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The development of novel MRI-guided therapeutic ultrasound methods including potentiated drug
delivery and targeted thermal ablation requires extensive testing in small animals such as rats and
mice due to the widespread use of these species as models of disease. An MRI-compatible,
computer-controlled three-axis positioning system was constructed to deliver focused ultrasound
exposures precisely to a target anatomy in small animals for high-throughput preclinical drug
delivery studies. Each axis was constructed from custom-made nonmagnetic linear ball stages
driven by piezoelectric actuators and optical encoders. A range of motion of 5�5�2.5 cm3 was
achieved, and initial bench top characterization demonstrated the ability to deliver ultrasound to the
brain with a spatial accuracy of 0.3 mm. Operation of the positioning system within the bore of a
clinical 3 T MR imager was feasible, and simultaneous motion and MR imaging did not result in
any mutual interference. The system was evaluated in its ability to deliver precise sonications
within the mouse brain, linear scanned exposures in a rat brain for blood barrier disruption, and
circular scans for controlled heating under MR temperature feedback. Initial results suggest that this
is a robust and precise apparatus for use in the investigation of novel ultrasound-based therapeutic
strategies in small animal preclinical models. © 2009 American Association of Physicists in Medi-
cine. �DOI: 10.1118/1.3115680�
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I. INTRODUCTION

MRI-guided focused ultrasound therapy is gaining use as a
noninvasive method for thermal tissue coagulation1–3 with
significant promise as a tool to potentiate biologic
therapies,4,5 achieve focal disruption of the blood-brain bar-
rier �BBB�, and generate targeted heating of tissue for drug
delivery and activation.6–8 Unlike tissue coagulation, how-
ever, the underlying mechanisms and optimal strategies for
using ultrasound to potentiate therapies are still under inves-
tigation. The widespread translation of this technology into
clinical practice still requires extensive testing in preclinical
models of human disease. Small animals such as rats and

mice are used frequently in biomedical research as models of
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human disease, and the small size of these animals makes
focused ultrasound experiments difficult. Often, the ultra-
sound beam focal volume is comparable to the size of the
target organs in these animals, requiring precise localization
of energy in order to avoid exposure �and consequent dam-
age� to surrounding structures.

Another challenge for the development of novel focused
ultrasound applications such as drug delivery across the
blood-brain barrier is the multitude of acoustic parameters
that influence the desired biologic effect. These include fre-
quency, pressure amplitude, exposure time, pulse duration,
and pulse repetition frequency.9 In addition, the type, con-

centration, and timing of the administered ultrasound con-
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trast agent are important parameters determining the biologi-
cal effect in the brain.9–12 The optimal exposure parameters
may vary for different therapeutic agents depending on their
size and properties.13 Given this multidimensional problem,
a large number of experimental investigations in small ani-
mal models may be required in order to elucidate both the
mechanisms and optimal delivery strategies for a particular
therapy. Focused ultrasound systems capable of delivering
precise exposures to the brains �or other organs� of small
animal models are an important tool for executing the studies
required to determine safe and effective operating parameters
for the clinical translation of novel therapeutic methods.

Performing focused ultrasound experiments in an MR im-
ager offers a number of advantages including the ability to
visualize anatomical targets in three dimensions and to moni-
tor and evaluate the therapeutic effects in vivo. Furthermore,
the temporal evolution of the response to therapy can be
evaluated since animals can be imaged repeatedly in longi-
tudinal studies. Experiments in the MR environment can be
challenging, however, due to the difficulty in developing ex-
perimental systems that are compatible with the strong mag-
netic fields present. Most of the studies performed in rodent
models with focused ultrasound in the MR environment have
been performed with manual positioning systems13–15 which,
in addition to being slow, limit the types of experiments pos-
sible to simple exposures of a few points in the brain. An
MRI-compatible focused ultrasound system capable of auto-
matically targeting and exposing arbitrary regions in the
brain in rodent models would be an important platform tech-
nology in the development of this field.

MRI-compatible positioning systems have been built pre-
viously for a variety of applications including surgical
robotics,16–18 biopsy procedures,19–21 and focused ultrasound
experiments in both humans and animals.3,22–26 Positioning
has been accomplished through the use of pneumatics, piezo-
ceramic motors, and hydraulic systems due to the inability to
use traditional motors in an MR imager. None of these sys-
tems have been specifically designed or characterized for de-
livering focused ultrasound exposures in small animals such
as rats and mice for studies in targeted drug delivery to the

FIG. 1. Schematic of the MRI-compatible focused ultrasound system for sm
travel in the vertical plane �z� is 2.5 cm. The spatial precision achievable w
brain. The purpose of this study was to develop a compact
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MRI-compatible system for focused ultrasound therapy in
small animal models and to evaluate its performance in a
closed-bore 3.0 T MR imager. A prototype system has been
used for over a year in ongoing focused ultrasound experi-
ments, and examples of the types of experiments achievable
with this technology are presented in order to demonstrate
the capabilities of this experimental platform for preclinical
MRI-guided focused ultrasound research.

II. MATERIALS AND METHODS

II.A. Positioning system

Accurate exposure of anatomical targets requires the ca-
pability to position the focal zone at a desired position. To
accomplish this, a three-axis motorized positioning system
was built using non-magnetic components. Linear motion
was achieved using piezoceramic actuators �HR4, Nanomo-
tion Ltd., Yokneam, Israel� and optical encoders �LIA20, Nu-
merik Jena, Jena, Germany�. Precision motion was achieved
by mounting the actuators onto a custom-made linear ball
slide for each axis. The ball slides were constructed of alu-
minum for the carriage and slide, with beryllium copper
races and ceramic balls. The linear ball slide design was
effective for horizontal motion but not suitable for vertical
motion caused by the unbalanced load on the stage due to the
gravitational forces. In order to achieve a more robust verti-
cal motion, a brass lead-screw driven ball slide was devel-
oped, with two piezoelectric actuators �HR2, Nanomotion
Ltd., Israel� rotating a ceramic ring attached to the lead
screw. 3D models of the horizontal and vertical axes are
shown in Fig. 1. The horizontal stages were capable of mov-
ing up to 10 kg reliably. A single linear axis was used to
perform simultaneous MR and ultrasound imaging in a pre-
vious study.27

An aluminum arm extending from the positioning system
was used to hold a focused ultrasound transducer for experi-
ments. The transducer was located in a water tank with an
opening at the top for the placement of animals to be ex-
posed to ultrasound energy. Embedded into the surface of the
tank at the acoustic window was a custom-made single-loop

imals. The maximum travel in the horizontal planes �x ,y� is 5 cm, and the
is system is approximately 0.05 mm.
all an
rf receive coil used to acquire high-resolution MR images in
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the vicinity of the exposed region of the tissue. The shape of
the rf coil was rectangular, and a hole was cut out in the
center to enable transmission of ultrasound. The size of the rf
coil was chosen to fit snugly around the skull of the animal
�rat/mouse� involved in the experiment. The tank was filled
with degassed water during experiments to ensure good
acoustic coupling of the animal to the transducer. All electri-
cal cables powering the motors and encoders were passed
into the magnet room through filtered low-pass connectors
on a grounded rf-penetration panel. The motion of the system
was achieved using a PCI-based servo controller �PCI-7344,
National Instruments, Austin, TX� under C�� control.

II.B. Generation of the ultrasound beam

The system used to generate the ultrasound energy in all
the experiments was comprised of a function generator
�model 395, Wavetek, San Francisco, CA�, RF amplifier
�240L, ENI, West Henrietta, NY�, and custom-made passive
L-C matching circuit. All of the electronics were located out-
side the magnet room, except for the passive matching cir-
cuit which was placed at the end of the patient table of the
MRI. The placement of the circuit at this location was due to
the presence of a ferromagnetic toroid used in the inductor.
The forward and reflected power was measured during power
delivery using a dual-directional coupler �C2625, Werlatone,
Brewster, NY� and an RF power meter �438A, Hewlett-
Packard, Santa Clara, CA�. For multi-point linear or circular
trajectories, the motion controller located on the control PC
produced a TTL signal upon reaching each position that was
used to trigger the function generator to either produce a
burst signal or to adjust the amplitude of the signal. The RF
signal to the ultrasound transducer was passed through a
grounded RF-penetration panel in the magnet room to elimi-
nate any interference.

II.C. Accuracy measurements

Range of motion and accuracy of spatial positioning were
measured for the prototype system both on the bench top and
in a closed-bore 3.0 T MR imager �Signa, GE Healthcare,
USA�. Accuracy was evaluated by performing fixed motion
paths and comparing measured with desired positions. The
motion paths ranged from fast linear raster scans �i.e., six
positions per second separated by 1 mm� to circular scans of
different radii. The accuracy with which the system returned
to its home position was also evaluated since this might be
performed multiple times during a typical experiment. Initial
tests in the MRI revealed that vibration of the patient table
during imaging transmitted to the positioning system and
caused undesirable drift in some of the axes of the positioner.
This was resolved by keeping the servomotors active during
imaging to counter these forces and maintain the stages fixed
in place.

The spatial accuracy of focused ultrasound delivery using
this system was evaluated initially in a series of gel experi-
ments. An absorbing gel phantom made from 15% gelatin
�Sigma-Aldrich, St. Louis, MO� was placed over the opening

and a series of target locations in the gel were chosen based
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on MR images. The gelatin phantom was chosen for simplic-
ity but is not necessarily an optimal absorber of ultrasound
energy. Subsequently, the positioning system moved the
transducer to each location and a continuous wave exposure
of ultrasound was delivered at the acoustic power of approxi-
mately 10 W with the intention of generating a localized
temperature elevation in the phantom. Gradient echo images
�FSPGR, TE=2.2 ms, TR=76 ms, 128�128, slice=3 mm,
FOV=12 cm, FA=30°� were acquired in rapid succession
�every 10 s� transverse to the ultrasound beam to visualize
the temperature changes in the gel manifested as a signal loss
in the magnitude images due to changes in T1. The accuracy
of the focal positioning was evaluated by measuring the dis-
tance �in MR coordinates� between the desired target posi-
tion and the measured location of heating.

II.D. Registration of MRI and positioner coordinates

All experiments described in this paper were performed
on a clinical 3 T closed-bore MR imager �GE Signa, GE
Healthcare, USA�. For all experiments, an initial calibration
between the coordinate space of the positioning system and
the MRI is performed by heating an absorbing gel �Kitecko;
3M, St. Paull, MN� placed in the beam path. The gel is
sonicated continuously at high power �15–20 W� to generate
localized temperature elevation. Successive gradient echo
images �FSPGR, TE=2.2 ms, TR=76 ms, 128�128, slice
=3 mm, FOV=12 cm, FA=30°� are acquired transverse to
the ultrasound beam at the focal location which depicts the
heating as a localized region of reduced signal intensity. The
focal location in depth is known based on the focal length of
the transducer �measured using a hydrophone tank�, as well
as measurements of the heating pattern made with MR ther-
mometry. The MRI coordinates of this localized heating are
measured and related to the positioning system coordinates.
This initial coordinate calibration enables all subsequent po-
sitioning to be prescribed and measured in the coordinates of
the MRI.

II.E. Single location sonications in the brain

A series of sonications was performed in the brains of
Swiss Webster mice �n=6�, weighing 30–40 g. These expo-
sures were performed to evaluate the capability to disrupt the
blood-brain barrier in the same brain location in multiple
animals. Two target regions within the midbrain �one in each
hemisphere, spaced 4 mm apart� were chosen, and focused
ultrasound exposures intended to disrupt the blood-brain
barrier28,29 were delivered. The ultrasound exposures were
delivered in 10 ms bursts at 1.08 MHz, with a repetition
frequency of 1 Hz. Immediately prior to sonication, a bolus
injection of ultrasound contrast agent �0.02 ml/kg, Definity,
Bristol Myers-Squibb, New York, NY� was administered
through the tail vein of the animals with a flush of saline
�0.1–0.2 ml�. The duration of the sonications was 5 min, and
the electrical power delivered to the transducer ranged from
0.25 to 1.0 W. The variation in power was not necessary for
this study and was performed as part of another parametric

study. The transducer used for these exposures was spheri-
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cally focused with a diameter of 7 cm and a focal length of
5.6 cm. The transducer efficiency was measured to be 80%.
This exposure regime is similar to previous studies aimed at
achieving local opening of the blood-brain barrier in mice.14

The individual exposures were performed separately with a
fresh injection of microbubbles prior to each sonication, with
a 5 min delay in between exposures to allow the ultrasound
contrast agent to clear from the body. The location of BBB
opening was measured with contrast-enhanced MR imaging
using a T1-weighted sequence �FSE-XL, TE=10 ms, TR
=500 ms, ETL=4, 256�256, FOV=6 cm, slice=1 mm�
after injection of an MR contrast agent �0.2 ml/kg, Omni-
scan, GE Healthcare, USA� to evaluate the spatial accuracy
of the sonications. The location of enhancement was defined
as the pixel with the maximum change in signal in the en-
hancing ROIs.

All animals were anesthetized in these acute experiments
using a mixture of ketamine �0.1 mg/10 g bodyweight� and
xylazine �0.07 mg/10 g bodyweight� injected intraperito-
neally. Further injections �typically one-half the initial dose�
were administered intraperitoneally every hour as required
during the experiment depending on the duration. For all
exposures the hair on the skull that lay in the path over the
ultrasound beam was removed by shaving and depilation.
The mice were positioned supine on the focused ultrasound
exposure system with their skull positioned over the opening
such that the brain was located at the focal depth of the
beam. The head was placed at an appropriate angle to ensure
the skull bone was transverse to the ultrasound beam to mini-
mize beam refraction �Fig. 2�. Target locations were selected
from coronal or sagittal T2-weighted MR images �FSE-XL,
TE=70 ms, TR=2000 ms, ETL=4, FOV=6 cm, 128
�128, slice=1 mm�.

II.F. Multiple spot sonications

One of the features of the prototype system that can be
used to increase the throughput of treatments is the capability
to cover multiple spots very quickly. This enables larger re-
gions of the brain to be exposed after a single injection of

FIG. 2. General experimental setup for all the experiments using the focused
ultrasound system. The difference between experiments was the positioning
of the animal over the transducer and the ultrasound exposure performed in
the body.
microbubbles without sacrificing the desired pulse repetition
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frequency for a given point. Recent results suggest that BBB
opening can be achieved with a delay of up to 2 s between
successive bursts of ultrasound, as measured with contrast-
enhanced MR imaging.9 In most experiments, only one loca-
tion is sonicated at a time, and the system simply waits be-
tween bursts. The prototype system described in this paper is
capable of translating to multiple positions in between soni-
cations to deliver bursts to a series of targets before returning
to the original location within 2 s. Given the speed of the
positioning system, up to 12 separate locations �1–2 mm
apart� could be exposed every 2 s which is sufficient to cover
almost the entire brain in a small rodent such as the mouse.
This interleaved approach reduces the experimental time to
expose a specific number of locations in the brain by a factor
of the number of locations and is illustrated in Fig. 3.

The capability to disrupt the BBB in multiple locations
after a single bolus injection with this interleaved approach
was evaluated in a rat model. Six rats �Wistar, 300–500 g�
were used for this experiment, and the general experimental
method with respect to anesthetic, positioning, and imaging
was similar to those described above in the mice. In these
experiments, however, a linear raster scan of four exposures
�spaced 1.5 mm apart� was delivered to the right hemisphere
of the brain after a single bolus injection of microbubbles.
The exposures were delivered in 10 ms bursts at 0.558 MHz,
and the total exposure time was 5 min. A spherically focused
transducer with a 10 cm diameter and 8 cm focal length was
used. The efficiency was measured to be 80% for this trans-
ducer. The system moved rapidly to all four points, ensuring
that each location was exposed to ultrasound at a repetition
frequency of 1 Hz. The capability to achieve BBB opening
with this exposure was evaluated using contrast-enhanced

FIG. 3. Increased throughput of BBB experiments can be achieved by using
a multiple spot sonication approach with the positioning system. A conven-
tional approach to sonicating multiple locations is shown in �a� where each
location is sonicated at a repetition frequency of 1 Hz after an initial injec-
tion �i� of microbubbles, and then the same process is repeated for each
point �leaving approximately 5 min in between to enable the bubbles to clear
the system�. The modified approach in �b� uses the capability of the posi-
tioning system to translate to six locations per second to interleave the
exposures such that each location still gets sonicated at a repetition fre-
quency of 1 Hz. This approach can result in a significant reduction in time,
as well as avoids multiple injections into small animals such as mice.
T1-weighted MR images, as described above.
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II.G. MRI-controlled scanned ultrasound heating

Another feature of this positioning system is the capabil-
ity to move a transducer during MR imaging without any
mutual interference between the scanner and the system.
This opens up the possibility for many types of experiments
including scanned ultrasound heating with continuous MR
temperature monitoring and feedback for the delivery of pre-
cise spatial heating patterns in tissue. The capability of the
positioning system to perform scanned heating experiments
during MR imaging was evaluated in a series of experiments
in excised turkey breast. The tissue was placed over the
acoustic window in the path of the acoustic beam, and
scanned heating was performed using a spherically focused
transducer �2.787 MHz, 5 cm diameter, 10 cm focal length�.
The scan path of the transducer was chosen to be circular in
the xy plane, with radii between 2.5 and 10 mm. The period
of rotation was chosen to be 1 s, and 10 W of acoustic power
was delivered continuously to the tissue sample during 60 s
of motion. A coronal temperature map was acquired in the
plane of the focal spot to measure the spatial heating pattern
produced by the scanned transducer. Temperature maps were
acquired with the proton resonant frequency �PRF� shift
method using a gradient echo sequence with the following
parameters: �FSPGR, TE=10 ms, TR=38.6 ms, 128�128,
slice=3 mm, FOV=10 cm, FA=30°�, with a temporal res-
olution of 5 s. Temperature maps were acquired with the
positioner stationary, scanning without power delivery, and
scanning with power delivery to quantify the contribution of
the system itself to any systematic errors in the temperature
measurements due to the sensitivity of the PRF method to
changes in magnetic fields.

III. RESULTS

The bench top characterization of the positioning system
revealed a spatial accuracy of 0.01 mm for the stage in all
three axes, measured using a dial indicator with sufficient
resolution. Linear speeds up to 1 mm/s were achieved verti-
cally, with a maximum speed of 10 mm/s in the horizontal
axes. The tests in the MRI demonstrated the ability to move
to desired positions while located in the bore of the 3.0 T
imager with no mutual interference observed between the
two systems. The activation of the motors in the MR imager
ensured that no unwanted translation of the linear stages oc-
curred during MR imaging, and no reduction in the SNR of
images were observed.

Figure 4 shows the capability of the system to target mul-
tiple regions in the gel phantom in three dimensions with
high accuracy. The regions of localized heating, depicted by
the loss of signal intensity, coincided closely with the target
position in all images. The top left image of Fig. 4 exhibits
an anomalous increase in signal intensity, which could have
been due to liquefaction of the gel due to excessive heating,
resulting in a differential change of T1. The target and deliv-
ered locations, as well as the distance between these points,
are given in Table I, with an average spatial positioning error

of 0.29�0.08 mm from the target position.
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Figure 5 shows postsonication T1-weighted contrast-
enhanced MR images of the brains of the mice exposed to
focused ultrasound in two locations of the brain. The local-
ized increase in signal intensity in the two sonicated regions
depicts successful BBB opening in all of the animals. In
addition, the consistency of the placement of the sonications
is evident from the images. The desired separation between
the two exposures was 4 mm, and the average measured
separation was 3.8�0.4 mm.

Figure 6 shows the results of the interleaved multiple spot
exposure in a rat brain. The coronal and saggital T1-weighted
contrast-enhanced images obtained after ultrasound exposure
depicts four localized regions of signal enhancement corre-
sponding to the target locations within the brain. The varia-
tion in the spacing is likely due to variation in the skull
thickness and angle causing slight shifts in the position of the
acoustic focal volume at each location.

The results of the scanned heating experiments are shown
in Fig. 7. During a circular scan �no ultrasound power deliv-
ery� with a 2.5 mm radius and period of 1 s �trajectory shown
by the dashed circle in Fig. 7�b��, the mean temperature in a
5�5 mm2 ROI centered about the scan trajectory varied
between �0.3 and 1.2 °C. Without scanning, ROI tempera-
ture measurements fluctuated between �0.7 and 0.2 °C over
the same length of time. The maximum temperature distribu-
tions �top� show that these fluctuations vary spatially but
remained on the same order as the measurement uncertainty
of the static case. During scanned heating �Fig. 7�c��, a large
and continuous circular heating pattern was produced in the
tissue sample, and the rise and fall of heating in the 5�5

FIG. 4. Sonications in four separate locations in a gel phantom. The target
location is shown by the dashed circle in each panel, and the actual focal
spot location is depicted as a region of altered signal intensity within the
circle due to local heating in the gel phantom. All images are transverse to
the ultrasound beam direction. The white scale bar represents 10 mm.
ROI are clearly visualized.
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IV. DISCUSSION

An MRI-compatible focused ultrasound system designed
for use with small animal models has been developed and
characterized. The system is capable of positioning an ultra-
sound focal volume in three dimensions with a spatial accu-
racy of about 0.3 mm and can be used to deliver multiple
spots along a desired trajectory. The excellent MRI compat-
ibility of the system enables simultaneous imaging and mo-
tion with the system without mutual interference. These fea-
tures were obtained through the use of custom non-magnetic
linear stages driven by piezoceramic motors and optical en-
coders. Both the motors and encoders are driven by sinu-
soidal signals at frequencies much lower than the bandwidth
of the MR imager ��40–100 kHz� enabling good isolation
between the two systems. The range of motion of the system
�5 cm horizontal, 2.5 cm vertical� is sufficient for small ani-
mal studies but could easily be extended to over 20 cm in the
horizontal directions with the current stage design if desired.

The interleaved approach shown in Fig. 6 to open the
BBB in multiple locations in the rat brain from a single
contrast agent injection is an attractive feature of this tech-
nology. This approach has three main benefits. The first is the
reduction in time for a single experiment in an animal by up
to as much as a factor of 6. This represents very important
savings in time when considering experiments in the MR

TABLE I. Target ultrasound exposure locations in a gel phantom �in MR imag
�delivered�. The mean absolute distance between the delivered and planne
measurements was attributed to the initial calibration of the focal spot locat

Location

Target

L/R A/P S/I

1 6.3 L 13.4 A 16 S
2 7.7 R 13.4 A 3.4 I
3 6.3 L 13.4 A 4.1 I
4 1.7 R 17.4 A 5.2 S
5 0.7 R 9.4 A 13.5 S
6 0.7 R 9.4 A 3.7 I
Average

FIG. 5. Multiple exposures in a mouse model, repeated successively in five a
focal spot placement in the brains of all the animals. The reduced signal int
spacing between the exposures is approximately 4 mm. The bottom panels

represent 5 mm. The width of the images is approximately 1.4 cm.
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imaging environment. The second benefit is the generation of
a desired bioeffect at the same time in multiple locations,
which enables the use of a single contrast-enhanced MR im-
age to evaluate the overall extent of BBB opening in the
brain. This is important since the MR contrast agents can
have some level of toxicity in the brain, which could be
compounded with multiple injections. In addition, the time
dependence of the extent of BBB opening makes quantitative
analysis of the signal intensity on contrast-enhanced MR im-
ages difficult if the sonications were delivered at different
times. The final benefit of this approach is the capability to
perform the entire experiment with only a single injection of
ultrasound and MR contrast agents. This reduces the volume
of fluids injected into the animal, which is very important in
smaller and more sensitive species such as mice. The inter-
leaved sonication strategy can also be extended to other ap-
plications requiring intermittent pulses of ultrasound in loca-
tions other than the brain.30,31 Beyond BBB disruption, this
system has applications in a range of therapeutic ultrasound
experiments. In particular, the system can be used to deliver
continuous exposures of ultrasound precisely to soft tissue
targets for heating and other bioeffects in raster, scanned, or
other spatial patterns. The capability to perform simultaneous
MR imaging and motion enables on-line temperature mea-
surements of the spatial heating pattern during energy deliv-

ordinates� and the corresponding locations measured with MR thermometry
cations was 0.3 mm. The increase in error compared with the bench top
rior to the measurements.

Delivered
�R�

�mm�L/R A/P S/I

6.2 L 13.6 A 15.8 S 0.35
7.9 R 13.6 A 3.6 I 0.39
6.2 L 13.6 A 4.4 I 0.35
1.8 R 17.3 A 5.2 S 0.16
0.7 R 9.4 A 13.2 S 0.26
0.8 R 9.4 A 3.9 I 0.26

0.29� .08

ls. Repeatable opening of the blood-brain barrier is achieved with consistent
in the lower-right sonication � �� may be indicative of tissue damage. The

erpendicular to the top panels along the dotted line in 1, and the scale bars
ing co
d lo
ion p
nima
ensity
are p
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ery. The heating experiments in Fig. 7 demonstrate the fea-
sibility of accurate temperature imaging using the PRF
technique during circular scanning, enabling this system to
continuously heat volumes greater than the focal volume un-
der MR temperature feedback control. These trajectories are
easily selected and modified, allowing greater flexibility and
reduced complexity than phased array systems for customiz-
ing target regions during small animal experiments.

A similar exposure pattern could be delivered with phased
array transducer systems; however, this would require com-

FIG. 6. Example of a scanned linear exposure in a rat brain aimed at opening
the BBB in a larger volume of the brain. Four exposures separated by 1.5
mm were delivered in a linear scan, approximately 0.25 s apart, resulting in
an individual repetition frequency of 1 Hz for each spot. The overall expo-
sure lasted 5 min. The white scale bar represents 5 mm. The coronal �left�
and saggital �right� contrast-enhanced images show the region of signal
enhancement corresponding to local opening of the BBB.

FIG. 7. Example of using the positioning system to perform scanned ultrasou
temperature distribution measured in excised turkey breast with �a� the posit
of 1 s, and �c� moving in the same circular path with 10 W of acoustic ene
energy was delivered in �a� or �b�. The bottom row shows the mean temperat

of the positioning system on the MR thermometry measurements.
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plex electronics to achieve the appropriate phase delays. The
switching speed of a phased array design would be faster
than the motor system which is limited by the maximum
velocity of the motors to delivering up to six spots per sec-
ond with the current design. The level of repeatability and
speed achieved with this system is still sufficient to enable
high-throughput investigation of drug delivery to the brain
using focused ultrasound in small animal models. We envi-
sion this platform as being suitable for investigating novel
delivery strategies and approaches to inform the subsequent
design of more customized phased array systems for ad-
vanced preclinical or clinical use.

The degradation in the accuracy of spatial positioning in
the MRI as compared with the bench top tests was most
likely due to errors in calibration of the transducer focal po-
sition in MR imaging coordinates at the beginning of the
experiment using the method described above. In addition
some of the uncertainty in positioning in the brain studies is
due to the potential refraction of the ultrasound beam as it
passes through the skull bone. Nonetheless, the accuracy of
ultrasound delivery in these experiments was on the order of
the pixel dimensions in the MR images, which is acceptable.

Overall, the MRI-compatible positioning system de-
scribed in this manuscript is well adapted in performing
high-throughput focused ultrasound experiments in small
animal models for the development of drug delivery strate-

ating with simultaneous MR thermometry. The top row shows the maximum
stationary, �b� moving in a circular path with a 2.5 mm radius and a period

elivered for 60 s in order to produce a large heating pattern. No ultrasound
f a 5�5 mm2 ROI that depicts the minimal impact presented by the motion
nd he
ioner
rgy d
ure o
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gies in the brain and other organs. Rapid exposure of large
regions in the brain can be achieved in short times using an
interleaved approach, with the ability to target specific ana-
tomical regions within the body.
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