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We are pleased to present this month’s issue of Neu-
rosurgical Focus, which is dedicated to MR-guided fo-
cused ultrasound (FUS) surgery, an entirely new technol-
ogy that may well revolutionize the field of neurosurgery.
Since the first human clinical trials were conducted using
transcranial FUS treatments only a few years ago, there
has been a surge in interest worldwide for the applica-
tion of MR-guided, high-intensity FUS for the treatment
of various disorders such as neurooncological disease,
stroke, functional neurosurgical disorders, and many oth-
ers to come.' Diseases that were once thought to require
treatment with invasive, neurosurgical operations may
now be amenable to this noninvasive and precise inter-
vention.

In this issue, we present a wide overview of poten-
tial applications for FUS surgery. Dr. Daniel Jeanmonod,
who pioneered the first stereotactic FUS central lateral
thalamotomies, presents his vast experience in the treat-
ment of chronic neuropathic pain. His group also presents
its approach to measuring the accuracy of FUS lesioning,
which will be very important in years to come as other

Please include this information when citing this paper: DOI:
10.3171/2011.11.FOCUS11317.

Neurosurg Focus / Volume 32 / January 2012

Neurosurg Focus 32 (1):Introduction, 2012

subcortical nuclei are targeted for functional lesioning.
We are also very pleased to present a very novel concept
of FUS technology to open the blood-brain barrier for the
delivery of therapeutic agents in the treatment of brain
tumors. There are many potential applications of FUS
intervention in vascular disorders, and a very complete
overview of sonothrombolysis for acute ischemic stroke
is included as well as a review of the use of intravascular
ultrasonography for diagnostic purposes.

In the few years that transcranial FUS has been
available, the door has opened for treatment of a variety
of neurological conditions. Patients may soon be faced
with the option of choosing this precise noninvasive tech-
nology for the treatment of their neurological condition.
We hope you enjoy this issue.
(http://thejns.org/doi/abs/10.3171/2011.11 FOCUS11317)
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Transcranial magnetic resonance imaging—guided focused
ultrasound: noninvasive central lateral thalamotomy for
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Object. Recent technological developments open the field of therapeutic application of focused ultrasound to
the brain through the intact cranium. The goal of this study was to apply the new transcranial magnetic resonance
imaging—guided focused ultrasound (tcMRgFUS) technology to perform noninvasive central lateral thalamotomies
(CLTs) as a treatment for chronic neuropathic pain.

Methods. In 12 patients suffering from chronic therapy-resistant neuropathic pain, ttMRgFUS CLT was pro-
posed. In 11 patients, precisely localized thermal ablations of 3—4 mm in diameter were produced in the posterior part
of the central lateral thalamic nucleus at peak temperatures between 51°C and 64°C with the aid of real-time patient
monitoring and MR imaging and MR thermometry guidance. The treated neuropathic pain syndromes had peripheral
(5 patients) or central (6 patients) origins and covered all body parts (face, arm, leg, trunk, and hemibody).

Results. Patients experienced mean pain relief of 49% at the 3-month follow-up (9 patients) and 57% at the
1-year follow-up (8 patients). Mean improvement according to the visual analog scale amounted to 42% at 3 months
and 41% at 1 year. Six patients experienced immediate and persisting somatosensory improvements. Somatosensory
and vestibular clinical manifestations were always observed during sonication time because of ultrasound-based neu-
ronal activation and/or initial therapeutic effects. Quantitative electroencephalography (EEG) showed a significant
reduction in EEG spectral overactivities. Thermal ablation sites showed sharply delineated ellipsoidal thermolesions
surrounded by short-lived vasogenic edema. Lesion reconstructions (18 lesions in 9 patients) demonstrated targeting
precision within a millimeter for all 3 coordinates. There was 1 complication, a bleed in the target with ischemia in
the motor thalamus, which led to the introduction of 2 safety measures, that is, the detection of a potential cavitation
by a cavitation detector and the maintenance of sonication temperatures below 60°C.

Conclusions. The authors assert that ttMRgFUS represents a noninvasive, precise, and radiation-free neuro-
surgical technique for the treatment of neuropathic pain. The procedure avoids mechanical brain tissue shift and
eliminates the risk of infection. The possibility of applying sonication thermal spots free from trajectory restrictions
should allow one to optimize target coverage. The real-time continuous MR imaging and MR thermometry moni-
toring of targeting accuracy and thermal effects are major factors in optimizing precision, safety, and efficacy in an
outpatient context.

(http://thejns.org/doi/abs/10.3171/2011.10.FOCUS11248)

Key Worps ¢ central lateral thalamotomy ¢  neuropathic or neurogenic pain ¢
transcranial magnetic resonance imaging—guided focused ultrasound

cal procedures, such as infections and hemorrhag-
es, there is an obvious demand for less invasive
alternative procedures. Following extensive preclinical
investigations,*$1011.13.15242531.32 3 clinically relevant pro-

C ONSIDERING the inherent risks related to neurosurgi-

Abbreviations used in this paper: CLp = posterior part of the
thalamic central lateral nucleus; CLT = central lateral thala-
motomy; DT = diffusion tensor; EEG = electroencephalography;
tcMRgFUS = transcranial magnetic resonance imaging—guided
focused ultrasound; VAS = visual analog scale; VLp = posterior
part of the thalamic motor ventral lateral nucleus.
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totype of a tcMRgFUS device for thermal ablation was
developed.”!2!4 Because of its noninvasiveness, focused
ultrasound technology eliminates the risk of infection, re-
duces the risk of bleeding, and limits collateral damage to
nontargeted tissue. Magnetic resonance imaging allows
precise intraprocedural localization of the ablation target,
definition and verification of safety margins for the ultra-
sound treatment, real-time monitoring of thermal abla-
tion dynamics, and intra- and posttreatment assessment
of intervention results.>** The tcMRgFUS technique
involves the transformation of sonic into thermal energy
and the production of a thermolesion. The possibility of
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applying this technique transcranially (that is, without in-
jury to skin and skull) has great potential in the field of
neurosurgery.'®-??

A recent landmark clinical study? examined the fea-
sibility and initial technical results of tctMRgFUS and
showed for the first time in 3 patients that it is possible
to focus the ultrasound beam through the intact skull into
the brain and to visualize internal heating at the focal
point and on the brain surface by using MR imaging tem-
perature mapping. These findings constitute a significant
step forward in establishing an entirely noninvasive alter-
native therapy to surgery for brain disorders.

Based on our long-term clinical experience in func-
tional neurosurgery for neuropathic (or neurogenic) pain
with radiofrequency stereotactic interventions in the
medial thalamus,'*2° and after preclinical studies with
phantoms, biological tissues, and ex vivo human head
preparations, we adapted our interventional procedure to
perform CLTs in patients suffering from chronic neuro-
pathic pain using the tctMRgFUS technology. The study
was approved by the ethics committee of Zurich Univer-
sity and the state of Zurich (Kantonale Ethikkommission
des Kantons Ziirich). An initial report about the short-
term results for 9 patients has already been published.?
The present report provides clinical and neurophysiologi-
cal results over 1 year as well as analyses of the targeting
precision and the postoperative MR imaging visualiza-
tion of the produced thermolesions.

Methods
Patient Population

Twelve patients with chronic therapy-resistant neuro-
pathic pain were enrolled for tctMRgFUS CLT and provid-
ed their written informed consent. For the sake of safety, a
thermal spot of only 42°C was placed in the first patient.
This intervention did not result in a thermolesion and this
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patient was excluded from further analysis. Therapy resis-
tance was established based on the lack of efficacy and/or
the side effects of antiepileptic and antidepressant drugs.
Patients were 4575 years old and suffered from facial pain
(3 patients), thoracic pain (1 patient), lower-extremity pain
(3 patients), upper-extremity pain (4 patients), and hemi-
body pain (1 patient), of central (6 patients) or peripheral (5
patients) origin (Table 1). The causal lesions at the origin of
the different neuropathic pain syndromes were amputation
(phantom limb pain, 1 patient), root compression in failed—
back surgery syndrome (1 patient), root compression by
neurinoma (1 patient), herpes zoster infection (1 patient),
nerve trauma (1 patient), spinal cord lesion (2 patients),
putaminal lesion (1 patient), brachial plexus avulsion (2
patients), and thalamic infarct (1 patient). The duration of
pain before treatment was between 1.5 and 21 years (mean
8.5 years). A pre- and postoperative pain assessment was
performed using a detailed questionnaire, including the
items of the McGill Pain Questionnaire. The VAS rating
of pain intensity was noted for the least and worst pain in-
tensities on a scale between 1 and 100. In addition, patients
provided a global percentage value of postoperative pain
relief as compared with the preoperative state. In patients
with chronic therapy-resistant neuropathic pain, a pain re-
lief scale and VAS value comparisons for pain intensity
reduction after treatment are the most adapted and com-
monly recognized assessment indicators to serve as pri-
mary outcome measures for success. Patients were clini-
cally examined as follows: repetitive assessments during
the treatment (see below); clinical examination on the eve-
ning of the treatment day and 24 and 48 hours afterward;
telephone consultation at 1 month after treatment; and full
reassessment at 3 months and 1 year after treatment.

Prior to treatment, the patients underwent CT scan-
ning (512 x 512 matrix, I-mm slice thickness) that cov-
ered the entire cranium as well as an MR imaging exami-
nation with T1- and T2-weighted images and DT imag-

TABLE 1: Summary of clinical and treatment data in 11 patients who underwent tcMRgFUS*

Case Duration of Location of CLT MaxTempat  Sensory
No.  Pain (yrs) Pain Cause of Pain Side Target (°C) Improvements Activation Effects
1 6 leg root compression (disc herniation)  It/rt 53 + paresthesias in leg
2 8.5 hemibody  thalamic infarct It 51 + vestibular, pain in head
3 2.5 face traumatic trigeminal nerve injury  rtf 57 + vestibular, pain in face
4 15 face striatal rt 59 - vestibular, nausea, paresthesias in face,
pain in face
5 4 face postherpetic neuralgia [t/rt 55 + absent
6 9 arm root compression (neurinoma) It/rtt 58 + vestibular, vomiting, pain in head
7 17 arm avulsion of brachial plexus It/rtt 57 - vestibular, pain in head, paresthesias in
arm
8 8 leg phantom leg pain rtt 55 - pain in head
9 16 arms & legs paraplegia [t/rt 60 - vestibular, pain in leg
10 7 thorax syringomyelia It/rt 64 + vestibular, pain in head, nausea
1 21 arm avulsion of brachial plexus It 64 - vestibular, paresthesias, pain in head

* The mean duration of pain among the patients was 8.5 years. Neurological deficits occurred in only one patient (Case 11): neglect and dysmetria
because of bleeding and ischemia. Abbreviation: Temp = temperature ; + = improvement; - = no change.

1 Complement to radiofrequency CLT.
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ing. Identical MR imaging series were obtained at 2 days,
3 months, and 1 year postsonication.

Surgical Procedure

The treatment was performed in a 3-T MR imaging
system (Signa HDx, GE) using the ExAblate 4000 device
(InSightec), which features a 30-cm-diameter hemispher-
ical 1024 element phased-array transducer operating at
650 kHz and held by a mechanical positioner. Magnetic
resonance imaging was performed using an 8-channel
torso phased-array coil.

The patient’s scalp was fully and closely shaved, and
the head was immobilized by fixation in an MR imag-
ing—compatible frame (Radionics; Fig. 1). A circular flex-
ible silicone membrane with a central hole was stretched
around the patient’s head and sealed to the outer face of
the transducer to contain the degassed and chilled (15°-
20°C) water that was circulated in the area between the
head and the transducer. This membrane is tight enough
to prevent water leakage without preventing blood circu-
lation to the scalp.

Axial and sagittal T1- and T2-weighted fast spin echo
images were obtained and coregistered to the previously
acquired MR and CT images and to the current MR im-
aging/transducer coordinates. These images allowed us
to calibrate the system and to produce precise stereotactic
planes for target determination. The target area, the CLp,
was localized on 3D T1-weighted MR images using the
stereotactic multiarchitectonic Morel atlas of the human
thalamus and basal ganglia.” The coordinates of the tar-
gets were then entered into the planning software of the
tcMRgFUS system.

Several low-power sonications of 10-20 seconds du-
ration were applied to induce peak temperatures of 39°—
42°C, known to be below the ablation threshold. They
allowed us to assess the exact position and size of the
thermal spot and the overall safety profile of the applied
sonication parameters.'> Several high-power sonications

Fic. 1. Photograph of a patient ready for the sonication. The head
is immobilized in a stereotactic frame. The transducer is held and po-
sitioned by a mechanical positioning system. The silicone membrane
seals the space between the patient’s head and the transducer, which
is filled by degassed, cooled, and circulated water.
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were then applied in an iterative process guided by MR
imaging and MR thermometry, with stepwise increases
in the acoustic power and energy to finally achieve a peak
temperature at the target between 51°C and 64°C (Fig. 2).
The final peak temperature in each treatment is an out-
come of various factors. Thermocoagulation effects on
tissue can be produced and visualized from 50°C and up,
with a 100% necrosis considered to arise at 55°-57°C.
Optimal coverage of the target and the clinical feedback
from patients both play a role in determining the final
peak temperatures. These factors explain their range be-
tween 55°C and 64°C for the 9 patients with complete
lesioning (see Clinical Results). Typically, we applied
sonications of 10 to 20 seconds in duration with up to a
maximum acoustic power of 1200 and 800 W, respective-
ly, corresponding to 12,000 J per sonication. The mean
peak focal temperature achieved in the treatments was 53
+ 3.3°C (range 48°-61°C).

Patients were fully awake and responsive during all
stages of the intervention. The only medication admin-
istered before the procedure consisted of lorazepam 2.5
mg orally. In 2 patients, a subcutaneous opiate injection
was necessary because of back pain due to a motionless
supine position on the MR imaging table for an extended
period of time. During the entire series of sonications,
patients were examined and questioned repeatedly to en-
sure their neurological integrity and to assess 1) changes
in pain qualities, extension, and intensity; 2) potential
somatosensory improvements; 3) the appearance of so-
matosensory, vestibular, and vegetative manifestations
experienced during the treatment; and 4) the absence of
any motor or somatosensory deficit.

The CLT was performed unilaterally (contralateral
to the pain location) in 5 patients and bilaterally in 6 pa-
tients. A bilateral CLT is, in general, necessary, and it is
as sparing of brain functions as a unilateral one.”” In 4
patients, the tctMRgFUS treatment complemented a pre-
viously performed radiofrequency treatment. The CLT
was performed unilaterally for the following reasons:
complement to radiofrequency treatment (2 patients), ap-
pearance of bleeding (1 patient; see Clinical Results), im-
mediate 100% pain relief after treatment of the first side
(1 patient), and intolerance of a longer intervention time
(1 patient).

Target Reconstruction Method

To evaluate the accuracy of tctMRgFUS targeting, the
3D coordinates of the centers of the sonication lesions,
outlined on T2-weighted MR images obtained 48 hours
after sonication, were measured and compared with pre-
surgical stereotactic coordinates of the ablation targets.
The dorsoventral coordinates were determined by the dis-
tance from the anterior commissure—posterior commis-
sure plane passing through the center of the anterior and
posterior commissures (on sagittal and/or coronal MR
imaging); the anteroposterior coordinates, by the distance
from the posterior commissure (on axial and sagittal MR
imaging); and the mediolateral coordinates, by the dis-
tance from the thalamoventricular border (on coronal and
axial MR imaging).
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Fic. 2. Screenshot of the ExAblate 4000 display showing a series of proton resonance frequency MR images (obtained every
3.7 seconds, upper) and a series of magnitude images (center). Magnification of a proton resonance frequency picture (lower
left) showing in the center a thermal spot centered in the calculated target display (blue rectangle). Display (lower right) showing
the applied acoustic energy, sonication duration, acoustic power, target coordinates, thermal scan parameters, and temperature
curve.

Quantitative EEG Procedure

Electroencephalography recording was performed at
the time of clinical assessment, before entry into the study.
The clinical states of the patients, reassessed at the time
of enrollment in the month before treatment, remained
unchanged, requiring no repetition of EEG recordings. A
10-minute EEG recording was monitored during alternat-
ing eyes-open and eyes-closed states (2 blocks with eyes
open and 2 blocks with eyes closed). The EEG activity
was recorded from a cap with 60 scalp channels (Easycap)
using a 500-Hz sampling rate, 32-mV input range, and
0.1- to 250-Hz bandpass filters. The impedance was kept
below 20 k€. Electrodes were mounted according to
the 10-20 system plus the following 10—10 system sites:
FPz, AFz, FCz, CPz, POz, Oz, 1z, F5/6, FC1/2/3/4/5/6,
FT7/8/9/10, C1/2/5/6, CP1/2/3/4/5/6, TP7/8/9/10, P5/6,
PO1/2/9/10, OI1/2. Both O1/2 and FP1/2 were placed 2
cm laterally from the standard positions for more even
coverage. Note that F1 served as the recording reference
and F2 was the ground electrode. Two additional elec-
trodes were placed below the outer canthus of each eye to
measure for electrooculography.

BrainVision Analyzer software (version 1.05, Brain
Products) served for offline processing of the EEG. Sub-
sequently, electrooculography channels were discarded
from further analysis. Data were digitally bandpass
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filtered (0.5-70 Hz, 24 dB/oct, and 50-Hz notch) and
downsampled to 250 Hz. An infomax independent com-
ponent analysis was calculated to remove artifacts related
to eye movements, eye blinks, and muscle contractions.
Movement-related artifacts, which may not be suitable
for independent component analysis correction, were ex-
cluded from the unmixing procedure. Components were
profiled by their topography, activation time course, and
spectrogram. After artifact removal, the components were
first back-projected to the EEG and then transformed to
the average reference. Segments with remaining arti-
facts were marked and excluded from successive analysis
(mean length of the EEG was about 4 minutes for each
resting state condition). Next, the data were parsed into
2-second epochs. Absolute spectral power was estimated
for each epoch using fast Fourier transform (Hanning
window: 10%, zero-padded, resolution 0.5 Hz). The mean
spectral band power was calculated from 1-48 Hz. Spec-
tral bands were defined as follows: delta (2-4 Hz), theta
(4-8 Hz), alphal (8-13 Hz), and beta (13-30 Hz). (Note
that the superior spectral band limit is included only in
the next higher band.) The EEG was analyzed in terms
of absolute spectral power as well as electrode-wise com-
parisons to preserve topographic information (topoplots).
For each separate condition, spectral power values were
averaged across fast Fourier transform epochs and aver-
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aged within the above frequency bands. Group means
were compared using t-statistics (p < 0.05 indicated sig-
nificance).

Results

Clinical Results

In the first 2 patients of this series, the therapeutic le-
sions placed in the CLp, as seen 48 hours after treatment
on T2-weighted and DT images, were too small to cover it
in any sufficient manner. The ttMRgFUS treatment could
thus be considered complete in only 9 of the 11 patients.
An analysis of global pain relief percentages as reported
by the patients and of VAS values was performed for these
9 patients only; results are listed in Table 2. The preopera-
tive mean VAS score was 59.5/100. Significant pain relief
(mean group value 55%) was already reported during and
at the end of the procedure. More reliable pain relief per-
centages were collected at 2 days (mean group value 71.1%,
9 patients), 3 months (mean group value 49.4%, 9 patients),
and 1 year (mean group value 56.9%, 8 patients) after treat-
ment. The postoperative mean VAS score was 34.3/100 at
3 months and 35.3/100 at 1 year, representing a 42.3% and
40.7% postoperative improvement, respectively.

At the 1-year follow-up, among 8 patients, 5 took
no drugs against pain, but 3 maintained a globally un-
changed regimen. Drug intake is, for many reasons, not
a good marker of the postoperative evolution of patients
who have suffered from long-standing, therapy-resistant
neuropathic pain. On the one hand, some patients may
have stopped their drug intake before the intervention be-
cause of insufficient or absent efficacy or because of side
effects. On the other hand, some patients have habituated
to their drugs for years and are afraid to reduce or stop
them, making a consequent and predetermined drug re-
duction program practically and ethically impossible.

Six patients experienced significant intraoperative so-
matosensory improvements in and around the pain area,
which they spontaneously mentioned during the treatment.
These improvements were confirmed after the intervention
and remained at the 3-month and 1-year follow-ups.

Patients reported clinical effects during sonication,
such as pain relief (9 patients), vestibular with or without
vegetative manifestations (8 patients), paresthesias (4 pa-
tients), or dysesthesias/pain (9 patients). These symptoms
could already be observed at focal temperatures below
50°C.

In 1 patient, displacement of the headframe occurred,
but it was repositioned without negative consequences. In
the last minutes of the procedure after all planned sonica-
tions had been completed, the last patient in this series
experienced the acute appearance of right-sided motor
hemineglect with dysmetria of the arm and leg and dys-
arthria. Magnetic resonance imaging examinations im-
mediately and 48 hours thereafter revealed the presence
of a bleed 8—10 mm in maximal diameter centered in the
targeted CLp, as well as ischemic changes in the VLp.
These were causal for the motor symptoms presented
by the patient. Subsequent control MR images showed a
good progressive resorption of the bleeding. Clinically,
there was a 70%—80% reduction in the motor symptoms
over the next 24 hours. With time, all dysmetric mani-
festations disappeared except during activation of the
finer functions of speaking and writing, which at 1 year
posttreatment remained impeded during demanding and
stressful personal and professional interactions.

Lesion Coordinate Reconstruction for Assessment of
Targeting Precision

The sonication lesions were at best visible 48 hours
after the intervention (Fig. 3 upper) and consisted of a
mostly hyperintense ellipsoid lesion with a diameter of
3—4 mm and a length of 4-5 mm. It was surrounded by a

TABLE 2: Summary of postoperative data in 11 patients who underwent tcMRgFUS*

Pain Relief (%)

VAS Score (lowest-highest, mean)

Case No.  Acute 2Days 3 Mos 1Yr Before Sonication 3 Mos After Sonication 1 Yr After Sonication 1 Yr Postop Drug Intake

1 100 70 0 lost to FU 70-80 16-79 UN reducedt
2 30 30 0-30 lostto FU 72-100 40-70 UN unchanged
3 10 100 80 80 52-73, 62.5 5-20,12.5 9-16, 12.5 stopped
4 70 50 50 95 40-80, 60 0-72, 36 9-36, 22.5 stopped
5 100 80 0 deceasedf 12-78, 45 0-50, 25 UN UN
6 30 100 90 100 39-62, 50.5 0-11,5.5 0 stopped
7 30 50 50 40 22-85,53.5 15-84, 49.5 21-86, 53.5 unchanged
8 100 100 70 50 56-85, 70.5 13-80, 46.5 77 unchanged
9 0 10 0 0 67-90, 78.5 54-89,71.5 11-84,47.5 unchanged

10 100 75 90 80 44-91,67.5 0-14,7 0-28, 14 stopped

" 75 15 10 25-70, 47.5 30-80, 55 30-80, 55 stopped

overallmean§ 55 74 494 56.9 59.5 34.3 35.3 UN

* FU = follow-up; UN = unavailable.
T Includes opiates.
T Unrelated medical cause.

§ The mean values for global pain relief and VAS were calculated for Cases 3—11 only.
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Tlw

Fic. 3. Magnetic resonance images showing the therapeutic lesions 2 days (2d), 3 months (3M), and 1 year (1Y) after the
sonication. DTI = diffusion tensor images, isotropic diffusion mode; T1w = T1-weighted images; T2w = T2-weighted images.

fuzzy and irregularly shaped area of perifocal vasogenic
edema, which completely receded over a month. Lesions
were significantly smaller at 3 and 12 months after treat-
ment (Fig. 3 center and lower). A detailed neuroradiologi-
cal description of the sonication lesions was previously
published.?

The median and mean (+ standard deviation) of the
targeting accuracy are given in millimeters in Table 3 for
the patients in Cases 1-9 and separately for the first and
second groups treated sequentially. The deviations for the
first group (5 patients, 9 lesions) are larger in all axes than
for the second group (4 patients, 9 lesions) treated after
the implementation of procedural improvements, that is,
better accuracy in the thermal spot realignment during
the verification phase at low temperatures, and an optimi-
zation of the determination of the center frequency of the
MR acquisition for proper thermal imaging projection.
The increased accuracy between the 2 subgroups was

6

most marked in the anteroposterior direction (from 1.17
+0.58 t0 0.39 + 0.46 mm). The mean values for the whole
group are < 1 mm in all axes, but larger in the mediolat-
eral axis than in the other axes.

Localization of the tcMRgFUS lesions in the thala-
mus is illustrated in Fig. 4. Projections of the lesions onto
horizontal sections of the Morel atlas?” showed the fol-
lowing: of 18 lesions, 7 enclosed most, if not the whole,
anteroposterior extent of the CLp (targeted in CLT); 5 en-
closed half of it; and 6 enclosed up to one-third. Most par-
tial CLT lesions encroached onto the pulvinar, and only 2
encroached on the posteriormost part of the mediodorsal
nucleus. The first series of lesions (Cases 1-5, Subgroup
1) tended to be more posterior and overlapped less with
the CLp than the rest of the lesions (Cases 6—9, Subgroup
2). This result corresponds to the measurements shown in
Table 3. Note that in the patients in Cases 3, 6, and 7, a
part of the excentering of the focused ultrasound lesions
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TABLE 3: Precision of tcMRgFUS targeting*

Total Patients Subgroup 1 Subgroup 2
Parameter Mean + SD Median Mean + SD Median Mean + SD Median
no. of patients 9 5 4
dorsoventral 0.58 +0.63 0.5 0.61+0.57 0.5 0.56 £0.68 0
anteroposterior 0.78 £0.65 1.0 117 £0.58 1.5 0.39+0.46 0
mediolateral 0.83+0.78 0.5 1.01+£0.85 0.7 0.82+0.79 0.5

* Values of dorsoventral, anteroposterior, and mediolateral differences between centers of the sonication lesions and presurgical

target coordinates are expressed in mm.

is related to target adaptations due to previously made
radiofrequency CLT lesions and not only to suboptimal
procedural factors.

Quantitative EEG Assessment

The spectral comparison of the 8 patients who un-
derwent a 3- and 12-month follow-up EEG recording re-
vealed 2 major findings. First, spectral power was elevated
in all frequency bands (delta—beta) before the sonication
(Fig. 5 upper). Second, frequency band—specific spectral
power amplitudes were reduced 3 and 12 months after the
sonication, and thus were approaching the spectral curve
of healthy volunteers. An electrode-wise comparison of
frequency band—specific spectral power showed that sev-
eral scalp locations displayed significantly elevated power
before as compared with 12 months after sonication (Fig.
5 lower). On the topoplots featured in Fig. 5, black dots in-
dicate the electrodes, which show significantly (p < 0.05,
t > 2) higher spectral power before as compared with 12
months after sonication, in delta (2—4 Hz) and theta (4—8
Hz) bands at frontal, centrotemporal, and parietal elec-
trodes; and in alpha (8—13 Hz) and beta (13—-30 Hz) bands
at centroparietal electrodes.

Discussion

This report on the clinical, neurophysiological, and
neuroanatomical results of ttMRgFUS CLT for neuro-
pathic pain demonstrates the precision and efficacy of
this surgical approach and confirms the short-term results
reported previously.2

The clinical results presented here support our long
experience with radiofrequency CLT treatment for chron-
ic therapy-resistant neuropathic pain.'”* The patients in
this series showed a typical mean group pain relief pro-
file across time, from 71% at 2 days after treatment to
49% at 3 months and 57% at 1 year after treatment. The
VAS improvement was similar at 3 months (42%) and at
1 year (41%). This profile can be explained as follows:
the immediate reduction of low-frequency overactivity
using CLT provides the patient with acute relief. How-
ever, complex nonlinear systems, like the thalamocorti-
cal system, display typically protracted dynamics when
they change from one activity level to another and search
for a new resting state. This explains why the EEG spec-
tral improvements, in parallel with clinical relief, develop
over at least 1 year.?83 After the initial pain relief and as
the thalamocortical network just begins its retuning (reor-
ganization) toward normal activity, emotional, cognitive,
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and social factors intervene and influence the patient’s
evolution as he or she revisits specific personal goals put
aside because of chronic pain and progressively adapts
to new individual goals and concepts. This endeavor be-
comes less and less demanding as time goes by and the
thalamocortical network comes closer to normality.

Previous studies?®-* have related the clinical phenom-
enon of chronic neuropathic pain to an increase in low- and
high-frequency spectral EEG and magnetoencephalogra-
phy activities. This correlation is further supported by the
evidence of reduced theta overactivity in the EEG record-
ings of patients treated with CLT.?%3° Electroencephalog-
raphy spectral analysis can thus be used as an additional
tool to diagnose chronic neuropathic pain states and moni-
tor their postoperative evolution. The EEG spectral data
presented here are fully compatible with these studies and
demonstrate 1) EEG overactivities in all frequency do-
mains and 2) their reduction, particularly strong in the beta
range, after the tcMRgFUS treatment. They serve as ad-
ditional evidence in favor of thalamocortical mechanisms
being at the source of neuropathic pain.

The absence of postoperative clinical deficits, known
for years about medial thalamotomies, has been con-
firmed for CLT, a medial thalamotomy centered on the
CLp where an abnormal low-threshold calcium spike
burst activity was recorded.!” Results in the present study
confirm the sparing mode of action of CLT, which se-
lectively targets dysfunctional thalamocortical regula-
tors, initiating a resumption of normal thalamocortical
dynamics while sparing all functions supported by unaf-
fected thalamocortical regulators and executors. The ab-
sence of postoperative kindling of new neuropathic pain
mechanisms has been shown years after CLT and can
be related to the selective reduction of the thalamocor-
tical pathophysiology at the source of neuropathic pain
phenomena.”? Six patients experienced immediate and
significant somatosensory improvements, which persisted
at the 3-month and 1-year follow-ups. This result corre-
sponds with observations after radiofrequency lesions!®
and can also be related to the reduction of thalamocorti-
cal overactivity by CLT.

Effects during sonication, whether somatosensory,
vestibular, or vegetative, were observed in all patients.
They may have 2 origins: 1) an activation of neurons dur-
ing the few seconds before the thermal ablation effect
and 2) initial manifestations of the resumption of a more
normal thalamocortical dynamics, as is routinely seen in
our experience with radiofrequency CLT, thereby indicat-
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Fie. 4. Localization of ttMRgFUS lesions in the medial thalamus for 9 patients treated for neurogenic pain. The size of the
lesions (4-mm diameter) corresponds closely with the extent of Zone Il seen in the 2-days postoperative axial T2-weighted MR
image (lower left). The location of the lesion in relation to the CLp is determined by projection of the corresponding atlas maps
(6.3 [upper] and 8.1 [lower right] mm dorsal to the intercommissural plane) onto the MR image by using the position of the pos-
terior commissure (pc, dotted line) for alignment. The 2 lesions projected on the MR image are the 2 anteriormost lesions in the
patient in Case 9 (lower right). CL = central lateral; LP = lateral posterior; MDmc = mediodorsal magnocellular division; MDpc =
mediodorsal parvocellular division; MDpl = mediodorsal paralamellar division; PuM = medial pulvinar; Pv = paraventricular; R =
reticular thalamic nucleus; sm = stria medullaris; VLpd = ventral lateral posterior, dorsal division; VLpl = ventral lateral posterior,
paralamellar division; VLpv = ventral lateral posterior, ventral division; VPLp = ventral posterior lateral, posterior part..

ing appropriate target placement. To monitor safety and
acquire real-time feedback and information, the pres-
ence of a clinician by the patient’s side throughout the
treatment phase is required. This practice ensures that
the sonication effects, including changes in neurological
parameters, as well as patient safety and comfort during
the extended period of time in the MR imaging unit are
closely monitored.

8

The tcMRgFUS CLT thermolesions as seen on MR
imaging 2 days after sonication were surrounded by a
vasogenic edema, which was no longer visible after 1
month. Visualization of the thermolesion itself receded
between 1 and 3 months. These observations are indica-
tive of a selective neuronal coagulation with few hemor-
rhagic components, which are often seen with radiofre-
quency thermolesions and correlate with a much longer
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Fic. 5. Upper: Graph showing power spectral curves of the patients before and after surgery with standard deviations of the

means (vertical bars). Black curve is for controls. Frequency bands are shown in yellow at the bottom of the graph.

Lower:

Topoplots showing electrode-wise comparisons. Black dots indicate the electrodes, which showed significantly higher spectral

power before surgery as compared with 12 months after surgery.

maintenance of edema. With tctMRgFUS, there is no me-
chanical trauma of the target tissue, and the temperature
at the center of the hotspot is not as high as with radiofre-
quency ablation. With radiofrequency ablation, the tem-
perature, depending on the electrode geometry, must be
much higher than 60°C at the electrode tip to achieve the
necessary heating over the desired target volume. At 48
hours postsonication, the blood-brain barrier was seen to
be closed.?® All of these observations are compatible with
a clean thermolesion displaying a fast healing process and
speak against the possibility of unexpected deleterious
long-term tissue phenomena. In this context, the bleeding
that occurred in our last patient demands an explanation,
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particularly since he presented no increased risk factors
(he had normal blood pressure and coagulation). A de-
tailed case study was performed to analyze the factors
that might have facilitated this event. Two factors were
considered: first, the possibility of the development of a
cavitation effect, although a detailed analysis provided no
direct evidence in its favor. Nevertheless, this possibility
requires the installation of a cavitation detector to detect
and stop this phenomenon as soon as it appears. Second, a
temperature-related factor must be considered, supported
by published evidence®? and confirmed by recent experi-
mental data collected in the context of this case study.
Accordingly, we recommend maintaining the sonication
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temperatures below 60°C. Note that the bleeding itself,
centered in the adequately targeted CLp, did not produce
deficits. It is the ischemia, extending anteriorly and later-
ally into the VLp, that caused the typical motor symptom-
atology. We hypothesize a blood-induced vasospasm in
the VLp as a causal link between the 2 events.

Our target reconstructions demonstrate precision
within a millimeter for all 3 target coordinates. The clas-
sic stereotactic techniques involving penetration of an
electrode into the brain cannot, despite adequate tech-
nological accuracy, reach such final precision because of
the unforeseeable mechanical shift of brain tissue by the
electrode.! In addition, the ttMRgFUS CLT should allow
for optimal target volume coverage thanks to the absence
of electrode trajectory restrictions. Such optimization
should develop with increased procedural experience and
further technological developments, both decreasing the
time devoted to optimal target coverage during treatment.
This should correlate with higher long-term pain relief
scores as compared with our previous results with CLT."
The patient group in the present study is too small to be
conclusive on this question, and further long-term studies
on larger patient groups will have to verify whether this is
indeed the case. Sonication also proved to be particularly
helpful for 4 patients who had previously been treated
with radiofrequency CLT, facilitating the complemen-
tary treatment by avoiding potential shifts of penetrations
through gliotic tissue.

Conclusions

Results of the current study highlight the precision
and efficiency of tctMRgFUS for treating chronic neuro-
pathic pain. The noninvasiveness of the procedure and
specifically the continuous MR imaging and MR ther-
mometry monitoring of the intervention represent major
factors toward an optimization of safety conditions. This
radiation-free technology can be applied to other func-
tional brain disorders as well as to numerous other neu-
rosurgical indications and is an important option because
of the elimination of brain tissue shift or trauma during
therapy. Besides, tctMRgFUS has a probably reduced
bleeding risk, no risk of intracranial infection, and is not
limited in target coverage by trajectory constraints.
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Measurement of targeting accuracy in focused ultrasound
functional neurosurgery

Technical note
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AND DANIEL JEANMONOD, M.D.!

!Center of Ultrasound Functional Neurosurgery, Solothurn, Switzerland,; and *InSightec, Ltd., Tirat Carmel,
Israel

The object of this study was to describe a method of measuring targeting accuracy in functional neurosurgery
using MR imaging and the Stereotactic Atlas of the Human Thalamus and Basal Ganglia. This method should be
useful for any functional procedure using these tools or similar ones, and is described here in the specific context of
focused ultrasound surgery. The authors describe the atlas coordinate system used, the different relevant targeting and
accuracy definitions, the tools used, the intraoperative target determination, the postoperative target reconstructions,
and the calculation of the therapeutic lesion volume. The proposed method has been applied to the specific situation
of measuring targeting accuracy in focused ultrasound functional neurosurgery. The authors found mean absolute
global targeting accuracies between 0.54 and 0.72 mm (SDs between 0.34 and 0.42 mm), with 85% of measured
coordinates within 1 mm. The proposed method may be particularly useful in the context of functional neurosurgi-
cal procedures implying therapeutic ablations, be they through radiofrequency, focused ultrasound, or any other
technique. This method allows an ongoing control of the targeting precision, a basic requirement in any functional

neurosurgical procedure.

(http://thejns.org/doi/abs/10.3171/2011.10.FOCUS11246)
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stereotactic atlas ¢

anterior commissure
targeting accuracy

e posterior commissure °
thalamoventricular border

transcranial magnetic resonance-guided focused ultrasound

functional neurosurgery requires refined target re-

constructions and precise targeting accuracy mea-
surements within the millimeter domain. Because targets
are in normal tissue, coordinates have to be established
for each target on the basis of a stereotactic atlas of the
human brain. Such an atlas uses internal landmarks to po-
sition a coordinate system onto the brain, allowing the
placement of any desired target inside the brain. We use
the Stereotactic Atlas of the Human Thalamus and Basal

THE therapeutic application of focused ultrasound in

Abbreviations used in this paper: AC = anterior commissure;
FRFSE = fast recovery fast-spin echo; ICL = intercommissural line;
PC = posterior commissure; RAS = Right-left, Anterior-posterior,
Superior-inferior.
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Ganglia,'* which provides the following essential quali-
ties better than other atlases (such as the Schaltenbrand-
Wahren): 1) guaranteed proper cutting angles, due to use
of a special guillotine; 2) maps drawn every 0.9 mm; 3)
use of several histological staining techniques (multiar-
chitectonic atlas); and 4) an atlas based on a histological
experience from 7 human autopsy brains, and consecu-
tive atlas maps drawn from 4 hemispheres.

In functional neurosurgery, 2 steps of the treatment
procedure need to be performed with a precision to with-
in 1 mm: 1) the projection, based on the atlas, of the 3
coordinates of a chosen target onto the intraoperative MR
imaging; and 2) the determination of the 3D position of
the realized therapeutic lesion on postoperative MR im-
aging. This second step allows the establishment of the
targeting accuracy of the entire therapeutic procedure.



The targeting accuracy measurement procedure pre-
sented here can be used in any functional neurosurgical
setup. It has been developed in the context of a clinical
study that has as its goal to provide relief to patients suf-
fering from chronic therapy-resistant functional brain
disorders (neuropathic pain, Parkinson disease, and es-
sential tremor) by performing a small therapeutic ablation
in or around the thalamus using the ExAblate 4000 Neu-
ro (InSightec, Ltd.). This device allows the transcranial
and MR-guided application of focused ultrasound energy
into brain tissue. As stated above, this application must
be performed with a precision to within 1 mm; that is,
the center of the therapeutic lesion must lay a maximum
of 1 mm away from the center of the desired target. In the
following sections, we will present our targeting accuracy
measurement method and then apply it as an example to
the analysis of the precision of our first 9 focused ultra-
sound procedures.

Methods
Atlas Coordinate System

The use of a brain atlas provides a coordinate system
independent from the coordinate matrices of the MR and
ultrasound systems. The atlas is based on specific cho-
sen neuroanatomical structures serving as landmarks.
The neuroanatomical landmarks used in the Stereotactic
Atlas of the Human Thalamus and Basal Ganglia'? are
the AC and PC. On a midsagittal scan (Fig. 1 upper), a
line passing through the center of these commissures (the
ICL) is used to create the axial dorsoventral “zero” plane.
The dorsal direction is above this plane and the ventral is
below. The PC is used as the “zero” reference for the an-
teroposterior axis: positive values are anterior to the PC
while negative values are posterior to it. On an axial scan
(Fig. 1 lower), the ICL is drawn passing through the mid-
dle of the third ventricle. The mediolateral axes (right and
left) are parallel to the lines passing through the centers
of the 2 commissures, themselves perpendicular to the
ICL. On the atlas maps, the reference grid starts laterally
in the zero position in the middle of the ventricle. How-
ever, the width of the ventricle can vary significantly from
patient to patient. The thalamoventricular border has thus
been chosen as the zero (reference) point for the determi-
nation of the mediolateral target coordinate (Fig. 1 lower).

Targets and Accuracies

There are 3 different kinds of targets for each accu-
racy measurement: the chosen target, based on surgical
experience and established in terms of atlas coordinates;
the target prescribed in the ExAblate software; and the
realized target visible on postoperative MR images. We
qualify all targets by the coordinates of their center. We
shall call the atlas target the chosen target. Following the
atlas-based determination of the position of the target on
the intraoperative MR images, we enter its position coor-
dinates in the “Advanced Options” section of the ExAb-
late software. These MR (RAS) coordinates define the
prescribed target. Lastly, the realized target is measured
on the MR postoperative examination.
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Fic. 1. Magnetic resonance images demonstrating the atlas coordi-
nate system. Upper: Midsagittal scan showing the main axes of the
relative coordinates system: the dorsoventral (DV) and anteroposterior
(AP) axes. The DV axis corresponds to the superior-inferior coordinate
system axis in MR systems when the patient’s head is not tilted and the
patient lays head-first on the MR imaging cradle. Lower: Axial scan
showing the DVO plane with the AC and PC. The lateral axes begin at
the thalamoventricular borders. The zero of theses axes will then vary
depending on the AP position of the target.

On this basis, we may compute 2 accuracies: the
global accuracy, which is defined as the difference be-
tween the realized and the atlas target center coordinates;
and the device accuracy, which is the difference between
the prescribed and the realized target center coordinates,
given in millimeters. For the 3 directions (mediolateral,
anteroposterior, and dorsoventral), the global accuracy
can be computed as the difference between the atlas tar-
get and the realized target:

global accuracy = realized target — atlas target.

This global accuracy depends on the precision of
many steps during the treatment process. The first rel-
evant step is defined as the planning accuracy, which
depends on the reconstruction of the atlas target on the
intraoperative MR images. This reconstruction provides
the prescribed target center coordinates. The planning ac-
curacy can therefore be obtained as follows:

planning accuracy = prescribed target — atlas target.
This planning accuracy, subtracted from the global ac-
curacy, then gives a device accuracy:

device accuracy = global accuracy — planning accuracy.

From the technical point of view, the device accu-
racy is the most relevant to define the precision of the
targeting of the device itself. It should be noted that this
accuracy contains the manual correction (with its own ac-
curacy) that can be applied during the treatment and a
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purely technical accuracy (such as electronic steering of
the transducer):
device accuracy = manual correction + manual correction
accuracy + technical accuracy.
If no manual correction is applied during the treatment,
it means that:

manual correction = manual correction accuracy = 0,

the device accuracy is then equal to the technical accuracy.
In the best case, this manual correction should fully
compensate for the technical deviation of the device:
manual correction + manual correction accuracy = technical
accuracy
which implies a device accuracy being equal to 0.

This best case strongly depends on the skills of the
user to visually estimate the technical deviation of the ma-
chine and correct it. Therefore, the device accuracy may
be considered as man- as well as machine-based. However,
the manual correction (and its accuracy) depends mainly
on the quality of the MR thermal maps and is therefore
technically related.

Summarizing and simplifying, the 3 accuracies we
want to obtain are the global accuracy, the planning ac-
curacy, and the device accuracy:

global accuracy = device accuracy + planning accuracy.

These accuracies can be considered as 3D vectors with
their sign (+ or -) for each direction. But the device and
planning accuracies should not compensate each other;
for example, if a +1 mm difference on a direction is mea-
sured for 1 targeting accuracy and a -1 mm difference
for the other targeting accuracy in the same direction, the
mean will be zero. The mean should, however, be 1 mm,
and this is obtained by using the absolute value of the
device and planning accuracies.

Measurement Tools

A brief description of the tools used to determine and
reconstruct targets is shown in Table 1. One thing to be
noted is that the intraoperative target determination is per-
formed on the MR workstation during the operation while
postoperative target reconstructions are conducted on a
normal desktop computer (not mentioned in the table).

TABLE 1: Tools for targeting accuracy measurement*

Magnetic Resonance Imaging

The precision of all target determinations and recon-
structions rely on MR imaging. If the 3 orientations are
not orthogonal and precisely prescribed, a very signifi-
cant error in target determination and measurements may
happen. All MR series must be performed in the same
way as the Stereotactic Atlas'? maps, that is, with the zero
axial plane passing through the centers of the AC and PC.
A minimum of 2 out of the 3 orientations (axial, sagittal,
and coronal) is required to prescribe a target or to per-
form a target reconstruction. We work mainly with the
sagittal and the axial series.

The sagittal scans have to be prescribed on the
“3-plane localizer” images, using axial and coronal ori-
entations. Care must be taken to prescribe a precisely
midsagittal slice, thus allowing the detailed visualization
of the AC and PC. This is performed mainly on a transt-
halamic 3-plane localizer axial image, and the prescrip-
tion of the midsagittal slice must pass in the middle of the
third ventricle with the proper angle (Fig. 2 right). The
tilt of this plane has to be checked on the coronal 3-plane
localizer image (Fig. 2 left), also adjusting the angle here
so that the plane will be strictly midsagittal. The prescrip-
tion of the axial series then needs to be performed using
this midsagittal image and the same coronal 3-plane lo-
calizer image. Summing up, the central axial slice has to
pass through the centers of the AC and PC (Fig. 3 right),
while its tilt has to follow the patient’s head tilt as noted
on the coronal images (Fig. 3 left).

Target Determination

For each operation, the atlas target center coordinates
are determined using intraoperative MR T2-weighted
FRFSE sagittal and axial series in the following manner:
1) choose 2-mm slice thickness, O-mm gap MR images
using the procedure described above; 2) locate the slice
containing the 2 commissures (AC and PC) on the axial
series using the GE viewer software; 3) draw the ICL; 4)
perpendicularly to this line (angle tool) draw 2 parallel
lines in the middle of each commissure and a third one
through the midcommissural point; 5) copy these lines
on all slices of the series; 6) browse the MR axial slices

Tool Use
hardware
InSightec ExAblate 4000 Neuro focused ultrasound op
GE Discovery MR750 3.0T
body coil intraop setup
32-channel head coil postop setup
software

InSightec ExAblate Focused Ultrasound Brain software
GE Viewer software (on MR console)

Carestream PACS version 11.0 (DICOM viewer)
Mathworks Matlab R2009b

op & postop prescribed target center measurement
intraop target determination

realized target measurement on postop MR images
data processing

* DICOM = digital imaging and communications in medicine; PACS = picture archiving and communication system.
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Fic. 2. Magnetic resonance prescription of the T2-weighted FRFSE midsagittal scan on 3-plane localizer images. The angles
of rotation (right) and tilt (left) of the head have to be taken into account and the prescription lines positioned accordingly, passing

through the center of the third ventricle.

dorsal or ventral depending on the dorsoventral position
of the target; 7) determine the anteroposterior position of
the target on the ICL and draw a line through this posi-
tion and parallel to the ones passing through the centers
of the AC and PC (the anteroposterior target coordinate is
positioned in relation to 1 of the 3 landmarks—AC, PC, or
midcommissural point—that is closest to the target, with
the goal of reducing the effect of interindividual variabil-
ity); 8) from the thalamoventricular border, go laterally on
this line to the target position; and 9) note the RAS co-
ordinates of this point, representing the atlas target now
translated into RAS coordinates. In our setup, these coor-
dinates are entered into the “Advanced Options” section
of the ExAblate software.

3 Plane Localizer : Coronal

Target Reconstructions

The position of the center of the realized target is de-
termined on postoperative MR T2-weighted FRFSE sagit-
tal and axial series in essentially the same manner as for
the target determination: 1) choose 2-mm thickness, 0-mm
gap MR slices of the thalamus, produce a strict midsagittal
slice and then an axial dorsoventral zero slice passing pre-
cisely through the center of the AC and PC, as described
in the imaging procedure above; 2) on the dorsoventral
zero slice, draw the ICL; 3) perpendicularly to this line
(“angle tool”) draw 2 parallel lines in the middle of each
commissure and a third one through the midcommissural
point; 4) copy these lines on all slices of the series; 5) lo-
cate the axial slice where the realized target is the most

Mid-Sagittal T2 FRFSE

Fie. 3. Magnetic resonance prescription of the central axial scan on midsagittal T2-weighted FRFSE (right) and 3-plane
localizer (left) scans. The prescription line has to pass exactly through the middle of the 2 commissures (right, circles) while its

tilt has to be set according to the tilt of the patient’s head (left).
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Targeting accuracy measurement in focused ultrasound

N
Fic. 4. Realized target reconstruction (AP and mediolateral coordi-
nates of the center) on MR T2-weighted FRFSE axial images obtained
2 days postoperatively. The AP direction is parallel to the ICL while the

mediolateral direction is perpendicular to this line. MCL = midcommis-
sural line.

visible and the largest; 6) draw a line that is parallel to the
ones passing through the centers of the 2 commissures and
that passes through the center of the realized target, and
measure the distance between the thalamoventricular bor-

der and the center of the realized target, thus obtaining the
mediolateral target position (Fig. 4); 7) on the ICL, mea-
sure the distance between 1 of the 3 landmarks—AC, PC,
or midcommissural point—that is closest to the realized
target and the line passing through its center, thus obtain-
ing the anteroposterior target position (Fig. 4); 8) draw the
ICL on the midsagittal slice, passing through the center of
the 2 commissures; 9) copy this line on all slices of the
series; 10) locate the sagittal slice where the realized target
is the most visible and the largest; and 11) perpendicularly
to the ICL (angle tool), measure the distance between the
ICL and the estimated center of the realized target, thus
obtaining the dorsoventral target position.

To check the accuracy of the placement of the target
into the ExAblate software (blue circle on Fig. 5), we pro-
ceed in our setup to the “Replay Mode” of the ExAblate
workstation. This process is nearly the same as for the re-
construction of the center of the realized target: 1) on the
“Replay Mode,” select the “planning” images; 2) locate
the axial slice containing the dorsoventral zero plane; 3)
draw the ICL; 4) perpendicularly to this line draw 2 par-
allel lines through the middle of each commissure (AC
and PC) and a third one through the midcommissural
point; 5) copy these lines on the image where the blue
circle representing the prescribed target is best seen; 6)
draw a line that is parallel to those passing through the
centers of the 2 commissures and that passes through the
center of the prescribed target, and measure the distance
between the thalamoventricular border and the center of

Fic. 5. Prescribed target reconstruction (AP and mediolateral position) on the “replay mode” of the ExAblate software.
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the prescribed target, thus obtaining the mediolateral tar-
get position (Fig. 5); 7) on the ICL, measure the distance
between 1 of the 3 landmarks—AC, PC, or midcommis-
sural point—that is closest to the prescribed target and the
line passing through its center, obtaining thus the antero-
posterior target position (Fig. 5); 8) draw the ICL on the
midsagittal slice, passing through the center of the 2 com-
missures; 9) copy this line on the image where the blue
rectangle representing the prescribed target is best seen;
and 10) perpendicularly to the ICL, measure the distance
between the ICL and the center of the prescribed target,
thus obtaining the dorsoventral target position.

Estimated Volume of the Lesion

On all axial scans (in general 3) in which the realized
target is visible, determine its diameters (measure 2 per-
pendicular diameters and take the mean; Fig. 6A—C). On
T2-weighted images, the lesion with its center and crown
can be relatively easily differentiated from the surround-
ing vasogenic edema, which is less hyperdense.

On the sagittal scan in which the realized target is the
largest, measure its height (Fig. 6D). The volume of the
realized target can then be computed as the sum of the
volume of 2 truncated cones:

V, = 1/6*m*h*(r,2 + r,*1, + 1,%)

V, = 1/6**h*(r,? + r,%15 + 13%)

Va=Vi+V,
in which h is the height of the realized target and r,, 1,
and r; are the mean radii of the realized target.

Results

As an illustration of the described procedure, Figures
7 and 8 display the targeting accuracy measurements for

Fic. 6. Example of lesion diameter measurements on axial T2-
weighted MR images.  A: Ventral position =2 mm.  B: Ventral posi-
tion =4 mm. C: Ventral position = 6 mm. D: Measurement of the
height of the lesion on a sagittal T2-weighted image. These values are
used to compute an estimated volume of the lesion.
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Fic. 7. Graph of absolute value of the global accuracy for the first
11 targets in the 3 directions, with the mean and SDs for each. ML =
mediolateral; Tg = target.

our first 9 focused ultrasound treatments, comprising 11
reconstructed realized targets. Figure 7 shows the ob-
tained absolute global accuracies, including means and
SDs. In more than 33 measured coordinates, 5 (15.2%)
exceed 1 mm (maximum 1.7 mm). The mean value for
each of the 3 directions is comprised inside 1 mm: 0.54
= 0.34 mm for the anteroposterior direction and 0.72 mm
for both the mediolateral and dorsoventral directions (x
0.42 and 0.39 mm, respectively). Figure 8 shows the com-
puted planning and device accuracies.

Discussion

In the last 22 years our group has, as a routine, devel-
oped and applied target accuracy controls based on the
Stereotactic Atlas of the Human Thalamus and Basal
Ganglia.'” This was warranted by our choice to perform
selective small ablations based on pathophysiological evi-
dence. We hope that the procedure presented here will
be considered useful by colleagues and groups initiating
their experience with therapeutic ablations using focused
ultrasound.

We would like to stress here the importance of 2 fac-
tors contributing to an adequate measurement of target-
ing accuracy: 1) the proper alignment of the collection
of MR imaging slices used with correction of tilts and
rotations, particularly relevant for lateral targets; and 2)
the necessity of a high-resolution visualization of the 2
commissures, allowing a refined determination of their
centers under a high magnification. In our experience, the
described T2-weighted imaging without 3D reformatting
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Fic. 8. Device and planning accuracy for the first 11 targets of the
study. The sum of the absolute values of those 2 accuracies gives the
global accuracy.

has been the best option, for both postoperative imaging
using a 32-channel head coil, but also for intraoperative
imaging using the body coil of the GE Discovery MR 750
system.

Although our experience is relatively small, using
the described procedure in this paper we demonstrated
that 84.8% of our targeted coordinates lie within 1 mm,
providing a mean targeting accuracy of the focused ul-
trasound treatment of 0.72 mm maximum, thus fulfilling
the basic criterion of an accuracy inside 1 mm. Such an
accuracy requirement obeys clinical efficiency and safety

Neurosurg Focus | Volume 32 / January 2012

criteria, and is globally compatible with the limitations
of the target reconstruction procedure, primarily manual
measurements on MR images, thickness of the MR slices
(2 mm), lesion size (4 x 4 x 6 mm), and determination
of the lesion center. Future technological developments
can be expected to contribute to an even more precise
targeting, but also increased experience, considering the
particular importance of human decision-making for an
optimized treatment process.
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Focused ultrasound disruption of the blood-brain barrier:
a new frontier for therapeutic delivery in molecular
neurooncology
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Topp G. MAINPRIZE, M.D.,! KuLLERVO HYNYNEN, PH.D.,? AND JAMES T. RuTkA, M.D., PH.D.!

!Division of Neurosurgery, Department of Surgery, The Hospital for Sick Children; and *Department of
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Recent advances in molecular neurooncology provide unique opportunities for targeted molecular-based thera-
pies. However, the blood-brain barrier (BBB) remains a major limitation to the delivery of tumor-specific therapies
directed against aberrant signaling pathways in brain tumors. Given the dismal prognosis of patients with malignant
brain tumors, novel strategies that overcome the intrinsic limitations of the BBB are therefore highly desirable. Fo-
cused ultrasound BBB disruption is emerging as a novel strategy for enhanced delivery of therapeutic agents into
the brain via focal, reversible, and safe BBB disruption. This review examines the potential role and implications of
focused ultrasound in molecular neurooncology.

(http://thejns.org/doi/abs/10.3171/2011.10. FOCUS11252)

KeEy Worps ¢  brain tumor

chemotherapy

ALIGNANT glioma is the most common primary
Mbrain tumor in adults.?® It exhibits extensive in-
vasion into the brain parenchyma, thereby evad-
ing the current multimodal therapeutic paradigms of con-
ventional chemotherapy, radiotherapy, and surgery. De-
spite tremendous advances in this multimodal treatment
scheme, the prognosis for patients with malignant glioma
remains dismal.®*7° The mean survival after symptom
onset remains 12—16 months, with over 70%—-80% of pa-
tients dead within 2 years.® The highly invasive nature
and the complex molecular underpinnings of the disease
both account for its intransigence to current conventional
therapies. Hence, molecularly directed therapeutic targets
are essential to improve clinical outcome. As a result,
there is an impetus to deciphering critical signaling path-
ways in hopes of identifying putative molecular targets.
However, a major challenge to the delivery of mo-
lecular pathway—targeting therapeutics is the transport
across the BBB, which creates both structural and physi-
ological impediments to delivery.”® The BBB limits the
effectiveness of many conventional chemotherapeutic
drugs, making systemic administration an ineffective op-
tion for the vast majority of chemotherapy agents."” For
instance, doxorubicin is a chemotherapy agent that does

Abbreviations used in this paper: BBB = blood-brain barrier;

FUS = focused ultrasound; HSV = herpes simplex virus; MNP =
magnetic nanoparticle.
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blood-brain barrier

focused ultrasound

not appreciably cross the BBB yet has been very effec-
tive against malignant gliomas in vitro.”” Similar delivery
challenges plague molecular-based targeted glioma ther-
apy given the various transport mechanisms that govern
BBB delivery.

Generally, for therapeutic agents to cross the BBB,
they must employ either passive or active transport mech-
anisms.”’ Small (< 400 D) nonpolar lipophilic agents
are easily transported passively,> whereas polar or wa-
ter-based compounds generally require active transport
mechanisms.*®* Furthermore, the BBB expresses drug-
efflux transporter proteins that physiologically exclude
therapeutic agents from the brain. A well-known efflux
transporter is the P-glycoprotein, which is a substrate for
most chemotherapy agents.”3 Another confounding fac-
tor that could significantly affect delivery of therapeutic
agents into brain tumors is the potential variability in
vascular permeability among tumors, as well as between
tumors and normal brain.?>6:16:344647.55 Potential solutions
require either structural modifications of therapeutic
agents or transient, safe, and reversible modifications of
the BBB to enable delivery into the brain. The latter strat-
egy of BBB modification appears practically more ap-
pealing given the complexities of redesigning and modi-
fying molecular therapeutic agents. Ideally, strategies that
transiently increase BBB permeability should be focal,
safe, reversible, and noninvasive.



Focused ultrasound disruption of the BBB is emerg-
ing as a very promising novel noninvasive technology that
can circumvent some of the anatomical limitations of the
BBB, thereby enhancing delivery of therapeutic agents
into the brain.?'#? Low-frequency ultrasound waves are
delivered transcranially and result in BBB disruptions in
focal areas of the brain. Given the potential for focal and
selective delivery in conjunction with the inherent advan-
tage of enhanced therapeutic delivery, this review will ex-
amine the potential applications and implications of FUS
in molecular neurooncology.

Conventional Nonfocal BBB Disruption Strategies

Since most therapeutic agents do not readily cross
the BBB, several strategies to temporally disrupt the BBB
have been embarked upon previously (Table 1). Transient
disruption of the BBB can be obtained using an osmotic
agent such as mannitol, which is delivered intraarterially
via carotid arteries.! The feasibility of such an approach
has been demonstrated in brain tumors.*»>’ Furthermore,
alkylated alcohols such as alkyl-glycerol open the BBB in
a similar fashion when delivered intraarterially.’> Besides
osmotic agents, there are receptor-mediated mechanisms
that can enhance permeability of the BBB. A notable ex-
ample is the bradykinin system where analogs such as
RMP-7 have been employed for enhanced permeability
of the BBB."?* Preclinical application of bradykinin ana-
logs with intraarterial carboplatin appeared promising
with increased drug levels in the brain.”> However, when
a similar strategy was applied in Phase II trials for child-
hood brain tumors’ and recurrent gliomas,> the clinical
results were not as promising. A major pitfall was failure
to obtain reasonable therapeutic concentrations within
the brain.

Enhanced permeability of the BBB can have both
beneficial and deleterious effects. Although the BBB limits
delivery of therapeutics into the brain, it also protects the
brain from systemic toxins. Blood-brain barrier disruption
strategies that employ osmotic agents such as mannitol or
bradykinin analogs can result in widespread BBB disrup-
tion and the potential for deleterious consequences. There-
fore, an obvious shortcoming of the aforementioned BBB
disruption strategies is the lack of targeted delivery appli-
cations.

Focused Ultrasound Disruption of the BBB:
Principles

A unique advantage of FUS disruption of the BBB
over other conventional BBB disruption schemes is the
selective and regional permeability increases that result

TABLE 1: Enhanced BBB delivery strategies

intraarterial via carotid arteries

intraventricular

osmotic agents such as mannitol

BBB permeation analogues such as bradykinin
convection-enhanced interstitial delivery
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in enhanced local delivery within the brain (Table 2).20-
224144 The technique entails transcranial delivery of low-
frequency ultrasound waves that ultimately result in dis-
ruption of the BBB (Fig. 1).? Typically, ultrasonic expo-
sure burst at 10 msec with pressure amplitudes less than 1
MPa are conventionally used for durations of 20-30 sec-
onds repeated at the frequency of 1 Hz.”” By employing
low frequencies, the chances of permanent tissue damage
are minimized. The technique can be used in conjunction
with MR imaging for targeting purposes and documenta-
tion of focal BBB disruption, which is manifest by region-
al contrast extravasation (Fig. 2). Incorporation of intra-
venously administered lipid-encased perfluorocarbon gas
microbubbles (1-5 um in diameter) further lowers the fre-
quency threshold for BBB disruptions, thereby allowing
for much lower and safer frequencies to be used.?!#>44 The
feasibility of microbubble-assisted FUS disruption of the
BBB was first successfully demonstrated a decade ago.?!
The FUS BBB disruption effects are not as apparent in
the absence of microbubbles because acoustic powers are
2 orders of magnitude lower.! As the microbubbles tra-
verse the capillaries, they can expand and collapse based
on the ultrasonic input. It is hypothesized that FUS results
in oscillation and concentration of microbubbles by the
capillary walls, which in turn imparts mechanical forces
that could result in BBB opening.?'?3%4 Furthermore, the
microbubbles emit acoustic signals that have been highly
correlated with BBB disruption in the absence of vascu-
lar damage, thus suggesting that acoustic signals could
serve as a surrogate for safety.** The safety of FUS dis-
ruption of the BBB is well documented, and the overall
effects are transient and reversible with no overt neuronal
injury.?!-2244 The ensuing BBB disruption lasts at most for
approximately 4 hours.%

Focused Ultrasound Disruption of BBB: Design

The overall schematic for preclinical FUS systems
for BBB disruption is illustrated in Fig. 3.!® The animal
is anesthetized and positioned supine with the scalp sub-
merged in a chamber containing degassed water. Low-
frequency ultrasound waves emitted from a focused
transducer are transmitted through the degassed water
into the cranium. Prior to BBB disruption, animals re-
ceive lipid microbubbles and the therapeutic agent of in-
terest. Magnetic resonance imaging of the brain is often
used to select a focal area of interest for disruption of the
BBB. Disruption of the BBB is then accomplished using
a burst of low-frequency ultrasound. Magnetic resonance
imaging of the animal brain is performed prior to and
after FUS BBB disruption. The region of BBB disruption

TABLE 2: Advantages of FUS-mediated therapeutic delivery

focal & targeted delivery minimizes problems seen w/ widespread BBB
disruption

transient disruption of BBB, hence reversible

noninvasive transcranial technique

enhanced delivery of chemotherapy, gene therapy, & monoclonal anti-
bodies across BBB
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Fic. 1. Schematic of enhanced BBB delivery following FUS disruption of the BBB. Focused ultrasound delivers low-frequency
ultrasound waves that cause mechanical oscillations in microbubbles, resulting in disruption of the tight junctions of endothelial

cells (ECs) and in enhanced BBB permeability to agents.

is confirmed on T1-weighted contrast-enhanced MR im-
ages (Fig. 2).

Preclinical Applications of FUS

Table 3 provides a succinct summary of enhanced
BBB delivery strategies.

Delivery of Antibodies Into the Brain

One of the most practical therapeutic attributes of FUS
is the ability to deliver antibodies into the brain, which was
demonstrated in a previous study. Kinoshita et al.*® were
able to demonstrate the BBB crossing of dopamine D(4)
receptor—targeting antibody and subsequent antigen recog-
nition within the brain via FUS mediation. Traditionally, a
major hurdle in antibody therapeutics is the very limited
ability of antibodies to cross the BBB in light of absent
large water channels or active transport mechanisms for
antibodies in cerebrovascular endothelium. However, there
are several neurological disorders for which antibody-
mediated therapy would be advantageous. For instance,
in Alzheimer disease, there is accumulation of amyloid-f3
plaques, which form the basis for toxicity and cognitive im-
pairment.®® Interestingly, direct intracranial administration
of anti—amyloid 3 antibodies in transgenic mice,” as well as
in normal animals,”® led to a substantial amount of plaque
reduction. A hindrance of direct intracranial injections is
its invasiveness. Most recently, using MR imaging—guided
FUS, anti-amyloid f antibodies were intravenously deliv-
ered into transgenic mice, and this resulted in significant
plaque reduction 4 days posttreatment.?® The investigators
also noted that with FUS, a much lower dose of antibodies
was effective as well for plaque reduction.

Another potential area of interest pertaining to an-
tibody therapy is cancer targeting. Antitumor monoclo-
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nal antibodies that have been successfully used to target
systemic cancers could have potential applications for
metastatic or primary cancers in the brain. For instance,
Herceptin, which is an anti-HER2 monoclonal antibody
and a therapeutic target of breast cancer, was successfully
delivered across the BBB with MR imaging—guided FUS
as a proof-of-concept.” This proof-of-concept is very en-
couraging in light of potential extrapolations to other an-
titumor antibody candidates.

Delivery of Conventional Chemotherapy Agents Into the
Brain

Given that the BBB significantly compromises the
bioavailability of conventional chemotherapy agents into
the brain, several strategies have been previously em-
ployed. The preclinical results have been promising, but
only minimal benefits have been documented in clinical
trials. One approach of augmenting brain concentration
of chemotherapy agents has been the use of biodegradable
matrices.?””” Matrices laden with chemotherapy agent are
implanted within the tumor resection cavity. Other ap-
proaches have included convection-enhanced delivery
systems*>* and intraarterial chemotherapy.® However,
even with these approaches, insufficient chemotherapy
bioavailability renders their efficacy suboptimal.

As a result, preclinical studies have been undertaken
with FUS to assess the feasibility of chemotherapy deliv-
ery into brain tumors. This strategy was first successfully
applied using doxorubicin, which does not appreciably
cross the BBB.* The investigators successfully demon-
strated a substantial increase in the concentration of lipo-
some-encapsulated doxorubicin within the FUS-treated
hemispheres of normal rats compared with the nontreated
hemisphere. In a subsequent follow-up study, the inves-
tigators demonstrated a substantial therapeutic benefit

3
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Fic. 2. Magnetic resonance imaging—guided FUS disruption of the BBB around a brain tumor graft. Coronal Gd-enhanced
T1-weighted MR images of rat brain before (left) and after (right) sonication. Contrast enhancement around the sonicated right
hemispheric tumor increases after sonication. The nonsonicated left hemisphere lacks contrast enhancement.

from FUS-mediated delivery of liposome-encapsulated
doxorubicin in rats with intracranial gliomas.”

The delivery of methotrexate into the brain using
FUS disruption of the BBB has been investigated as well.
Mei and colleagues® assessed the FUS-assisted intra-
cranial delivery of intravenous methotrexate into rabbit
brains and compared this method with an intra—carotid
artery injection. They noted targeted and enhanced deliv-
ery of intravenous methotrexate up to 10-fold with FUS.
Furthermore, the FUS delivery strategy was noted to be
more effective than intra—carotid artery delivery alone.

Most recently, Liu and colleagues® investigated FUS-
mediated delivery of BCNU chemotherapy in animals
with brain tumors. They reported substantial increases in
tumor BCNU bioavailability in animals treated with FUS
compared with nontreated animals. Accordingly, tumor
progression was significantly compromised as evident
by decreases in tumor size. The authors further demon-
strated a significant survival benefit associated with FUS-
mediated delivery of BCNU.

The preclinical data appear promising to date for FUS-
mediated delivery of chemotherapy agents into the brain.
Preliminary results demonstrate both feasibility and effi-
cacy. Additional successful preclinical applications should
pave the way for clinical studies.

Delivery of Therapeutic Nanoparticles Into the Brain

Nanotechnology-based delivery systems have gener-
ated substantial interest in light of demonstrated tumor-
targeting applications.?® Through such unique features,
nanoparticle-delivery platforms could potentially circum-
vent some of the challenges associated with conventional

4

chemotherapy for malignant brain tumors. However, the
BBB remains a critical limitation for nanoplatforms. For
instance, gold nanoparticles have gained prominence in
nanotechnology-mediated cancer targeting for systemic
cancers,"1%% yet gold nanoparticles are significantly lim-
ited in their biodistribution to the brain following sys-
temic delivery.!'%672 Therefore, strategies such as FUS
that can increase BBB permeability to nanocarriers could
enhance applicability of nanotechnology-based targeting
in malignant brain tumors.

Liu and colleagues® recently assessed FUS-mediat-
ed delivery of an iron oxide MNPs conjugated to an an-
tineoplastic agent, epirubicin. They used MNPs because
of the favorable MR imaging characteristics, which could
facilitate imaging. They demonstrated a substantial accu-
mulation of MNPs, as well as epirubicin, up to 15 times
the therapeutic range in the brain when delivered with
FUS. They further showed decreased tumor progression
in animals with brain tumors that received MNP with
epirubicin via FUS. Similar to intracranial MNP targeted
delivery, we have recently observed targeted enhanced
parenchymal delivery of polyethylene glycol—coated gold
nanoparticles into normal brain and to the periphery of
parenchymal brain tumors in a rat model (AB Etame et
al., unpublished data, 2011).

The prospects of combining FUS with nanoparticle-
delivery platforms create a whole new avenue for target-
ing opportunities. The nanoplatforms are already very
attractive for molecular targeting because nanoparticles
can be easily functionalized with small molecule inhibi-
tors, proteins, nucleic acid, ligands, and antibodies in any
combination onto the surface of the nanoparticle.
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Fic. 3. Preclinical FUS BBB disruption system. The animal is positioned with the skull partially submerged in a degassed water
tank, and microbubbles are intravenously administered. A focused transducer attached to a network power and personal com-
puter (PC) system delivers low-frequency ultrasound, which disrupts the BBB. For targeting and for BBB disruption visualization,

MR imaging is incorporated into the procedure.

Delivery of Gene-Based Therapies Into Brain Tumors

One of the major challenges with viral-based gene
therapy for malignant brain tumors has been the inad-
equacy of therapeutic delivery.”” Delivery strategies have
included intratumoral injection,** convection-enhanced
delivery systems > and intraventricular delivery.* How-
ever, all 3 modalities are invasive. In addition, there are
toxicity-related issues especially with intraventricular de-
livery.* On the other hand, intravascular delivery has been
shown to be safe, but it is plagued by BBB limitations,
which can be alleviated with BBB disrupting agents.**8
Because glioma gene therapy strategies are geared toward

targeting invasive tumor cells that might have escaped lo-
cal therapies of surgery and radiosurgery, focal and tar-
geted delivery is very essential. Hence, FUS could play
a major role in this endeavor. The main preclinical as-
sessment of FUS-mediated delivery of viral vectors into
the brain was performed using radiolabeled HSV vector.5
Using a combination of autography and histological as-
sessments, the investigators were able to demonstrate fo-
cal delivery of intravenously administered HSV within
the hemisphere that was sonicated with FUS. While this
study is encouraging, additional studies are warranted to
assess the functional efficiency of this mode of viral vec-
tor delivery into the brain. Transgene expression via FUS

TABLE 3: Preclinical animal studies of FUS delivery across the BBB

Authors & Year

Study Finding

Kinoshita et al., 2006%  delivery of dopamine D(4) receptor-targeting antibody into brain

Sheikov et al., 2006

focal delivery of intravenously administered HSV-engineered vector across BBB of normal rats

Kinoshita et al., 2006%  delivery of Herceptin (anti-HER2 monoclonal antibody) into brain

Treat et al., 2007
Treat et al., 2009
Mei et al., 2009

Liuetal., 2010%

Jorddo et al., 2010
model

Liu et al., 2010%

successful enhanced delivery of doxorubicin across BBB of normal rats

successful enhanced delivery of doxorubicin across BBB of rat glioma models

successful enhanced delivery of doxorubicin across BBB of rabbit brain

enhanced delivery of BCNU w/ FUS led to tumor remission & prolonged survival in rat glioma model
delivery of anti-amyloid B antibodies via FUS led to Alzheimer plaque reduction in transgenic mouse

FUS delivery of iron oxide MNPs conjugated to epirubicin led to enhanced delivery, tumor remission,

& prolonged survival in rat glioma models
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delivery of DNA constructs could serve as an alternative
to viral intracellular delivery methods.*!’”! Focused ul-
trasound has been previously employed for intrauterine
gene delivery into fetal brain."* Furthermore, Shimamura
and colleagues® have demonstrated enhanced delivery
and expression of the luciferase gene in rat CNS using
the microbubble-enhanced ultrasound method. The use
of FUS-mediated targeted molecular therapy can thus be
envisioned. For example, this technology could be used
to deliver a gene that could complement a mutation in
a tumor cell or, by delivery of a silencing gene, such as
microRNA or short hairpin RNA gene, to downregulate
the expression of an aberrantly expressed protein. Reduc-
tion in the expression of Survivin, an inhibitor of apop-
tosis, which is expressed in malignant glioma, has been
achieved in a flank xenograft cervical cancer model us-
ing focused ultrasound delivery of a short hairpin RNA
silencing vector targeting Survivin.’ Further preclinical
investigation to assess the potential of transcranial fo-
cused ultrasound for nonviral gene therapy in the CNS
is warranted.

Future Directions

Preclinical studies thus far suggest that FUS with
microbubbles can safely facilitate the focal delivery
of a wide range of therapeutic agents into the brain. In
this regard, FUS affords selective and targeted delivery.
In addition, the potential to successfully combine FUS
with other specialized targeted delivery systems such as
nanoparticles and viral vectors carries tremendous prom-
ise in molecular neurooncology. Furthermore, FUS appli-
cations in animal brain tumor models demonstrate corre-
lations between enhanced delivery and decreased tumor
progression with a concomitant improved survival. Safety
profiles have equally been established with FUS-medi-
ated delivery strategies from a preclinical standpoint.
If these preliminary preclinical results are sustainable,
FUS-mediated delivery will play a pivotal role in the mo-
lecular therapeutics of malignant brain tumors.
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Enhanced therapeutic agent delivery through magnetic
resonance imaging—monitored focused ultrasound
blood-brain barrier disruption for brain tumor treatment:
an overview of the current preclinical status
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Malignant glioma is a severe primary CNS cancer with a high recurrence and mortality rate. The current strat-

egy of surgical debulking combined with radiation therapy or chemotherapy does not provide good prognosis, tumor
progression control, or improved patient survival. The blood-brain barrier (BBB) acts as a major obstacle to chemo-
therapeutic treatment of brain tumors by severely restricting drug delivery into the brain. Because of their high toxic-
ity, chemotherapeutic drugs cannot be administered at sufficient concentrations by conventional delivery methods to
significantly improve long-term survival of patients with brain tumors. Temporal disruption of the BBB by microbub-
ble-enhanced focused ultrasound (FUS) exposure can increase CNS-blood permeability, providing a promising new
direction to increase the concentration of therapeutic agents in the brain tumor and improve disease control. Under
the guidance and monitoring of MR imaging, a brain drug-delivery platform can be developed to control and monitor
therapeutic agent distribution and kinetics. The success of FUS BBB disruption in delivering a variety of therapeutic
molecules into brain tumors has recently been demonstrated in an animal model. In this paper the authors review a
number of critical studies that have demonstrated successful outcomes, including enhancement of the delivery of tra-
ditional clinically used chemotherapeutic agents or application of novel nanocarrier designs for actively transporting

drugs or extending drug half-lives to significantly improve treatment efficacy in preclinical animal models.
(http://thejns.org/doi/abs/10.3171/2011.10.FOCUS11238)
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ALIGNANT glioma is a common and severe primary
Mbrain tumor with a high recurrence rate and an

extremely high mortality rate within 2 years of
diagnosis, even when surgical, radiological, and chemo-
therapeutic interventions are applied. Chemotherapy is
currently an important adjuvant treatment that usually fol-
lows tumor debulking surgery. However, the efficacy of
intravenously administered chemotherapeutic drugs is lim-
ited by their adverse systemic effects and poor penetration
across the BBB, resulting in both insufficient local drug
concentration in the tumor and extensive circulating body

Abbreviations used in this paper: BBB = blood-brain barrier;
BCNU = 1,3-bis(2-chloroethyl)-1-nitrosourea; EPEG = 0-(2-amino-
ethyl)polyethylene glycol; FUS = focused ultrasound; ICy, = half-
maximal inhibitory concentration; MNP = magnetic nanoparticles.
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toxicity. Focused ultrasound is a recently discovered non-
invasive technique that shows great promise for local and
reversible enhancement of the permeability of the BBB
to chemotherapeutic agents. The efficacy of brain tumor
chemotherapy could potentially be significantly enhanced
by FUS BBB disruption, as guided and monitored by MR
imaging. In this paper we review the current status of brain
tumor treatment, the role of the BBB, and current clinical
and preclinical treatment modalities. We then describe the
current status of MR imaging-monitored FUS BBB dis-
ruption, including a review of the technique itself and its
application to chemotherapeutic agent delivery. Finally, we
describe the novel use of MNPs to concurrently function as
MR imaging contrast agents and active magnetic targeting
agents for brain tumor treatment, which were developed by
our research team.



Current Status of Brain Tumors and the BBB

At least 18,000 patients are diagnosed with malig-
nant primary brain tumors in the US each year, and more
than half of them have glioblastoma.’> The median sur-
vival of patients with low-grade gliomas is 5-15 years,
but it is only 9-12 months for patients with high-grade
gliomas.*?2

Multicenter randomized trials suggest that the treat-
ment of glioblastoma patients with debulking surgery and
radiation therapy results in a median survival of only 12
months. Chemotherapy is also an important treatment mo-
dality for glioblastoma, but generally results in a limited
and temporary response,* while producing side effects that
further reduce the quality of the patient’s remaining life.

In the US, the most common systemically adminis-
tered adjuvant chemotherapeutic drugs are BCNU, pro-
carbazine, vincristine and lomustine, or temozolomide.
No particular drug or multidrug regimen with a proven
superiority in glioblastoma treatment has emerged, and
chemotherapeutic delivery has met with limited success.
For example, BCNU has been used since the 1970s and
remains a common and effective chemotherapeutic agent
for brain tumors,!’ yet it provides only a small benefit in
short-term survival.'* Because of the substantial toxic-
ity of chemotherapeutic agents like BCNU,?* an impor-
tant current question is how to deliver a sufficiently high
therapeutic dose specifically to the target tumor area to
improve performance.

The Blood-Brain Barrier

The BBB consists of the cerebral capillary endotheli-
um, choroid plexus epithelium, and arachnoid membrane.
Layered cells in these structures form “tight junctions™’
containing several proteins.®® Transcellular transport is
further limited by low endocytic activity and the absence
of fenestrations. The BBB prevents diffusion of toxic
foreign substances into the brain parenchyma,® but also
presents an almost impenetrable barrier to therapeutics
such as cisplatin (molecular weight 299 D). The enhanced
permeability and retention effect of therapeutic nanopar-
ticles is also greatly restricted by the BBB.

The concentrations of anticancer drugs in the brain
appear to be further limited by the pumping action of
P-glycoprotein,*>° a large (140-170 kD) glycosylated
transport protein?® found in the luminal membrane of
endothelial cell walls of the BBB.? Up to 50% of total
glioma cells preserve P-glycoprotein function.**-7 De-
spite the generally leaky nature of the vasculature of glio-
mas, these new vessels thus maintain some BBB proper-
ties that contribute to inefficient drug delivery. Moreover,
BBB disruption in these tumors is highly heterogeneous,
and the tumor core is often the most permeable compared
with the impermeable proliferating brain tumor periph-
eral region.'>294243 Permeability does not necessarily cor-
relate with tumor histology, size, or anatomical location,
and glioblastoma cells have been found at great distances
from the enhancing regions of the tumors.’

Current Chemotherapy Route for Brain Tumors

Chemotherapeutics currently delivered by intravenous
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injection need to reach the brain by penetrating through the
BBB or blood-CSF barrier. Some chemotherapeutic agents
such as temozolomide are used in both intravenous and
oral form. Chemotherapeutic agents can also be delivered
interstitially by local injection®! or by direct implantation
of drug-carrying biodegradable matrices into the debulked
tumor cavity.**¢* A 30-month trial in 240 patients found
median survival times of 13.9 and 11.6 months for patients
implanted with BCNU wafers or placebos, respectively.t*
However, Gliadel wafer (Eisai) implantation was found to
cause adverse effects, including CSF leakage, intracranial
hypertension, seizures, brain edema, healing abnormali-
ties, and intracranial infection.!®

In convection-enhanced delivery, chemotherapeu-
tic agents are interstitially infused while maintaining a
pressure gradient, thus generating bulk interstitial fluid
flow through the brain after an open-skull procedure.’ In
small animal brains, convection-enhanced delivery has
achieved much higher local levels of chemotherapy than
intravenous administration. Local drug distribution de-
pends on the volume and rate of the gradient of infusion
and on the molecular weight, concentration, and polar-
ity of the drug. Current obstacles to convection-enhanced
delivery include low rates and volumes of infusion that
can lead to heterogeneous distribution and high variable
tumor interstitial fluid pressure that causes a fast efflux of
chemotherapeutic drugs from the injection site.

Drug delivery across the BBB can also be enhanced
by concurrent intraarterial administration of osmotic
agents or hypertonic solutions.*?*#? Clinical trials of
these agents showed an increased patient survival from
11.4 to 17.5 months. However, osmotic solutions cause
systemic rather than localized alteration of the BBB and
have been associated with complications such as stroke-
like syndrome, transient (2-3 days) exacerbation of pre-
existing neurological deficits, temporary seizures, and
potential tumor migration and formation of new tumor
nodules at distant brain locations.**

Focused Ultrasound-Induced BBB Disruption

Concepts of FUS BBB Disruption

Recent studies have shown that in the presence of mi-
crobubbles and in the low-energy burst-tone mode, FUS
can increase the local permeability of the BBB.?-! This
BBB disruptive effect is temporary and reversible and
does not damage neural cells. Compared with alternative
approaches such as modified lipophilic chemicals or hy-
pertonic solution infused through carotid arteries for en-
hancing chemotherapeutic agent delivery into the brain,*
the advantages of MR imaging-guided or MR imaging-
monitored FUS-mediated delivery of chemotherapeutic
agents include its entirely noninvasive procedure, local
BBB disruption that minimizes off-target effects, and re-
versible BBB disruption within several hours (represent-
ing a suitable time window for drug release; Fig. 1). These
properties make FUS BBB disruption a very attractive
method to consider for increasing the local concentra-
tions of chemotherapeutic agents in glioblastoma.
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Fic. 1. Setup of the MR imaging system used to guide and monitor the FUS-induced BBB disruption. ~ A: Magnetic resonance
imaging machine.  B: Animals with the stereotactic holder and the FUS transducers positioned on the MR imaging bed. C:
Magnetic resonance imaging to provide a geometrical relationship between the animal and FUS transducer to guide and monitor

the treatment procedure.

Focused Ultrasound BBB Disruption to Enhance Delivery
of Liposomal Doxorubicin

The first promising outcome in FUS-enhanced brain
drug delivery was the successful enhanced delivery of
doxorubicin for preclinical brain tumor treatment.>$->°
Doxorubicin (Doxil, Ben Venue Laboratories) is a che-
motherapeutic agent that can be encapsulated in long-cir-
culating pegylated liposomes. In normal rat brain, Treat
et al.”® reported that at a microbubble concentration of
0.1 ml/kg, doxorubicin was delivered to the brain paren-
chyma at a concentration of 886 + 327 ng/g tissue, thus
reaching the therapeutic dose of doxorubicin treatment
for breast carcinoma. With higher microbubble concen-
trations of 0.2 and 0.5 ml/kg, doxorubicin concentrations
reached 2369 + 946 and 5366 + 659 ng/g tissue in the
sonicated area, respectively, whereas doxorubicin con-
centrations in control tissue samples remained at or be-
low 251 + 119 ng/g tissue at all levels of the ultrasound
contrast agent. The delivered doxorubicin concentration
was highly correlated with the microbubble dose, which
has since been shown to correlate with brain tissue dam-
age mainly through microhemorrhages. The doxorubicin
concentration also showed a strong correlation (r = 0.87)
with MR imaging signal enhancement.

Later, Treat et al.*® also reported the treatment efficacy
of FUS-enhanced doxorubicin delivery in a small-animal
glioma model. When tumor progression was monitored on
a weekly basis by T2-weighted MR imaging of rats with
implanted gliomas (9L glioma tumors), delayed tumor
growth was observed in rats that received FUS-enhanced
doxorubicin treatment, while tumors of the control and
doxorubicin-only groups continued to grow exponentially
after treatment. The median survival showed a modest
FUS-dependent improvement from 29 days (doxorubicin-
only) to 31 days (doxorubicin and FUS) compared with the
25 days of control or FUS-only treated rats. The percent-
age of long-term survival (> 40 days) in the FUS and doxo-
rubicin group was 26.7%, whereas no rats in the other 3
groups survived longer than 34 days. There were no statis-
tically significant differences in survival between the con-
trol, FUS-only, and doxorubicin-only groups.
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Calculation of the exponential growth time constants
for each rat by least-squares regression analysis confirmed
that rats treated with FUS and doxorubicin had longer av-
erage tumor volume doubling times than any other group:
whereas similar tumor growth rates were observed in the
FUS-only or control groups (2.2 = 0.3 and 2.3 + 0.3 days,
respectively), the FUS and doxorubicin group had a tu-
mor growth rate of 3.7 £ 0.5 days compared with only 2.7
+ 0.4 days in the doxorubicin-only group. These results
were consistent with an enhancement of chemotherapeu-
tic efficacy by FUS.

Focused Ultrasound BBB Disruption to Enhance Delivery
of BCNU

Following the successful delivery of doxorubicin,
FUS-enhanced delivery of BCNU was also attempted.’’
The lipophilic BCNU (Fig. 2A) is a widely used, effec-
tive, and currently clinically approved chemotherapeutic
agent for brain tumors."” It has been studied since 1970
and is one of the oldest drugs used to treat glioblastoma.
Although BCNU contains lipophilic characteristics that
allow its natural form to penetrate the BBB, its treatment
efficacy is severely hampered by insufficient concentra-
tions within the tumor due to its substantial body toxic-
ity. Clinical trials demonstrated a modest (10%) benefit
in survival over 1-2 years (10.1% at 1 year and 8.6% at
2 years compared with radiation therapy alone), but no
significant difference in median patient survival (12 vs
9.4 months for radiation alone'). In contrast, a recent te-
mozolomide Phase III trial showed a statistically signifi-
cant benefit for patient survival rate (2-year survival rate
of 26.5% compared with radiation alone’*), with median
survival extended to 15 months.'

In a test of enhanced delivery of BCNU in normal
animal (rat) brain using an in-house—designed MR imag-
ing-monitored FUS platform (Fig. 1), we reported that the
BCNU concentration can be increased up to 340% (from
150 to 513 ug) compared with the contralateral unsonicat-
ed brain. When treating the tumor-bearing animal brain,
there was a nearly 2-fold increase in BCNU (from 170 to
344 ug) at the tumor. Without presonication, the BCNU
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Fic. 2. Chemical structures (A) and cytotoxicities (B—D) of current chemotherapeutic agents and immobilization on MNPs.
Graphs show cytotoxicity of free-epirubicin (EPI), MNP-EPI, and MNP-EPI/magnetic targeting (MT) on C6 cells for 48 hours of
treatment (B), cytotoxicity of free-BCNU, MNP-BCNU, and MNP-BCNU/MT on C6 cells for 48 hours of treatment (C), and cyto-
toxicity of free-BCNU, EPEG-MNP-BCNU, and EPEG-MNP-BCNU/MT on U87 cells for 48 hours of treatment (D).

concentrations at healthy and tumor-bearing brain sites
were found to be similar (170 vs 150 ug, respectively).
Treatment efficacy was examined by observing tu-
mor progression. Tumors in the control group grew from
0.13 £ 0.13 cm?® (Day 10) to 0.28 + 0.11 cm?® (Day 31),
and a similar trend was observed in the FUS-only group
(from 0.11 £ 0.02 cm? at Day 10 to 0.32 £ 0.07 cm?® at Day
31). The group treated with BCNU alone demonstrated a
temporal decrease in tumor progression, but this effect
was not sustainable, as tumors eventually grew to a simi-
lar level as in the control group (0.07 = 0.03 cm? at Day 10
t0 0.27 £ 0.17 cm? at Day 31). Combined FUS and BCNU
provided the most significant suppression of tumor pro-
gression, with tumor size at 0.04 + 0.08 cm? on Day 31.
When comparing survival, the median survival of
control, FUS-only, and BCNU-only groups was 28.5,
25.5, and 33 days, respectively, confirming that BCNU
prolonged animal survival. However, treatment with both
FUS and BCNU produced the most significant benefit,
increasing the median survival to 53 days (2 of 6 in the
group survived for more than 60 days). Overall, the re-
sults suggest that the use of FUS to enhance BCNU deliv-
ery into brain tumors has a superior effect on suppressing
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tumor progression and improving animal survival than
the use of either treatment alone.

Focused Ultrasound BBB Disruption to Enhance
Delivery of Chemotherapeutic Agents for Brain
Tumor Treatment

The successful delivery of clinically approved che-
motherapeutic agents into the brain through FUS was re-
viewed in the previous section. Here we review the current
literature of delivering nanoparticles into the brain, as well
as our previous work on FUS-enhanced delivery of thera-
peutic nanocarriers (mainly MNPs), with the intention of
improving the efficacy of brain tumor chemotherapy.

Characteristics of Delivered Substances for BBB
Permeability

Central nervous system diseases such as brain gliomas
and Alzheimer disease represent the largest and fastest-
growing area of unmet medical needs. Their treatment is
severely hampered by the restrictive tight junctions® of the
capillary endothelial cells of the BBB that limit the pen-
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etration of 98% of small molecules and almost all large
molecules into the brain tissue.*® Only drugs with low
molecular weight and high lipid solubility are capable of
crossing this specialized system.! Developing approaches
such as nanobiotechnology to effectively, safely, and con-
veniently deliver therapeutic drugs to the CNS is therefore
critically important.

The ability of nanomedicines to cross the BBB is af-
fected by a number of factors including their size, charge,
and surface properties. Nanoparticles must be large
enough (30-100 nm) to avoid leakage into capillaries, but
not so large (> 100 nm) that they are susceptible to mac-
rophage-based clearance. Many studies have focused on
the optimum size for nanocarriers used in brain disease
treatment. There is general agreement that the volume of
the distribution of nanocarriers in rat striatum is inversely
proportional to the particle size. MacKay et al.** demon-
strated that the ideal nanoparticle size for drug delivery
in brain is less than 100 nm, because above this size,
nanoparticles are retained near the site of injection and
show restricted mobility. Studies on brain extracellular
space yielded more precise information: the extracellular
space is estimated to be between 35 and 64 nm in diam-
eter in normal rat brain,> which means that many vectors
larger than 100 nm will be too big to transit the normal
neocortical extracellular space. Hydrophilic nanoparti-
cles smaller than 100 nm have also been reported to avoid
opsonization? and consequently show prolonged dura-
tions of action, as well as enhanced targeting to specific
sites.> Sonavane et al.”> evaluated the effect of increasing
particle size on the biological distribution of nanoparti-
cles following intravenous administration of the nanopar-
ticle suspension prepared in sodium alginate solution in
mice. Injection of different-sized gold nanoparticles (15,
50, 100, and 200 nm) clearly revealed that the distribution
depends on the particle size in various tissues and organs.
A higher amount of 15-nm nanoparticles was observed
in all tissues including blood, liver, lung, spleen, kidney,
brain, heart, and stomach. Nanoparticles larger than 200
nm were present at the lowest level in the brain compared
with 15- and 50-nm particles, which could easily cross
the BBB.”

The effect of surface charge on diffusivity of nanopar-
ticles has also been studied in the rat brain. MacKay et al.*°
observed that the distribution nanoparticles with modest
amounts of positive charge was significantly decreased
compared with neutral nanoparticles (p < 0.0005). Cationic
liposomes were found adjacent to the needle tract because
of nonspecific binding to negatively charged structures in
the brain parenchyma.* The low diffusivity of cationic
liposomes presents a challenge because they are used as
vectors for gene delivery.”” Based on these results, a neu-
tral or negative surface charge is required to obtain good
diffusion. Most nanoparticles have been found to have in-
creased permeability through brain capillary endothelial
cells of the BBB (by transcytosis) when vectorized with
cationic bovine serum albumin and poly(ethylene glycol)—
poly(lactide).® Positive charges of the chitosan cationic
compound may also electrostatically interact with the neg-
atively charged brain endothelium to trigger adsorptive-
mediated transport across the BBB.
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Surface properties have a considerable impact on
the diffusivity of colloidal vectors, especially because of
the presence of steric coatings. Polyethylene glycol and
dextran coatings significantly increase the distribution of
nanoparticles.*® Such biocompatible polymers are known
to extend the systemic circulation of nanocarriers because
they significantly reduce interactions with proteins.®
Polyethylene glycol has also been shown to increase the
BBB permeability of several conjugates.®* Nevertheless,
when nanoparticles were covered simply by albumin, the
effect of size was reduced. The albumin coating masks
hydrophobic structures of the polystyrene nanoparticles,
thereby reducing the risk of eventual aggregation and
binding to proteins in the extracellular space. Tosi et al.*
conjugated poly(p,L-lactide-coglycolide) to a similopioid
glycopeptide (g7) to produce nanoparticles (g7-nanopar-
ticles) capable of crossing the BBB and delivering several
kinds of molecules that are normally unable to cross the
BBB to the CNS. In addition, solid lipid nanoparticles
have been investigated as drug carriers to cross the BBB.
Solid lipid nanoparticles improve the lipophilicity of the
drug complex, thereby increasing the chance of transport
of the incorporated drug.®® Taken together, permeability
of nanoparticles across the BBB requires either higher
lipid solubility or surface conjugation of specific targeted
ligands to polyethylene glycol derivatives.

Basic Concepts of MNPs for Biological Use

Magnetic nanoparticles are constitutes of magnetite
(Fe;0,) that have received high attention for biomedical
applications. Magnetic nanoparticles are also known as su-
perparamagnetic iron oxide particles and have been used as
contrast agents for MR imaging for more than 20 years.5>%3
At the same time, therapeutic applications of MNPs have
also rapidly expanded. Magnetic nanoparticles can be con-
jugated to therapeutic agents such as drugs, proteins, en-
zymes, antibodies, or nucleotides and directed to specific
organs, tissues, or tumors using an external magnetic field.
This magnetic targeting is a promising strategy for achiev-
ing localized drug delivery to tumor tissue. The deposition,
accumulation, and retention of drug-conjugated MNPs in
tumors are enhanced by magnetic force. The feasibility of
this application has recently been demonstrated in brain
tumors.”!! Chertok et al’ showed that accumulation of
nanoparticles was consistently enhanced with 9.6-fold se-
lectivity for MNP accumulation in gliomas compared with
the contralateral brain site. Magnetic nanoparticle distribu-
tion can be monitored in vivo by MR imaging in the brain.
For example, MR spin-spin (R2) relaxivity measurement
has been used to compare the R2 maps of animals that
only received intravenously administered MNPs to those
of animals that received intravenously administered MNPs
combined with 0.4-T magnetic targeting. Image analysis
confirmed that MNP distribution could be visualized in
vivo in the brain and that magnetic targeting induced a
5-fold increase in MNP accumulation in the total glioma
tumor mass.

Dose-Dependent Therapeutic MNPs: In Vitro
Considerations

Traditional chemotherapeutic agents can be conjugat-
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ed to MNPs to form therapeutic MNPs, for example MNP-
epirubicin or MNP-BCNU (Fig. 2A). The concentrations
of therapeutic MNPs that were required for 50% inhibition
of cellular growth of glioma cells were initially determined
in vitro. Pure MNPs without conjugated anticancer drugs
have no apparent cytotoxic effect when cocultured in vitro
with tumor cells. In contrast, abundant MNP-epirubicin
that had presumably been taken up by endocytosis could
be observed within cells by transmission electron micros-
copy. Furthermore, the particles passed into the nuclei and
appeared to have induced apoptosis.

Conjugating epirubicin to MNPs did not affect its
anticancer ability: the ICs, of free epirubicin and MNP-
epirubicin was 6.1 and 4.6 ug/ml, respectively. The ICs,
was reduced significantly to 1.3 ug/ml with magnetic tar-
geting (Fig. 2B).*® Free-BCNU and MNP-BCNU were
also both toxic to C6 cells in a dose-dependent manner.
The ICy, of MNP-BCNU was 6.9 ug/ml, which is lower
than that of free-BCNU (8.6 ug/ml; Fig. 2C) due to great-
er thermal stability and a decreased rate of hydrolysis of
conjugated BCNU, all leading to more efficient delivery
of BCNU into the cells at 37°C. Magnetic targeting of
MNP-BCNU led to a significant reduction in the ICs, to
only 4.3 ug/ml (Fig. 2C),?® suggesting that more of the
MNP-BCNU was effectively guided to and concentrated
at the target area.

To provide more effective MNPs, a self-protecting
high-magnetic nanomedicine (EPEG-MNP-BCNU) was
designed by grafting EPEG onto the surface of MNP-
BCNU (Fig. 2A).%¢ This nanomedicine (EPEG) acts to
protect BCNU by slowing down its hydrolysis rate. The
half-life of BCNU was thereby prolonged from 30 hours
(MNP-BCNU) to 62 hours. Free-BCNU and EPEG-
MNP-BCNU were both toxic to U87 cells in a concentra-
tion-dependent manner. However, the IC;, of the EPEG-
MNP-BCNU was 6.4 ug/ml, which was lower than that of
free-BCNU (8.5 ug/ml; Fig. 2D). Moreover, the ICy, was
reduced significantly to only 4.0 ug/ml when an external
magnetic field of 800 gauss was applied to the EPEG-
MNP-BCNU (Fig. 2D).%6

Focused Ultrasound BBB Disruption to Deliver MNPs Into
Brain

Liu et al.’ first demonstrated the application of FUS
BBB disruption to enhance MNP delivery into the brain
in small animals (Fig. 3). Their aim was to deliver MNPs
into the brain and then use MR imaging monitoring of
these MNPs to simultaneously detect BBB disruption
and follow the status change of sonicated brain over time.
An MNP contrast agent that was clinically approved for
blood-pool MR imaging (Resovist, Schering AG Inc.;
carboydextran-coated, 60-nm hydrodynamic size) was
used. The local distribution of MNPs in the brain causes
field inhomogeneity and concomitant signal loss on T2%*-
weighted images. The T2*-weighted images obtained
before and after MNP administration and FUS delivery
could therefore be used to detect the BBB disruption ef-
fect. This MR imaging-based method to detect BBB dis-
ruption was histologically confirmed.

Different levels of FUS pressure were tested, and the
signal loss caused by intracranial hemorrhage or MNP
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leakage could be successfully distinguished by obtaining
2 T2*-weighted images before and after intravenous ad-
ministration of MNPs.3¢ The biodistribution of MNPs in
the brain could also be followed over time by collection of
T2*-weighted images. Over 70% of MNPs were cleared
from the brain within 7 days. The deposition of MNPs in
large animals (by changing the FUS to be low-frequency
and planar) demonstrated clearance of MNPs over a simi-
lar period.*® This study established a basis for the feasibil-
ity of using FUS to enhance MNPs in the brain and for
modifying current commercially and clinically approved
MNPs to be used as therapeutics with great potential for
treatment of brain gliomas.

Therapeutic MNPs for FUS-Enhanced Delivery

Therapeutic MNPs have drawn considerable atten-
tion for their potential effect on CNS disease due to their
superparamagnetic characteristics that can be guided by
an external magnet and simultaneously provide contrast
in MR imaging. In the previous section we described the
development of MNP delivery into brain with the aid of
FUS BBB disruption. Besides concurrent monitoring of
the distributions of MNP by T2*-weighted MR imaging,
R2 relaxometry MR imaging can be used to quantify the
in vivo MNP concentration delivered into the animal
brain.

The application of this method was first demonstrat-
ed in the normal animal brain to show a significant in-
crease in therapeutic MNP deposition (Fig. 2A).*® When
applying FUS alone, the MNP concentration could be
enhanced by up to 50% compared with the contralateral
brain. However, with high-magnetization MNPs and the
application of external magnetic targeting, the MNPs fol-
lowed a time-dependent deposition in the sonicated brain,
with up to a 20-fold increase compared with the contra-
lateral brain. The calibrated epirubicin concentration in
the sonicated/magnetic targeting site reached an upper
limit of 21,738 + 3477 ug/g, whereas FUS alone could
only result in 1336 + 1182 ng/g epirubicin deposition (Fig.
4). Hua et al.”® similarly demonstrated the success of us-
ing magnetic targeting to deliver MNP-BCNU (Fig. 2A)
into the brain tumor implant animal cells to confirm the
effectiveness of the designed highly magnetized MNP.
Tumors shrank markedly after 7 days of treatment with
5 mg/kg of MNP-BCNU with 24 hours of magnetic tar-
geting. In contrast, tumor growth was not inhibited after
7 days by 13.5 mg/kg free-BCNU or 1.68 mg/kg MNP-
BCNU with magnetic targeting.

This enhancement in therapeutic MNP delivery was
also observed in tumor-bearing animals. Untreated ani-
mals showed no MNP accumulation after MNP-epirubi-
cin administration. However, 11,982 + 2105 ng of MNP-
epirubicin was delivered when it was administered in
combination with FUS/magnetic targeting, providing a
15-fold higher concentration than the therapeutic range in
breast cancer (819 + 482 ng/g tumor) previously reported
for doxorubicin to reach a clinical response rate of 39%.

Control of tumor progression and survival were in-
vestigated next (Fig. 5). With a 7-day observation interval,
the tumor volume in the FUS/magnetic targeting groups
only increased by 106% = 24% in treated animals com-
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Fic. 3. Typical images (upper, coronal plane; lower, transverse plane) showing an animal undergoing FUS to induce BBB
disruption, and monitoring the delivery of MNPs. ~ A: Contrast-enhanced T1-weighted imaging after intravenously administered
Gd-diethylenetriamine pentaacetic acid contrastagent.  B: T2*-weighted imaging before administering MNP.  C: T2*-weighted
imaging after administering MNP and a 6-hour magnetic targeting procedure.  D: R2 map to show the quantitative MNP distribu-

tion in the brain. Scale units are sec-".

pared with a 313% increase (+ 103%) in controls, indicat-
ing that the combination of therapeutic MNPs with FUS/
magnetic targeting provided the most effective means of
controlling tumor progression. Moreover, in animal sur-
vival, the control and the FUS-enhancement-only treat-
ment resulted in similar median animal survival times (23
and 20 days, respectively), whereas the median survival
times were significantly improved by 66% in animals re-
ceiving MNP-epirubicin in conjunction with FUS/mag-
netic targeting treatment (30.5 vs 18.3 days, respectively).

Focused ultrasound combined with magnetic target-
ing to both passively and actively deliver MNPs thus rep-
resents a powerful technique to enhance the delivery of
a wide range of macromolecule therapeutic substances

into the CNS under the guidance and in vivo monitoring
of drug quantification/distribution by MR imaging. Also,
the synergistic drug delivery approach provided an im-
provement of approximately 3.4-fold in the drug’s half-
life (from 18 to 62 hours). Because of the longer circu-
lation time of EPEG-MNP-BCNU, its accumulation was
excellent (177.33 + 23.13 ug of Fe ion) and approximately
1.65-fold higher than that of MNP-BCNU (107.72 + 29.72
ug of Fe ion) after 24 hours of magnetic targeting. This
observation supports the idea that EPEG-MNP-BCNU
is more suitable than MNP-BCNU for in vivo antitumor
studies. The survival rate in animals that received a low
dose of BCNU (4.5 mg BCNU/kg in the form of EPEG-
MNP-BCNU) was 63 days compared with 50 days in ani-

0 % 2 % Y% %

0 7 2 % Y %

Fic. 4. Typical images for T2-weighted MR imaging (left) and R2 maps (right) of the glioma-bearing animals that did not (A)
and did (B) undergo the FUS/magnetic targeting procedure. The FUS/magnetic targeting procedure demonstrates the enhance-
ment of therapeutic MNP retention for at least 6 hours to improve the therapeutic efficacy of glioma treatment. Gliomas are

outlined in white.
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Fic. 5. Images from the authors’ previous data. ~ A: Glioma progression comparison monitored by T2-weighted MR imaging

in 3 groups. control = control animal without receiving treatment; BCNU only = animal only receiving therapeutic MNP with immo-

bilized BCNU; MNP+FUS/MT = animal receiving therapeutic MNP with FUS/magnetic targeting. Red dashed outlines contour the

tumor border.  B: Purl’'s Prussian blue staining of the tumor in animals without (upper) and with (lower) the FUS/magnetic target-

ing procedure that were killed on Day 14 to indicate therapeutic MNP deposition. ~ C: Transmission electron microscopy images
to show MNP uptake by the tumor cells; the enlarged region (right) shows MNP uptake and dispersal in the cell. Bar = 920 nm.

mals that received a high dose of free BCNU (13.5 mg
BCNU/kg). This improvement could greatly enhance the
potential of magnetic targeting therapy in clinical appli-
cations of cancer treatments.

Besides the above-mentioned highly magnetized
MNP design to facilitate local drug delivery into the brain
tumor, other attempts have been conducted to further im-
prove the drug activity in the circulation. For example,
injected MNPs act as foreign molecules to the body and
are still limited by their insufficient stability in aqueous
media and marked reticuloendothelial uptake in vivo.?*
In particular, the half-lives of MNPs are fairly short (in
the range of minutes) due to their rapid capture and sub-
sequent plasma clearance by macrophages of the reticu-
loendothelial system, especially in the liver.!>? However,
self-protecting EPEG-MNP-BCNU®% (Fig. 2A) is known
to not only have a high capacity for BCNU drug load-
ing and outstanding thermal stability, but long circulation
times in vivo as well. The nanosize and excellent disper-
sion of EPEG-MNP-BCNU allow easier penetration of
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tissues and more efficient uptake by tumor cells with an
enhanced permeability and retention effect.

Dose-Dependent Therapeutic MNPs: In Vivo
Considerations

The dose dependency of therapeutic MNPs (Fig. 2A)
for treatment of gliomas has also been investigated to de-
termine the optimal enhancement conditions.® Normal/
glioma rats were subjected to various treatments to com-
pare their efficacy in delivering localized concentrations
of nanoparticles to a specific region of the brain. Quanti-
tative inductively coupled plasma optical emission spec-
trometry analysis of Fe content revealed that FUS alone
or magnetic targeting alone only increased therapeutic
MNP concentrations by 2-fold relative to the untreated
brain. In contrast, the combination of magnetic targeting
and FUS resulted in a 10-fold increase in MNP accumula-
tion in the treated region relative to the untreated region.

During a 7-day MR imaging follow-up to track tu-
mor progression, the control, BCNU-only, MNP-only,
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and sham procedure (FUS/magnetic targeting but without
MNP delivery) groups showed no tumor shrinkage (Fig.
6).8 However, for groups receiving high-dose therapeutic
MNPs (equivalent to 5 mg/kg of BCNU), tumor volumes
were suppressed in the 1st week, both with and without ap-
plying FUS/magnetic targeting (-52% and —97%, respec-
tively). The medium dose (equivalent to 1 mg/kg BCNU)
appeared to represent the critical dose for suppression of
tumor growth when FUS/magnetic targeting is applied
(<79%), but tumors progressed in the sham group (296%).
A low dose of therapeutic MNPs did not show repropres-
sion of tumor progression in either group (163% and 31%,
respectively), although the magnetic targeting/FUS group
had a relatively slow tumor progression rate. In evaluat-
ing animal survival, the median survival time also im-
proved in animals receiving high and medium doses of
BCNU-MNPs in conjunction with magnetic/ultrasound
treatment; both reached 60 days or above, which was sig-
nificantly longer that the other experimental groups (all
< 33 days).

In the same study, CD68-positive cells were present
in the tumor and constituted up to 30% of the tumor mass.
The percentage of CD68-positive cells was unchanged in
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the control and MNP-delivered groups but increased in
the MNP combined with FUS/magnetic targeting treat-
ment groups; however, the presence of macrophages
increased after sacrificing the treated animals. These
findings suggested that MNPs alone do not cause severe
immune activity, but the cytotoxic effect of the therapeu-
tic MNPs causes tumor cell death and induces increased
macrophage infiltration for the clearance of the necrotic
tumor debris as well as the Fe particles.?

When summarizing the dosing comparison (Fig. 6),
treatment with an effective BCNU dose of 5 mg/kg even
without FUS/magnetic targeting was more effective at
shrinking tumors than treatment with unbound BCNU at
a dose of 13.5 mg/kg,? showing an enhanced permeability
and retention effect for immobilized chemotherapy drugs
on MNPs. The increased drug concentration in tumor
cells may result not only from diffusion but also from
phagocytosis of drug-bound particles by the cells. Over-
all, the magnetic/FUS system enhances drug delivery
to tumors approximately 5-fold compared with BCNU
alone, although the inductively coupled plasma optical
emission spectrometry—measured drug amount can have
up to a 26-fold enhancement in normal rat brains.®

0.75 i
0.5
—— Control
—— Sham
—— BCNU only
0.25] — High dose, Exp.

Survival distribution function

~= Med. dose, Exp. ‘L‘
S I |

 Exp: cont: EXp-
e s 8% wed 8% doser

Lo¥

Fic. 6. A: Ratios of average tumor volume changes in the 1st week after therapeutic MNP treatment under different condi-
tions. BCNU only = 13.5 mg/kg BCNU; high dose = 5 mg/kg therapeutic MNP; medium dose = 1 mg/kg therapeutic MNP; low
dose = 0.5 mg/kg therapeutic MNP.  B: Representative T2-weighted MR imaging images of the longitudinal glioma follow-
up. C: Kaplan-Meier survival curves. Survival improvement at high and medium doses is statistically significant. Redrawn and
reprinted by permission of Oxford University Press on behalf of the Society for Neuro-Oncology, from Chen et al.: Neuro Oncol

12:1050-1060, 2010.
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Conclusions and Perspective

When FUS is used to locally enhance BBB disruption
and delivery of therapeutic MNPs, it can be integrated
with a novel magnetic targeting approach so that drug de-
livery proceeds not only through passive but also through
active diffusion. The magnet is placed externally to pro-
vide magnetic targeting after the FUS exposure and does
not contribute any additional risk to the procedure, while
significantly enhancing the active attraction of the thera-
peutic MNP by at least an order in concentration. This
innovation raises the possibility of improving therapeutic
efficacy of chemotherapeutic agents or reducing the total
dose to reduce the circulation toxicity in the body. In ad-
dition, the intrinsic nature of MNPs render them sensitive
to detection by MR imaging so that the distribution of
therapeutic MNPs can be monitored or even quantified
during image-guided drug delivery for brain tumor treat-
ment.

In conclusion, preclinical research has shown that
FUS is a noninvasive method to enhance the targeted
delivery of chemotherapeutic agents through the BBB
and into brain tumors. This method allows the chemo-
therapeutic drug dosage to be increased specifically in
the tumor regions, thus significantly suppressing tumor
growth and prolonging animal survival. BCNU is already
a US FDA-approved chemotherapeutic drug for glioma
treatment, and doxorubicin has been approved for ovarian
cancers. The successful use of these 2 drugs in FUS MNP
preclinical experiments suggests that the procedure could
be highly clinically relevant. In addition, chemotherapeu-
tic drugs are delivered intravenously rather than intraar-
terially or by direct cranial injection/implantation, which
makes the treatment more practical in a clinical setting.
The procedure is noninvasive, reversible, and can be tar-
geted with greater precision to a specific region of interest
in the deep brain under the guidance of MR imaging.
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Sonothrombolysis for acute ischemic stroke: a systematic
review of randomized controlled trials
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Medicine; and *Instituto Israelita de Ensino e Pesquisa Albert Einstein, Sao Paulo, Brazil

Object. Sonothrombolysis has recently been considered an emerging modality for the treatment of stroke. The
purpose of the present paper was to review randomized clinical studies concerning the effects of sonothrombolysis
associated with tissue plasminogen activator (tPA) on acute ischemic stroke.

Methods. Systematic searches for literature published between January 1996 and July 2011 were performed for
studies regarding sonothrombolysis combined with tPA for acute ischemic stroke. Only randomized controlled trials
were included. Data extraction was based on ultrasound variables, patient characteristics, and outcome variables (rate
of intracranial hemorrhages and arterial recanalization).

Results. Four trials were included in this study; 2 trials evaluated the effect of transcranial Doppler (TCD) ul-
trasonography on sonothrombolysis, and 2 addressed transcranial color-coded duplex (TCCD) ultrasonography. The
frequency of ultrasound waves varied from 1.8 to 2 MHz. The duration of thrombus exposure to ultrasound energy
ranged from 60 to 120 minutes. Sample sizes were small, recanalization was evaluated at different time points (60
and 120 minutes), and inclusion criteria were heterogeneous. Sonothrombolysis combined with tPA did not lead to
an increase in symptomatic intracranial hemorrhagic complications. Two studies demonstrated that patients treated
with ultrasound combined with tPA had statistically significant higher rates of recanalization than patients treated

with tPA alone.

Conclusions. Despite the heterogeneity and the limitations of the reviewed studies, there is evidence that so-
nothrombolysis associated with tPA is a safe procedure and results in an increased rate of recanalization in the setting
of acute ischemic stroke when wave frequencies and energy intensities of diagnostic ultrasound systems are used.
(http://thejns.org/doi/abs/10.3171/2011 .10.FOCUS11251)

Key Worps ~ ©
transcranial color-coded duplex
ultrasound-enhanced thrombolysis

as an effective therapy for improving neurological

outcome after acute ischemic stroke.”> Consider-
ing the “recanalization hypothesis,” which states that the
reopening of occluded vessels can save threatened isch-
emic tissues, faster restoration of cerebral tissue blood
flow is associated with better neurological recovery.?
Therefore, therapeutic strategies to increase the rate and

S ysTEMIC administration of tPA has been established

Abbreviations used in this paper: NIHSS = National Institutes
of Health Stroke Scale; TCCD = transcranial color-coded duplex;
TCD = transcranial Doppler; tPA = tissue plasminogen activator;
TRUMBI = Transcranial Low-Frequency Ultrasound-Mediated
Thrombolysis in Brain Ischemia.
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sonothrombolysis

stroke ¢ tissue plasminogen activator °

transcranial Doppler ultrasonography °

speed of arterial recanalization, without increasing the
risk of hemorrhagic complications, are the mainstay of
patient treatment and future investigations.

Ultrasound energy has been demonstrated to facili-
tate activity of fibrinolytic agents, a process known as
ultrasound-enhanced thrombolysis, contributing to aug-
mentation of fibrinolysis and arterial recanalization.'!%-2!
Recently, microbubble sonothrombolysis without tPA has
been shown to effectively decrease infarct volumes and
occurrence of intracranial hemorrhages in an experimen-
tal model of stroke.!!?

The objective of the present study is to review ran-
domized clinical studies regarding ultrasound-enhanced
thrombolysis in patients with acute ischemic stroke.



Methods

The PubMed database was searched to identify pa-
pers published between January 1996 and July 2011 that
addressed studies regarding ultrasound-enhanced throm-
bolysis for acute ischemic stroke in humans. The following
search terms were used: “ultrasound-enhanced thromboly-
sis,” “sonothrombolysis,” “ultrasound and thrombolysis,”
“ultrasound and tissue plasminogen activator,” “transcrani-
al Doppler and thrombolytic therapy,” “transcranial color-
coded duplex and thrombolytic therapy,” and “transcranial
low-frequency ultrasound and thrombolytic therapy.” The
reference lists of retrieved articles were also searched. The
inclusion criterion was randomized studies on thrombo-
lytic therapy using tPA and ultrasound. Exclusion criteria
were as follow: 1) case reports and small case series; 2)
nonrandomized studies; 3) investigations using intraarte-
rial tPA, those using intraarterial infusion of microspheres
using transforaminal insonation for vertebrobasilar circula-
tion, or those using other thrombolytic agents; 4) abstracts
of studies presented at international meetings; 5) random-
ized studies that included patients who had been previously
reported on in other articles from the same institution; and
6) studies comprising experimental animal models.

Data extraction was performed based on ultrasound
variables (ultrasound technology, frequency of the ultra-
sound waves, emitted-power output, ultrasound wave
mode, and duration of thrombus exposure to ultrasound
energy), patient characteristics (sample size, age, neuro-
logical status, affected arterial territory, interval from
symptom onset to treatment), and outcome variables (rate
of asymptomatic and symptomatic intracranial hemor-
rhagic complications, and of partial and complete arterial
recanalization).

Two reviewers (E.B.S.S. and R.C.N.) independently
selected the studies and extracted the data; disagreement
between the 2 reviewers was resolved by a third indepen-
dent reviewer (E.G.F).

Results

There have been 6 randomized controlled trials of
sonothrombolysis associated with tPA for acute isch-
emic stroke.}*+!316.20.23 Two studies were excluded (one
consisted of a pilot study with 3 patients in the control
arm,’ and the other was published as an abstract?’). We
did not find any randomized study addressing the effects
of low-frequency transcranial ultrasound on thromboly-
sis. Although opinions can diverge (a recent meta-anal-
ysis has considered the TRUMBI study as a randomized
controlled trial),” we have considered the design of the
TRUMBI study as nonrandomized because patients were
alternately allocated to standard therapy (tPA alone) and
combined therapy (low-frequency ultrasound plus tPA)."

Ultrasound Variables Adopted in the Selected Trials

Two studies evaluated the effects of TCD ultraso-
nography on thrombolysis,*?> and the remaining two
evaluated the TCCD technology.>¢ The TCD ultraso-
nography studies used 2-MHz pulsed ultrasound waves,
while TCCD ultrasonography studies used 2-MHz" and

2

E. Bor-Seng-Shu et al.

1.8-Mhz pulsed waves'® (1 study each). The duration of
thrombus exposure to ultrasound energy varied from 60
to 120 minutes. Ultrasound variable data of the studies
are shown in Table 1.

Characteristics of the Included Trials

The TCCD ultrasonography studies were composed
of a target group (TCCD ultrasound energy plus tPA) and
a control group (only tPA).">!¢ One TCD ultrasonography
study consisted of a target group receiving TCD ultra-
sound energy plus tPA, and a control group receiving
only tPA;? another TCD ultrasonography study had a tar-
get group receiving TCD ultrasound energy plus tPA plus
microspheres, and a control group receiving only tPA.??
Sample sizes, mean ages, median NIHSS scores, affected
arterial territories, and the interval between symptom on-
set and treatment are detailed in Table 2.

Outcome Measures

Symptomatic intracranial hemorrhages were defined
as intracranial hemorrhage appearing on CT scans within
72 hours*!>16 or within 36 hours?*? from symptom onset
associated with neurological deterioration (an increase in
NIHSS score of = 4 points). Arterial recanalization was
graded by the TIBI (Thrombolysis in Brain Ischemia)
flow criteria (Score 2 or 3, partial recanalization; Score 4
or 5, complete recanalization).*!>1%22 Safety and efficacy
outcomes are summarized in Table 3.

Among the identified studies, the incidence of as-
ymptomatic intracranial hemorrhage ranged from 9% to
21% in the sonothrombolysis group and from 0% to 11%
in the control group. In contrast, symptomatic intracra-
nial hemorrhages occurred in 0%—27% of the cases in the
sonothrombolysis group, and in 0%—5% of the patients
in the control group. All intracranial hemorrhages were
associated with thrombolytic therapy. There were no dif-
ferences in intracranial hemorrhage rates (asymptomatic
and symptomatic hemorrhages) between the sonothrom-
bolysis and control groups of the studies, except for 1
study reporting microsphere dose escalation in which a
statistically significant increased rate of symptomatic in-
tracranial hemorrhage was noticed in patients who under-
went TCD ultrasonography combined with both tPA and
2.8 ml microspheres; in this subgroup 3 patients died (2
deaths were attributed to symptomatic intracranial hem-
orrhage).?> Concerning a TCCD ultrasonography study,'®
3 patients (15.8%) from the sonothrombolysis group and
2 patients (11.8%) from the control group died of space-
occupying infarction and symptomatic intracranial hem-
orrhage. Craniotomy was performed in 1 patient in the
sonothrombolysis group due to space-occupying infarc-
tion and symptomatic intracranial hemorrhage.

Complete arterial recanalization rates varied from
15% to 67% in the sonothrombolysis group and from 11%
to 33% in the control group. Two studies, one using TCD
ultrasonography and the other using TCCD ultrasonogra-
phy,*!¢ demonstrated that patients treated with ultrasound
energy in association with tPA had statistically signifi-
cantly higher rates of both complete recanalization and
neurological improvement than those treated with tPA
only. In a TCD ultrasonography study,* complete recana-
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TABLE 1: Ultrasound variables in randomized studies of sonothrombolysis*

Ultrasound Duration of Insonation
Authors & Year Technology ~ Frequency (MHz)  Emitted-Power Output (mW/cm?)  Mode (mins)
Eggers et al., 2003 TCCD 2-4 179 pulsed 60
Alexandrov et al., 2004 TCD 2 <750 pulsed 120
Eggers et al., 2008 TCCD 1.8 179 pulsed 60
Molina et al., 2009 TCD 2 NR pulsed 90

* NR = not reported.

lization or significant clinical recovery within 2 hours
after intravenous tPA bolus occurred in 49% of patients
from the sonothrombolysis group, compared with 30% of
patients from the control group (p = 0.03). In a TCCD ul-
trasonography study,'® complete or partial recanalization
after 1 hour was found in 57.9% of the sonothrombolysis
group and 22.2% of the control group (p = 0.045); after
3 months, Barthel Index greater than 95 occurred in 8
patients of the sonothrombolysis group (none from the
control group) (p = 0.003).

Discussion

Only 4 studies met inclusion criteria of this system-
atic review.*'>1922 Two studies evaluated the role of TCD
ultrasonography on sonothrombolysis*?? and 2 evaluated
the role of TCCD technology.”>'¢ The frequency of ul-
trasound waves varied from 1.8 to 2 MHz. The duration
of thrombus exposure to ultrasound energy ranged from
60 to 120 minutes. Sample sizes were small. Recanaliza-
tion was evaluated at different time points (60 and 120
minutes). Inclusion criteria were heterogeneous; 2 TCCD
studies included only patients with proximal middle ce-
rebral artery occlusion without residual flow, a condition
in which recanalization is more difficult;!*!¢ 1 TCD study
had a target group receiving ultrasound energy, intrave-
nous tPA, and microspheres.?? Therefore, comparisons
among the studies are challenging, and conclusions are
difficult to draw. Despite the heterogeneity of the includ-
ed studies, ultrasound-enhanced thrombolysis seems to
be a safe procedure and is associated with a significantly
higher rate of arterial recanalization in the acute ischemic
stroke setting. It is worth noting that this conclusion was
reached considering results of 2 randomized controlled
trials (one assessing TCD and the other TCCD).*!¢

Issues related to instrumentation in ultrasonography
are of fundamental importance to interpret the studies re-
garding sonothrombolysis in acute ischemic stroke. The
following 3 different ultrasound modalities were used to
increase the thrombolytic activity of tPA: TCD ultraso-
nography, TCCD ultrasonography, and therapeutic tran-
scranial low-frequency ultrasonography.?’-*® These devic-
es generate ultrasound beams that differ greatly in acous-
tic properties, such as frequency, mechanical index, and
the amount of brain tissue included in the beam (that is,
areas of the brain exposed to ultrasound energy). Trans-
cranial Doppler ultrasonography equipped with a 2-MHz
transducer has been widely used for evaluating patients
with acute ischemic stroke,?”?® traumatic brain injury,”'°
and aneurysmal subarachnoid hemorrhage.” This nonim-
aging and hand-held ultrasound examination device pro-
vides real-time blood flow velocity from cerebral arter-
ies that can indicate arterial occlusion or recanalization,
embolization, functional status of collateral circulatory
pathways, and blood steal phenomenon.?”?® For diagnos-
tic purposes, the emitted-power output is usually set at
the maximal achievable level below the allowed limit of
720 mW with selected insonation deaths, and the sample
volumes, or gates of insonation, are set at 3—6 mm for
power motion Doppler devices and 10—15 mm for other
single channel devices.?’?8

While using TCD ultrasonography to monitor tPA
thrombolysis, Alexandrov et al.? incidentally suspected
the ability of TCD ultrasonography to facilitate arterial
recanalization in patients with acute ischemic stroke treat-
ed with intravenous tPA, a phenomenon confirmed after-
ward by the CLOTBUST (Combined Lysis of Thrombus
in Brain ischemia using transcranial Ultrasound and
Systemic tPA) trial. When signs of arterial occlusion
are detected, the TCD ultrasound beam can be continu-

TABLE 2: Characteristics of the patients in randomized clinical trials of sonothrombolysis*

Mean Age Median NIHSS Symptom Onset to
Authors & Year Target Groupt No. of Cases (target vs control) (yrs)t Score (range)  Occluded Artery ~ Treatment (hrs)

Eggers et al., 2003 TCCD +tPA 1Mvs 14 61+9 18 (9-25) MCA (M,) <3
Alexandrov et al., 2004 TCD +tPA 63 vs 63 69+13 16 (4-34) MCA <3

Eggers et al., 2008 TCCD + tPA 19vs 18 6110  17.5(12-23) MCA (M,) <3

Molina et al., 2009 TCD+tPA+puS 12(14mlpuS), 11 (28miuS)vs12 65+14  12(4-21) MCA, PCA <3

* uS = microspheres; MCA = middle cerebral artery; PCA = posterior cerebral artery.

t Inall studies, the control group received only tPA.

T Values are presented as means + SDs.
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TABLE 3: Safety and efficacy in randomized studies on sonothrombolysis*

Target vs Control

Recanalization
(complete & partial)
45vs 21% wl/in 1 hr

Partial
Recanalization
18 vs 0% w/in 1 hr

Complete
Recanalization

27 vs 21% wiin 1 hr

No. of

Ultrasound  Frequency

sICH
18 vs 0%

alCH

18 vs 7%

Cases
11 vs 14

63 vs 63

Group

TCCD + tPA vs tPA

(MH2)

Technology

Authors & Year
Eggers et al., 2003

2-4

TCCD
TCD

NR
58 vs 22% w/in 1 hrt

NR
42 vs 1% w/in 1 hr

46 vs 18% w/in 2 hrst
15 vs 11% w/in 1 hr

5vs 5%
15vs 5%

NR

19vs18 21vs 11%

TCD +tPA vs tPA
TCCD + tPA vs tPA

Alexandrov et al., 2004
Eggers et al., 2008

1.8

TCCD
TCD

17 vs 25% wiin 2 hrs 83 vs 58% w/in 2 hrs

67 vs 33% w/in 2 hrs

0vs 0%
27vs 0%% 45 vs 33% w/in 2 hrs

17 vs 0%

12vs 12

TCD +tPA + 1.4 ml uS vs tPA
TCD +tPA +2.8 ml uS vs tPA

Molina et al., 2009

45 vs 58% wlin 2 hrs

0 vs 25% w/in 2 hrs

9vs 0%

11vs 12

symptomatic ICH.

asymptomatic intracranial hemorrhage; sICH =

t p<0.001.
f p <0.005.

* alCH
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ously focused at the presumed thrombus location, allow-
ing both sonothrombolysis and continuous monitoring of
the recanalization process. Unfortunately, this method is
highly dependent on the skill of the TCD ultrasonography
operator. It is unrealistic to expect that an unskilled TCD
ultrasonography clinician can develop skills for a rapid
and accurate location of cerebral arterial occlusions.*?"28

Transcranial color-coded duplex is another ultrasound
method that, like TCD ultrasonography, provides real-time
blood flow dynamics of cerebral arteries. However, unlike
TCD technology, TCCD transducers generate multiple
small ultrasound beams at dual emitting frequencies, one
for gray scale imaging and another for Doppler imaging;
hence, besides assessment of cerebral hemodynamics, this
technology can also afford both arterial location on color
flow imaging and imaging of the brain on B-mode ultra-
sonography.>#2728 The TCCD ultrasound beam includes a
larger brain area (a greater amount of brain tissue is ex-
posed to ultrasound energy) compared with the more focal
TCD ultrasound beam. Among the limitations of TCCD
ultrasonography, there are no head frames for transducer
fixation (recanalization monitoring is carried out using
handheld probes), the mechanical index (an indicator of the
likelihood of mechanical biological effects, that is, stream-
ing and cavitation) of the TCCD ultrasonography is higher
than that for TCD ultrasonography, and no dose escalation
study has been performed to determine the levels of ultra-
sound intensity needed to enhance thrombolysis without
risks.?7:28

Therapeutic transcranial low-frequency ultrasonog-
raphy is a nonimaging and nondiagnostic ultrasound
technology equipped with a transducer composed of 4
elements arranged in a diamond pattern. This technology
uses unfocused, low-frequency ultrasound (300 = 1.5 kHz
to avoid standing waves), a temporal average spatial peak
intensity of 700 mW/cm?, an average temporal pressure
less than 1 atmosphere (< 101 kPa for avoiding cavita-
tion), a mechanical index less than 0.2, a thermal index
in soft tissue less than 0.5, and a cranial thermal index of
approximately 4. The higher cranial thermal index was
addressed through the use of a cooling pad and a ther-
mal sensor to detect excessive heating. To decrease the
thermal effects, ultrasound is emitted in a pulsed fashion
with a 5% duty cycle and a pulse repetition frequency of
100 Hz (cycle/pulse ratio of 225). Despite leading to a
higher rate of recanalization, this method sonicates the
vessels and brain nonspecifically. The TRUMBI trial was
stopped because intracranial hemorrhages were frequent-
ly found, even in areas unaffected by ischemia.'*?"28 The
development of high-intensity, focused ultrasound with
MR imaging guidance may minimize hemorrhagic com-
plications in the future.

A recent comprehensive review and meta-analysis has
assessed the safety and efficacy of ultrasound-enhanced
tPA thrombolysis in the treatment of patients with acute
ischemic stroke.” Taking into account 6 randomized (com-
prising 224 patients) and 3 nonrandomized (comprising 192
patients) studies, the authors concluded that sonothrom-
bolysis using TCD or TCCD ultrasonography appears to
be safe and leads to higher rates of complete recanaliza-
tion when compared with intravenous tPA thrombolysis.
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Sonothrombolysis using TCD or TCCD ultrasonography,
with or without microspheres, is associated with a nearly
3-fold increased likelihood of complete recanalization and
an approximately 2-fold higher likelihood of functional in-
dependence at 3 months. We stressed that this meta-anal-
ysis included randomized and nonrandomized studies, as
well as abstracts of studies presented at international meet-
ings, and focused on quantitative analysis of them, without
taking into consideration ultrasound variables such as type
of ultrasound technology, frequency of ultrasound waves,
emitted power output, ultrasound wave mode, and duration
of thrombus exposure to ultrasound energy, while our man-
uscript focused on qualitative analysis of Class I evidence
studies, classifying them in terms of ultrasound variables,
presence of microspheres, sample characteristics, and out-
come measures. Although both reviews have provided
similar findings (that is, ultrasound-enhanced thromboly-
sis seems to be a safe procedure and is associated with a
significantly higher rate of arterial recanalization in acute
ischemic stroke), our study revealed that only 2 random-
ized controlled studies, one using TCD and the other using
TCCD, support these conclusions.

Ultrasound energy has been experimentally demon-
strated to improve the thrombolytic effects of tPA.° The
mechanisms of action are still under debate; however,
there is evidence of at least 4 contributing effects as fol-
lows: 1) rectified diffusion, which provides a pumping
effect to transport drugs into the thrombus; 2) reforma-
tion and opening of the fibrin matrix under ultrasound
exposure, which enhances drug diffusion; 3) cleaving of
fibrin polymers to extend the surface for thrombolytic in-
teraction; and 4) improvement of binding of recombinant
tPA to fibrin." Concerning the frequency range used for
diagnostic ultrasound examinations, the mechanical pres-
sure wave of the ultrasound energy propagates through
the tissues, induces fluid motion, and helps tPA to reach
the binding sites.”” In addition, 2-MHz ultrasound waves
enhance tPA-thrombus dissolution by fluid streaming
around the clot surface and disaggregation of fibrin fi-
bers, which results in a greater amount of binding sites
for tPA without heating or cavitation.? In stroke patients
treated with tPA, intravenous infusion of microbubbles
or microspheres has been proved to accelerate clot lysis
during 2-MHz ultrasound monitoring, by transmitting
energy momentum from an ultrasound wave to residual
flow.>11:12.22.23 These mechanisms support the findings of
sonothrombolysis in the clinical setting.

Conclusions

Despite the limitations of the included studies, there
is evidence that sonothrombolysis associated with tPA
with frequencies and energy intensities in a range of di-
agnostic ultrasound devices is safe and results in an in-
creased rate of arterial recanalization in acute ischemic
stroke. Future studies should focus on the development
of the following: 1) microspheres associated with ultra-
sound for augmenting brain perfusion and drug delivery
within the penumbra area;® 2) an operator-independent
ultrasound device that can be used by medical person-
nel irrespective of experience with TCD or TCCD ultra-
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sonography examinations;?’-?® 3) intraarterial ultrasound
devices for thrombolysis;?*® and 4) ultrasound catheters
for minimally invasive evacuation of intracranial hema-
tomas as a complication of thrombolytic therapy or other
causes.?'?* In the near future, it is possible that high-in-
tensity focused ultrasound neurosurgery for brain tumors,
Parkinson disease, epilepsy, and other conditions may be-
come a reality."”
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Utility of intravascular ultrasound in intracranial and
extracranial neurointerventions: experience at University at
Buffalo Neurosurgery—Millard Fillmore Gates Circle
Hospital
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Intravascular ultrasound (IVUS) generates high-resolution cross-sectional images and sagittal reconstructions
of the vessel wall and lumen. As a result, this imaging modality can provide accurate measurements of the degree of
vessel stenosis, allow the detection of intraluminal thrombus, and analyze the plaque composition. The IVUS modal-
ity is widely used in interventional cardiology, and its use in neurointerventions has gradually increased. With case
examples, the authors illustrate the utility of IVUS as an adjunct to conventional angiography for a wide range of
intracranial and extracranial neurointerventions.

(http://thejns.org/doi/abs/10.3171/2011.10.FOCUS11242)
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tional cardiology. It is routinely used to assess proper

stent apposition after coronary stent placement and to
determine the most appropriate treatment for indetermi-
nate lesions on the basis of conventional coronary angi-
ography.? Recently, IVUS assessment of coronary ath-
erosclerotic plaque progression was used as a surrogate
primary end point in large statin trials.!® Few reports have
been published regarding the use of IVUS in neuroendo-
vascular interventions. In this review, we discuss IVUS
technology and our clinical experience with this modality
over a wide range of extra- and intracranial neurointer-
ventions, and we also present illustrative cases.

INTRAVASCULAR ultrasound is widely used in interven-

The IVUS Modality for Neurointerventions:
Equipment, Technique, and Background

At Millard Fillmore Gates Circle Hospital, we use
the 3.5 F 20-MHz Eagle Eye IVUS probe (Volcano

Abbreviations used in this paper: AP = anteroposterior; CA =
carotid artery; CAS = CA angioplasty and stent placement; CCA =
common CA; ICA = internal CA; IVUS = intravascular ultrasound;
VH = virtual histology.
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intravascular ultrasound

neurointervention ¢  virtual histology

Therapeutics) as an adjunct to conventional angiography
for select neurointerventions. This cylindrical transduc-
er sends ultrasound signals into the adjacent tissue and
detects the reflected echoes. The reflected signals allow
the generation of a cross-sectional image of the ves-
sel wall and lumen at high resolution as a conventional
gray-scale intravascular sonogram. Due to differences
in reflected signals from different tissues, conventional
gray-scale IVUS can distinguish normal vessel lumen
and vessel wall from atherosclerotic plaque, intraluminal
thrombus, and intimal dissection with high sensitivity.!
Within the atherosclerotic plaque, it can further identify
the deposition of lipid (hypoechoic signal) and calcium
(hyperechoic signal with distal shadowing). The probe is
mounted near the tip of a monorail catheter that tracks
over a 0.014-in guidewire (Fig. 1). All IVUS images are
displayed and recorded using an IVUS workstation (In-
vision Imaging System, Volcano Therapeutics). Once the
radiopaque probe is placed distal to the lesion of interest
under direct fluoroscopic guidance, intravascular sono-
grams are generated by a continuous slow withdrawal of
the catheter at approximately 1 mm per second. These
live cross-sectional images are simultaneously converted
into a continuous sagittal reconstruction of the vessel un-
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Fie. 1. The Eagle Eye IVUS imaging transducer and catheter (Volcano Therapeutics). Reproduced with permission from

Volcano Corporation. O.D. = outer diameter.

der study, allowing a direct comparison of the images to
conventional angiography studies, because they are in the
same plane. The patient typically undergoes hepariniza-
tion during the procedure to reduce the risk of thrombo-
embolic complications.

The recent advancement of IVUS technology has
resulted in more sophisticated features, such as color
flow and VH. Color-flow IVUS was designed for better
visualization of intraluminal blood flow (red in color-
flow IVUS) and to optimize the transition zone between
intraluminal blood flow and the vessel wall.* The main
advantage of color-flow IVUS is its ability to differentiate
intraluminal blood from atherosclerotic plaque along the
vessel wall,® because both blood flow and the plaque (if it
is rich in lipid) are hypoechoic on conventional gray-scale
IVUS. With color-flow IVUS, at the area of maximal ste-
nosis the color changes from red to orange as a result of
velocity increase of intraluminal blood flow.*

The IVUS-VH modality is based on the principle that
different parts of the vessel wall reflect the ultrasound
signal at different frequencies and intensities, allowing
the generation of a real-time VH map to assess plaque
morphology and composition.!" By defining plaque com-
position, IVUS-VH allows risk stratification of individual
plaque depending on the fibrous, fibrofatty, lipid, and
calcium content of the lesion.> Overall, plaques that are
heavily calcified are more stable compared with plaques
with a heavy lipid core. In the Carotid Artery Plaque Vir-
tual Histology Evaluation study, Diethrich et al.’ reported
a high concordance between VH generated from IVUS-
VH and true histology obtained from carotid endarterec-
tomy. In this study, the diagnostic accuracy of IVUS-VH
compared with true histology was 99.4% for thin-cap fi-
broatheroma, 96.1% for calcified thin-cap fibroatheroma,
85.9% for fibroatheroma, 85.5% for fibrocalcific athero-
ma, 83.4% for pathological intimal thickening, and 72.4%
for calcified fibroatheroma.

Use of IVUS in CA Interventions

The use of IVUS as an adjunct to CA interventions
was first reported by Wilson et al.!”” In that report, IVUS
was used to evaluate the results of CAS quantitatively
by measuring real-time luminal diameter. Several sub-
sequent reports have supported the diagnostic utility of
IVUS in CA disease. Tresukosol et al.'* reported on a pa-

2

tient who was found to have a 50% stenosis of the left
CCA on conventional angiography, whereas IVUS sub-
sequently revealed a 90% stenosis with complex super-
ficial calcification. This patient subsequently underwent
left CAS as a result. In an early CA study, Miskolczi et
al.’ reported that IVUS may have a higher sensitivity than
conventional angiography for detecting intimal thicken-
ing, concentric plaques, plaque surface ulceration, and
calcifications. A recent case from our institution in which
IVUS determined the degree of a stenosis on an ICA le-
sion that was indeterminate on conventional angiography
is illustrated in Fig. 2.

Increasing experience with IVUS during CA inter-
vention led to its use as a tool for evaluation of plaque
morphology and intramural lesions in addition to luminal
diameters, often resulting in a change in the endovascu-
lar strategy and potentially reducing the risk of embolic
strokes associated with CAS. In another case from our in-
stitution, IVUS accurately identified intraluminal throm-
bus after CA angioplasty (Fig. 3). The identification of
intraluminal lesions allowed the alteration of the treat-
ment strategy and guided the placement of an additional
stent to trap the extruded thrombus prior to the removal
of distal embolic protection. In fact, we have found the
greatest utility with IVUS in assessing the extrusion of
constrained plaque debris through the tines of the stent
following CAS. Conventional angiography often will not
allow detailed visualization of the small “cheese grated”
material, which may flow downstream and cause an em-
bolic stroke postprocedure. The IVUS modality reliably
detects these excrescences, allowing for remedial mea-
sures prior to the removal of distal embolic filters. Per-
haps this is of even greater value during procedures in
which proximal occlusion with flow arrest or flow rever-
sal during CAS is used. In these cases, the whole proce-
dure is completed while avoiding anterograde angiogra-
phy, which may push embolic debris intracranially. Use
of IVUS allows assessment of the stent without a need
for the injection of contrast material, such that flow rever-
sal can be maintained until stent patency is confirmed by
IVUS, and angiography is performed only after the flow
reversal is withdrawn.

The IVUS modality can also optimize and direct the
intervention by identifying residual stenosis, suboptimal
plaque coverage, dissection, and poor wall apposition. In
a series of 107 CAS procedures, Clark et al.? reported that
after a satisfactory result was determined by angiography,
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Fic. 2. Case 1. This 78-year-old man with a history of right carotid endarterectomy and bilateral CAS with subsequent an-
gioplasties for in-stent stenosis underwent routine transcranial Doppler studies that revealed right ICA velocities in the range of
500 cm/second. The patient subsequently underwent diagnostic angiography, and the result was equivocal (left, CCA injection,
lateral cervical view). In-stent stenosis could not be excluded, and the apparent jet flow (arrow) suggested the presence of a
high-grade stenosis. An IVUS study was then performed during the same procedure and revealed no significant in-stent stenosis
(right), despite the high Doppler velocities. The patient was discharged without intervention. Repeat Doppler studies obtained at
a different laboratory revealed right ICA velocities in the range of 140 cm/second.

subsequent IVUS findings resulted in additional treat-
ment in 9% of patients: 4 patients required poststent an-
gioplasty, 3 required additional stents to achieve complete
plaque coverage, and 3 were found to have malapposition

on conventional catheter-based angiography. With color-
flow IVUS, the probe can detect an abrupt change in the
size of the color flow once the transducer is moved from
the stenosis into the aorta, enabling precise identification

of the stent.

Finally, IVUS can be very useful for the special cir-
cumstance of CCA origin stent insertion.'” Accurate stent
placement at the CCA origin from the aortic arch is very
challenging due to poor visualization of the CCA origin

of the CCA origin and accurate stent placement.

Use of IVUS in Intracranial Interventions

The utility of IVUS can extend to intracranial le-

Fic. 3. Case 2. This 70-year-old woman with a history of left carotid endarterectomy and subsequent left CAS for symptomatic
restenosis presented with a left hemispheric transient ischemic attack 8 months after stent placement. Doppler imaging studies
demonstrated velocities of 700 cm/second within the stent, suggestive of high-grade in-stent stenosis. Conventional angiography
(A, AP view, left CCA injection) revealed 75% in-stent stenosis, and the patient underwent balloon angioplasty with no difficulties.
However, the final angiographic run (B, AP view, left CCA injection) revealed a subtle lucency starting just proximal to the stent
tines (arrow). An IVUS study was then performed (C), and the findings were consistent with an intraluminal thrombus within the
proximal stent at the 5:30 o'clock position (arrow). An additional stent was then placed proximal to the existing stent, with some
overlap. The final angiographic run showed good revascularization with no abnormalities (D, AP view, left CCA injection).
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sions. Most importantly, it is the only imaging modality
that details both the arterial wall and plaque composi-
tion of the intracranial circulation. We reported the first 2
successful applications of IVUS in intracranial interven-
tions.!® One patient underwent intracranial stent insertion
to treat an occlusive dissection of the left ICA (from the
petrous segment to the cavernous segment) that occurred
during arteriovenous malformation embolization. The
other patient underwent stent placement for high-grade
restenosis of the basilar artery. In the first patient, IVUS
accurately identified the entire length of the dissection
and prevented suboptimal stent coverage, which could
potentially lead to recurrence. In addition, the color-flow
feature of the IVUS equipment allowed the assessment
of proper stent apposition by confirming the cessation
of flow in the pseudolumen. In the second patient, IVUS
gave insight into the composition and morphological fea-
tures of the restenosis. The identification of a fibrous le-
sion after previous angioplasty suggested that the lesion
was safe for stent placement.” Moreover, IVUS provided
us with a confirmatory set of measurements that allowed
us to better choose our devices. Since our initial report,
there have been other papers supporting the use of IVUS
for intracranial lesions. Meyers et al.® reported the use
of IVUS to characterize both the degree of stenosis and
plaque composition in a petrous ICA atherosclerotic le-
sion. The patient subsequently underwent successful stent
placement.

Use of IVUS in Venous Interventions

Compared with arterial neurointerventions, the clini-
cal application of IVUS in the management of cerebral
venous circulation disease is less well established. In the
venous system, IVUS offers similar advantages of high-
resolution cross-sectional images and accurate measure-
ments of the degree of stenosis, detection of intraluminal
thrombus, and venous wall thickness. However, compared
with the arterial circulation, the venous system consists
predominantly of vessels with a large diameter and less
resistance, thus enabling navigation through a significant
portion of the intracranial venous vasculature, including
the transverse, sigmoid, and superior sagittal sinuses.

At Millard Fillmore Gates Circle Hospital, IVUS is
routinely used in conjunction with angiography to evalu-
ate diseases of cerebral venous outflow obstruction, in-
cluding dural sinus thrombosis and pseudotumor cerebri.
In both cases, IVUS can provide critical confirmatory in-
formation, such as the presence of intraluminal thrombus
in dural sinus thrombosis and the accurate assessment
of the degree of stenosis and its response to angioplasty
or stent insertion in the transverse sinus in patients with
pseudotumor cerebri. For patients with pseudotumor
cerebri who undergo angioplasty or stent insertion in the
transverse sinus, follow-up information regarding the lo-
cation, degree, and morphological features of the resteno-
sis or any in-stent stenosis can also be readily identified
by IVUS. In Fig. 4, a case from our institution is illus-
trated in which IVUS confirmed the persistent right-sided
transverse sinus stenosis following balloon angioplasty,
which led us to perform the subsequent stent placement
procedure.

4

P. Kan et al.

Fic. 4. Case 3. This 27-year-old woman with a history of benign in-
tracranial hypertension presented with worsening headache and blurry
vision. Despite long-term medical treatment with acetazolamide and
topiramate, as well as serial lumbar punctures, her headache continued
to worsen, and neurological examination revealed severe papilledema.
Computed tomography venography showed bilateral transverse sinus
stenosis, and the patient underwent angiography for further evaluation
of the degree of stenosis and possible stent placement. Diagnostic an-
giography confirmed severe transverse sinus stenosis bilaterally. The
patient underwent multiple balloon angioplasty attempts in the right and
left transverse sinuses, without any significantimprovement on the right.
A postangioplasty IVUS recording confirmed persistent severe stenosis
of the transverse sinus on the right (see arrow in cross-sectional IVUS
image). The patient subsequently underwent successful stent treatment
of the right transverse and sigmoid sinus. Postoperatively, her head-
aches and vision improved significantly.

Apart from cerebral venous occlusive disease, suc-
cessful application of IVUS has also been reported in
other venous interventions. Shindo et al."® reported the
use of [VUS-assisted transvenous embolization of a dural
arteriovenous fistula. In that case, [VUS was used to map
the exact fistulous sites formed to guide the transvenous
embolization.

Future IVUS Applications in Neurointerventions

The main restriction of IVUS for neurointerventional
applications at present is its use in the intracranial circu-
lation. This is related to limited navigability because of
the tortuosity and small luminal diameter of the distal
intracranial circulation as well as the limited flexibil-
ity and relatively large diameter of the IVUS catheter.
With smaller and softer catheters to improve navigabil-
ity, the use of IVUS could extend beyond the conditions
discussed in this review. For example, in acute ischemic
stroke, IVUS can delineate the composition of the culprit
lesion (calcific vs soft), which in turn would help to guide
the intervention (angioplasty or stent insertion for calcific/
atherosclerotic lesion and thrombolysis, thrombectomy,
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or clot retrieval for soft embolus). With respect to aneu-
rysms, IVUS could be used to define the neck better and
to understand aneurysm wall composition and intraaneu-
rysmal contents, such as thrombus.!3

Conclusions

The IVUS modality is a valuable adjunct to conven-
tional angiography in the treatment of extra- and intra-
cranial arterial and venous diseases. Through technical
advances in different IVUS modalities and availability of
smaller and softer catheters, its use could extend to dis-
eases that involve more distal arterial and venous vascu-
latures. Continued application of this underutilized diag-
nostic tool is important to accumulate a larger experience
of IVUS in the clinical setting of neurointervention.
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