. Each point was a separate injection of contrast agent. These sonications were performed at
the frequency of 0.69 MHz and with 10 ms bursts repeated at the frequency of 1 Hz for 20 s. The number of locations (animals) are
presented in parenthesis. The figures are replotted from the data presented in [20].

dyes of different molecular weights were injected
intravenously into a mouse positioned in the microscopy
system that allowed simultaneous ultrasound exposures.
The results showed that the dye leakage occurred without
extravasation of RBC (which was also seen on one
occasion) via two observed routes. First, microdisruptions
in which the dye rapidly leaked from a point on the vessel
wall were observed. This could potentially be caused by
bubble collapse with associated jet formation that
punctures the wvessel wall. These microdisruptions
happened more in arteries than veins and were associated
with points of bifurcation. Second, the dye leaked slowly
through apparently intact endothelium. The results

demonstrated that the sonications are associated with an
almost instantaneous constriction of at least some of the
arteries and arterioles followed by slow leakage of the dye
molecules through the vessels” walls. The smaller (10 kDa)
molecule leaked at higher rate than the larger (70 kDa)
molecule, which showed a much lower intensity. The vessel
diameter relaxed slowly after reaching the minimum
during and after the sonication. It is not known whether or
not the constriction was the cause of the BBBD or if it was
just an unrelated by-product of the sonications. The most
likely reason for the vessel constriction is mechanical
stimulation induced by the radiation force caused by
the sonication.
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Figure 3. The concentration of doxorubicin in the sonciated rat brains and in the contra-lateral control volume as a function
of the ultrasound contrast agent dose injected in the animal. The injected doxorubicin concentration was 5.7 mg/kg administered

intravenously. The number of animals is indicated in the figure.
The graph was drawn based on the data from [34].

5. Post mortem light microscopy observations

In order to determine the potential impact of the BBBD on
the brain, most of the brain tissue exposed to ultrasound in
the previous BBBD studies were examined with light
microscopy and several histology stains. As stated earlier, the
only tissue effect that was seen at the pressure amplitude levels
close to the threshold of BBBD were occasional extravasations
of RBCs. The number of extravasations decreased with
decreasing ultrasound frequency and increased with
increasing pressure amplitude. For example, at 1.7 MHz,
~ 5% of the detected vessels had extravasated RBCs. These
extravasations seemed to be absorbed by the tissue over the
course of 4 weeks, with no detectable adverse reaction. No
apoptotic or ischemic tissue regions were observed at these
exposure levels. However, when the pressure amplitude was
increased, both ischemic and apoptotic cells were detected,
with the number increasing with the pressure amplitude. A
further elevation in the pressure amplitude resulted in tissue
necrosis and hemorrhage [30].

6. Electron microscopy observations

There have also been two electron microscopy studies
evaluating the ultra structural changes that may be responsible
for the BBBD 119,205. The marker molecules used were

immunoglobulin and horseradish peroxidase. These studies
identified three main mechanisms: first, rupture of the blood
vessel was associated with extravasations of the RBCs. Second,
there was an occasional widening of the tight junctions. This
was similar to that shown by Massiawala (331, with
high-frequency ultrasound exposures without microbubbles.
Third, it was observed that vacuoles were transporting marker
molecules through the endothelial cells.

7. Chemotherapy and antibody delivery

The first potential clinical use of targeted BBBD could be
the delivery of therapeutic agents in brain tumours [34). The
feasibility of delivering clinically effective amounts of
liposome encapsulated doxorubicin was demonstrated by
focusing an ultrasound beam on one side of a rat brain, and
simultaneously injecting the agent and microbubbles in the
tail vein. After a few hours of survival, the animals were
sacrificed and brain samples harvested and the drug
concentration measured in the sonicated and unexposed
control samples. The sonicated locations showed a
significantly higher concentration of doxorubicin than the
contra-lateral side. The concentration of the drug in the brain
tissue increased with increasing microbubble concentration,
with ~ 1000 ng/g of tissue at the microbubble dose of
0.1 ml/kg, to 4500 ng/g at 0.5ml/kg (Figure 3). This
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Figure 4. Top: Post mortem picture of a mice brain after
sonication and injection of Trypan blue. Bottom: the same
location showing the antibody distribution in the brain [36].

measured drug concentration is higher than the concentration
that has been found to produce a clinically significant
response [35]. The targeting of the ultrasound exposure was
done under MRI guidance and monitoring. BBBD was
verified by signal enhancement on contrast-enhanced MRI,
which correlated with the drug concentration in the brain.
More studies of the long-term impact of the chemotherapy
agent and the ultrasound delivery on the brain tissue and
tumours needs to be performed prior to clinical use.

The current authors have also tested antibody delivery through
the BBB with ultrasound. In their first study, they used a
dopamine D, receptor-targeting antibody to test the ability of
ultrasound to disrupt the BBB for the diffusion of the antibody
and to test the functionality of the antibody after the
exposure [36]. In this study, the antibody was injected through the
tail vein of a mouse simultaneously with the microbubbles, while
exposing a selected location of the brain to ultrasound. MRI was
used to aim the ultrasound beam and to verify BBBD with
contrast-enhanced scans. Post mortem evaluation showed Trypan
blue staining of the exposed tissue verifying the BBBD. Antibody
staining of the brain sections of the exposed volume showed
positive signals in the brain (Figure 4). When the sections were
evaluated under the microscope, the signals were detected in the
hippocampus and, small cells in the basal ganglia within the
sonicated tissue volume. These sites are characteristic for location
of the dopamine D, receptor. There was no obvious staining in

the contralateral site, suggesting that the antidopamine D,
receptor antibody (which recognizes the third extracellular
domain of the human dopamine D, receptor) was delivered only
at sites where BBB disruption had been produced by the
sonication. When the staining intensity was compared with the
MRI contrast enhanced signal, a good correlation was found.
This indicated that MRI may be used not only to target, but also
to quantify the delivery of antibody through the BBB.

If this delivery of antibodies can be done in a clinical setting, it
will open the potential of using many therapeutic antibodies
against CNS diseases. For example, the anti-HER2 monoclonal
antibody, trastuzumab, could be used for some brain metastases
of breast cancer, and the anti-CD20* monoclonal antibody,
rituximab, for malignant lymphoma. There is also evidence
suggesting that antibodies against the Abeta may reverse cognitive
deficits in early Alzheimer’s disease [371. There are major problems
in using these promising agents in vivo in the CNS because the
antibodies have a large molecular size, and thus, they are blocked
by the BBB if administered into the circulation. The first delivery
of a therapeutic antibody agent with ultrasound induced BBBD
was done by Kinoshita et al., demonstrating the potential of this
method for the antibody delivery [3s).

8. Ultrasound exposure through the skull

The first demonstration of disrupting the BBB with focused
ultrasound was done in rabbits by removing the skull [17;
however, this has now been able to be performed through intact
skull in rabbits [20], rats [34] and in mice [39]. The situation is
more complicated when ultrasound delivery through the
human skull is attempted. The skull has several factors that
make it a barrier for the use of both diagnostic and therapeutic
ultrasound in the brain, and for several decades it was believed
that the bone had to be removed to perform ultrasound
treatments in the brain [40-42). First, it had a density and speed
of sound that are larger than in the surrounding soft tissues.
This results in an acoustic impedance mis-match at the outer
and inner bone surface, resulting in a significant reflection of
sound at each interface. With continuous wave sonication this
can result in the formation of a standing wave between the
transducer and the skull, which can change the characteristics
of the emitted wave [43]. The magnitude of the reflected wave is
strongly angle dependent, resulting in a complete reflection of
the longitudinal waves at a >30° entrance angle. Although
energy is still transmitted through the bone via shear waves at
larger entrance angles, the attenuation losses are large [44]. The
high speed of sound in the bone, coupled with its dependence
on the density of the bone, further complicates ultrasound
transmission through the skull by distorting the propagating
wave front. This is due to the variable thickness of the bone as a
function of location, resulting in a situation in which parts of
the beam is propagating through a thinner, and parts through a
thicker, layer of bone. As the speed of sound in skull bone is
almost twice the speed of sound in soft tissues, the wave
propagating through a thicker piece will advance further than
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Ultrasound
Phased Array

Figure 5. A diagram illustrating the potential clinical BBBD
by focused ultrasound guided by an online MRI.
BBBD: Blood-brain barrier disruption.

the part propagating through a thinner piece when the
wavefront has propagated through the skull. This makes
focusing through the skull difficult with traditional single-focus
transducers [45]. Phased arrays with CT-derived phase and
amplitude corrections have been proposed to overcome this
problem [46,47]. Such a system has been able to focus through
human skulls and create thermal lesions in rabbit brains
in vivo [8], and is currently in a clinical Phase | trial for thermal
ablation of malignant brain tumors. As the time-averaged
ultrasound energy is at least two orders of magnitude larger for
thermal ablation than for the BBB disruption it is clear that
such systems can be used in humans for BBB disruption
(Figure 5). It has also been proposed that the skull induced
distortions could be limited by reducing the frequency of the
sound beam, thus increasing the wavelength. Both
experiments [45] and simulations 48] have shown that the use of
a low frequency (~ 250 — 300 kHz) will allow focusing through
human skull without skull-specific distortion corrections.
There is also another route for using higher frequencies
that allow more precise focusing without the need for CT
derived corrections. This method uses the transmission
of shear waves that distort less than longitudinal waves [44].

When BBBD is performed in the brain with a closed
skull, it is important to be sure that the blood vessels
stay intact and that no bleeding is caused. The vasculature
of elderly patients or those with pretreatment with
radiation or chemotherapy may have compromised
integrity of the blood vessel walls. Ultrasound (without
microbubbles) may have caused bleeding in some patients
exposed to low-frequency, unfocused ultrasound for
thrombolysis [49]. Therefore, the field should progress
cautiously when testing ultrasound-induced BBBD in
these patient populations.

Hynynen

Overall, the progress made in the delivery of ultrasound
through human skulls has reached a point where, from
a physics point of view, it is almost certain that BBB disruption
can be performed in man through an intact skull. However,
itstill remains to be seen how well the exposurescan be
localized without unintended exposures of surrounding tissues.

9. Conclusions

A number of animal studies have demonstrated that local
BBBD is possible with focused ultrasound and microbubbles.
The required acoustic power values are > 100-times smaller
than those required to produce thermal damage in tissue, and
are thus safe to deliver through intact skull. Two major
mechanisms have been identified for the disruption,
including opening of the tight junctions and active transport
by vacuoles. BBBD is associated with minimal or no damage
to the vasculature or the surrounding brain tissue. The
survival studies have verified the lack of adverse event in the
test animals. Focal delivery of antibodies and chemotherapy
agents has been shown. However, the effectiveness of the
delivery for a specific intervention or diagnosis has not been
demonstrated.

10. Expert opinion

The BBB is a major barrier for the delivery of diagnostic or
therapeutic agents into the brain. However, it can be used to
localize the delivery of such agents if it is focally and transiently
disrupted, thus allowing the molecules to leak only in the
targeted site. This approach will minimize the impact of the
agents to the CNS and allow a wide variety and more potent
agents to be used. The only method that currently holds
promise to non-invasively facilitate BBBD is ultrasound.
Animal experiments have shown that local image-guided
focused ultrasound disruption of the BBB can be induced with
the aid of microbubbles in such a manner that minimal or no
damage is induced to the surrounding brain tissue. This
disruption is transient and will last ~ 6 h for a small molecular
MRI contrast agent. The disruption has been demonstrated
for several agents in multiple animal models. However, the
clinical feasibility has yet to be demonstrated. The ability to
perform image-guidance will allow the precise delivery of
agents for therapeutic and/or diagnostic purposes into
anatomical, physiological, functional or molecular targets in
the CNS. For example, the BBBD based on image information
will eventually be used to treat patients with brain metastasis
and other sensitive/non-resistant brain tumours by targeting
the tumour periphery where the BBB is still relatively intact.
The exposure will allow a chemotherapy agent, which does not
penetrate the BBB, but is effective against the tumour
elsewhere in the body, to be used in the brain. Antibody-based
treatments such as trastuzumab are especially promising in
this regard.
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Although the basic feasibility has been demonstrated in
animals, much work is still required prior to fully utilize
this methodology in clinical medicine. First, more in vivo
studies need to be performed to quantify and optimize the
delivery of each molecule of interest. Second, the
effectiveness of a specific therapy or diagnosis needs to be
demonstrated. For example, chemotherapy tests in an
animal tumor model needs to be done. Third, clinical
devices, with controlling and monitoring methods need to
be developed. The basic feasibility of delivering ultrasound
through intact animal or human skull has been
demonstrated for thermal ablation purposes, thus, it is
highly likely that a clinical delivery system for BBBD can
be constructed. This step requires a contribution from the
medical device manufacturers and is critical for the clinical

utilization of the method. Finally, after the animal
feasibility studies and clinical device development, the
clinical trials need to be performed to test the effectiveness
of any of the potential uses of the method. In the author’s
opinion, image-guided focused ultrasound BBB disruption
is a method that has the potential to change the diagnosis
and treatment of many CNS diseases and it will most likely
have a major role in future patient care.

7. Acknowledgements

This research was supported by NIH grants (ROLEB003268
and R33EB000705) and CRC program. The author wishes to
thank Nathan McDannold and Manabu Kinoshita for
providing some of the figures.

Bibliography ultrasound phased array system for 15. VYKHODTSEVA NI, HYNYNEN K,
Papers of special note have been highlighted as noninvasive focal surgery of the brain: a DAMIANOU C: Histologic effects of high
either of interest (*) or of considerable interest preliminary rabbit study with ex vivo human intensity pulsed ultrasound exposure with
(*) to readers. skulls. Magn. Reson. Med. (2004) subharmonic emission in rabbit brain

) . 52:100-107. in vivo. Ultrasound Med. Biol. (1995)
L Qiig;:c?iczgmiiz;:_; ::SE:::;:f . Des.crit?es the features of a trans-skull 21:969-979.

Mol. Med. Today (1996) 2:106-113. sonication system. 16. MESIWALA AH, FARRELL L,

) o 9. BAKAY L, HUETER TF, WENZEL HJ et al.: High-intensity focused

2 ;Egl';'; dFi/g’ra’i\antl;Ja YxErL;rEtﬁéS:mit;mg BALLANTINE HT, SOSAD: ultrasound selectively disrupts the
purposes: osmotic opening and other Ultrasonlc.ally prgduced changes in the blood-brain bamer in vivo.
means. Neurosurgery (1998) 42:1083-1099. blood-brain barrier. Arch. Neurol. (1956) Ultrasound Med. Biol. (2002) 28:389-400.
P ARDRIDGE WM: Drud and 76:457-46T. 17. HYNYNEN K, McDANNOLD N,

3 o i N 19 anl gene 10.  BAKAY L, BALLANTINE HT, BELL E: VYKHODTSEVA N, JOLESZ FA:
Neetlj\:f):\y (’[200t0 Ze) 3rg:2;5?5\éa85_w ar route. P32 uptake by normal and ultrasonically Noninvasive MR imaging-guided focal

irradiated brain tissue from cerebrospinal opening of the blood-brain barrier in

4. NAG S: Morphology and molecular fluid. Arch. Neurol. (1959) 1:59-67. rabbits. Radiology (2001) 220:640-646.
properties of cellular components of normal 11. BALLANTINE HT Jr BELLE, «  The first paper to demonstrate ultrasound
;(;r:e3b_r3aé.vessels. Methods Mol. Med. (2003) MANLAPAZ J: Progress and problems in induced BBBD with microbubbles.

the neurological applications of focused 18. UNGER EC, PORTER T, CULP W,

5. MULDOON LL, PAGEL MA, ultrasound. J. Neurosurg. (1960) LABELL R, MATSUNAGA T, ZUTSHIR:
KROLL RA, ROMAN-GOLDSTEIN S, 17:858-876. Therapeutic applications of lipid-coated
‘]ON.ES R.S’ NEU_WEI_‘T EATA ) 12. PATRICK JT, NOLTING MN, GOSS SA microbubbles. Adv. Drug Deliv. Rev. (2004)
E:;fﬂg?;?:lbzarrr:;ri:IZU:]L:;::] :fanatomlc et aI: - Ultrasound and thr? blood-brain 56:1291-1314.
transvascular delivery [see comments]. barrier. Adv. Exp. Med. Biol. (1990) 19. SHEIKOV N, McDANNOLD N,

AINR. Am. J. Neuroradiol. (1999) 267:369-381. VYKHODTSEVA N, JOLESZE
20:217-222. 13. McDANNOLD N, VYKHODTSEVA N, HYNYNEN K: Cellular mechanisms of the
JOLESZ FA, HYNYNEN K: MRI blood-brain barrier opening induced by

6. DOOLITTLE ND, MINER ME, i iqati ultrasound in presence of microbubbles.
HALL WA et al.: Safety and efficacy of a !nvestlgatlon of the. threshpld f_or tht?rmally Ult d Med. Biol. (2004) 30:979-989
multicenter study using intraarterial |nd.ucefj blood—braln. barrlerdls'ruptlf)n and rsound Med. Bl ) 30:975:989.
chemotherapy in conjunction with osmotic brain tissue damage in the rabbit brain. 20. HYNYNEN K, McDANNOLD N,
opening of the blood-brain barrier for the Magn. Reson. Med. (2004) 51:913-923. SHEIKOV NA, JOLESZ FA, .
treatment of patients with malignant brain 4. NG KY, CHO CW, HENTHORN TK, VYKHOD.TSEV.A N: Loca! and reversible
tumors. Cancer (2000) 88:637-647. TANGUAY RL.: Effect of heat blood—brain barrier disruption by

7. LYNNJG, PUTNAM TJ: Histology of precondi.ti-oning on th.e upta.ke ar.1d ?onmvasilve fo_(;uts’ledfult;asouni al|t|
cerebral lesions produced by focused permeabl_llty o R12.3 n b_r ain microvessel requescms S;\J]I : e| > ranzs(-)gsu 24:12-20
ultrasound, Am. . Path, (1944) endothelial cells during mild heat ?;“'Ca_ 1ons. INeuro. Image (2005) 24:12-20.

treatment. J. Pharm. Sci. (2004) . escribes the BBBD with trans-skull
20:637-652. 93:896-907. sonications.
8.  HYNYNEN K, CLEMENT GT,
McDANNOLD N et al.: 500-Element
34 Expert Opin. Drug Deliv. (2007) 4(1)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

MCDANNOLD N, VYKHODTSEVA N,
RAYMOND S, JOLESZ FA,

HYNYNEN K: MRI-guided targeted
blood—brain barrier disruption with focused
ultrasound: histological findings in rabbits.
Ultrasound Med. Biol. (2005)
31:1527-1537.

CHOI KJ, PERNOT M, SMART S,
KONOFAGOU EE: Noninvasive
Blood-brain barrier opening in live mice.
Proceedings of the 5th International
Symposium. AIP (Eds). Therapeutic
Ultrasound (2006) AIP Conference
Proceedings. Boston, USA (27-29 October
2005) No. 829. 271-275

DAYTON P, KLIBANOQV A,
BRANDENBURGER G, FERRARA K:
Acoustic radiation force in vivo: a
mechanism to assist targeting of
microbubbles. Ultrasound. Med. Biol.
(1999) 25:1195-1201.

CRUM LA, FOWLKES JB: Acoustic
cavitation generated by microsecond pulses
of ultrasound. Nature (1986) 319:52-54.

APFEL RE: Acoustic cavitation: a possible
consequence of biomedical use of
ultrasound. Br. J. Cancer (1995)
Suppl.V:140-146.

MARGULIS MA: Sonochemistry of
cavitation. Luxembourg, Gordon and
Breach Publishers (1995).

McDANNOLD N, VYKHODTSEVA N,
HYNYNEN K: Targeted disruption of the
blood-brain barrier with focused
ultrasound:association with cavitation
activity. Phys. Med. Biol. (2006)
51:793-807.

LO EH, PAN Y, MATSUMOTO K,
KOWALL NW: Blood-brain barrier
disruption in experimental focal ischemia:
comparison between in vivo MRI and
immunocytochemistry.

Magn. Reson. Imaging (1994) 12:403-411.

MYCHASKIW G, BADR AE, TIBBS R,
CLOWER BR, ZHANG JH: Optison
(FS069) disrupts the blood-brain barrier in
rats. Anesth. Analg. (2000) 91:798-803.

McDANNOLD N, VYKHODTSEVA N,
RAYMOND S, JOLESZ FA,

HYNYNEN K: MRI-guided targeted
blood-brain barrier disruption with focused
ultrasound:histological findings in rabbits.
Ultrasound Med. Biol. (2005)
31:1527-1537.

HYNYNEN K, MCDANNOLD N,
RAYMOND S, WEISSLEDER R,
JOLESZ FA, SHEIKOV N: Focal

32.

33.

34,

35.

36.

37.

38.

39.

40.

disruption of the blood-brain barrier by
260 khz ultrasound bursts- a method for
molecular imaging and targeted drug
delivery. J. Neurosurg. (2006) 105:445-454.

RAYMOND SB, SKOCH J,

HYNYNEN K, BACSKAI BJ: Multiphoton
imaging of ultrasound/Optison mediated
cerebrovascular effects in vivo.

J. Cereb. Blood Flow Metab. (2006).

MESIWALA AH, FARRELL L,

WENZEL HJ et al.: High-intensity focused
ultrasound selectively disrupts the
blood-brain barrier in vivo.

Ultrasound Med. Biol. (2002) 28:389-400.

TREAT LH, McDANNOLD N,
HYNYNEN K: Transcranial MRI-guided
focused ultrasound-induced blood—brain
barrier opening in rats. IEEE International
Conference on Ultrasonics, Ferroelectrics, and
Frequency Control 2004. 998-1000 (2004).

CUMMINGS J, MCARDLE CS: Studies
on the in vivo disposition of adriamycin in
human tumours which exhibit different
responses to the drug. Br. J. Cancer (1986)
53:835-838.

KINOSHITA M, MCDANNOLD N,
JOLESZ FA, HYNYNEN K: Targeted
delivery of antibodies through the
blood-brain barrier by MRI-guided focused
ultrasound. Biochem. Biophys. Res. Commun.
(2006) 340:1085-1090.

BRENDZA RP, BACSKAI BJ,
CIRRITO JR et al.: Anti-Abeta antibody
treatment promotes the rapid recovery of
amyloid-associated neuritic dystrophy in
PDAPP transgenic mice. J. Clin. Invest.
(2005) 111:428-433.

KINOSHITA M, MCDANNOLD N,
JOLESZ FA, HYNYNEN K: Noninvasive
localized delivery of Herceptin to the mouse
brain by MRI-guided focused
ultrasound-induced blood-brain barrier
disruption. Proc. Natl. Acad. Sci. USA
(2006) 103:11719-11723.

First demonstration of Herceptin delivery
through the BBB.

KINOSHITA M, MCDANNOLD N,
JOLESZ FA, HYNYNEN K: Targeted
delivery of antibodies through the
blood-brain barrier by MRI-guided focused
ultrasound. Biochem. Biophys. Res. Commun.
(2006) 340:1085-1090.

FRY WJ, FRY FJ: Fundamental
neurological research and human
neurosurgery using intense ultrasound.
IRE Trans. Med. Electron. (1960)
ME-7:166-181.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Hynynen

HEIMBURGER RF: Ultrasound
augmentation of CNS tumor therapy.
Indiana. Med. (1985) 78:469-476.

GUTHKELCH AN, CARTER LP,
CASSADY JR et al.: Treatment of
malignant brain tumors with focussed
ultrasound hyperthermia and radiation:
results of a Phase | trial. J. Neurooncol.
(1991) 10:271-284.

CLEMENT GT, SUN J, HYNYNEN K:
The role of internal reflection in transskull
phase distortion. Ultrasonics (2001)
39:109-113.

CLEMENT GT, WHITE PJ,

HYNYNEN K: Enhanced ultrasound
transmission through the human skull using
shear mode conversion. J. Acoust. Soc. Am.
(2004) 115:1356-1364.

HYNYNEN K, JOLESZ FA:
Demonstration of potential noninvasive
ultrasound brain therapy through intact
skull. Ultrasound Med. Biol. (1998)
24:275-283.

CLEMENT GT, HYNYNEN K: A
non-invasive method for focusing
ultrasound through the human skull.
Phys. Med. Biol. (2002) 47:1219-1236.

AUBRY JF, TANTER M, PERNOT M,
THOMAS JL, FINK M: Experimental
demonstration of noninvasive trans-skull
adaptive focusing based on prior computed
tomography scans. J. Acoust. Soc. Am.
(2003) 113:84-93.

YIN X, HYNYNEN K: A numerical study
of transcranial focused ultrasound beam
propagation at low frequency.

Phys. Med. Biol. (2005) 50:1821-1836.

REINHARD M, HETZEL A, KRUGER S
et al.: Blood-brain barrier disruption by
low-frequency ultrasound. Stroke (2006)
37:1546-1548.

Affiliation

Kullervo Hynynen PhD

Department of Medical Biophysics, University of
Toronto, Sunnybrook Health Sciences Centre,
2075 Bayview Ave, Toronto, ON, M4N 3M5,
Canada

Tel: +1416 480 5717,

Fax: +1416 480 5714;

E-mail: khynynen@sri.utoronto.ca

Department of Radiology, Brigham and Women'’s
Hospital and Harvard Medical School, 75 Francis
Street, Boston, MA 02115, USA

Expert Opin. Drug Deliv. (2007) 4(1)

35
RIGHTES



