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FOCUSED ULTRASOUND SYSTEM WITH MRI
SYNCHRONIZATION

FIELD OF THE INVENTION

[0001] The present invention relates generally to systems
and methods for minimizing interference between a mag-
netic imaging (“MRI”) system and other electrical or elec-
tronic systems used in conjunction with an MRI system,
such as focused ultrasound and/or ultrasound imaging sys-
tems, and more particularly to systems and methods for
synchronizing changes in operating parameters or other
electrical activities, e.g., during focused ultrasound proce-
dures, with the timing of magnetic resonance imaging
cycles.

BACKGROUND

[0002] Focused ultrasound systems have been suggested
for directing heat to a target tissue region within a patient,
such as a cancerous or benign tumor, to necrose or otherwise
treat the tissue region with thermal energy. For example, a
piezoelectric transducer located outside the patient’s body
may be used to focus high intensity acoustic waves, such as
ultrasonic waves (acoustic waves with a frequency greater
than about twenty kilohertz (20 kHz), and more typically
between fifty kiloHertz and five Megahertz (0.05-5 MHz)),
at an internal tissue region of a patient to therapeutically
treat the tissue region. The ultrasonic waves may be used to
ablate a tumor, thereby obviating the need for invasive
surgery.

[0003] During such procedures, it is often desirable to
image the tissues being treated, for example, using magnetic
resonance imaging (“MRI”). Generally, an MRI system
includes a static field magnet, a gradient field amplifier, a
radio frequency (“RF”) transmitter, and an RF receiver. The
magnet includes a region for receiving a patient therein, and
provides a static, relatively homogeneous magnetic field
over the patient. A gradient field amplifier generates mag-
netic field gradients that vary the static magnetic field. The
RF transmitter transmits RF pulse sequences over the patient
to cause the patient’s tissues to emit MR response signals.
Raw MR response signals may be sensed by the RF receiver
and then passed to a computation unit that computes an MR
image, which may then be displayed.

[0004] An MRI system may be used to plan a procedure,
for example, before a surgical or minimally invasive proce-
dure, such as a focused ultrasound ablation procedure. A
patient may initially be scanned in an MRI system to locate
a target tissue region and/or to plan a trajectory between an
entry point and the tissue region in preparation for a proce-
dure. Once the target tissue region has been identified, MRI
may be used during the procedure, for example, to image the
tissue region and/or to guide the trajectory of an external
ultrasound beam to a target tissue region being treated. In
addition, an MRI system may be used to monitor the
temperature of the tissue region during the procedure, for
example, to ensure that only the target tissue region is
destroyed during an ablation procedure without damaging
surrounding healthy tissue.

[0005] One of the potential problems encountered when
using MRI to image a focused ultrasound procedure is
interference between the MRI system and the focused ultra-
sound system. An MRI system may be sensitive to radio
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frequency (“RF”) signals, particularly those within the band-
width used by the MRI system (which, for 1.5 Tesla MRI
systems, generally is centered about sixty three MegaHertz
(63 MHz)). In particular, transient signals, such as those
used to drive a focused ultrasound system, may generate
wide band noise and/or may radiate harmonics within the
sensitive range of the MRI system. This noise may interfere
with the MRI system, particularly when the RF receiver is
activated and detecting MR response signals.

[0006] Accordingly, systems and methods for improving
the results of magnetic resonance imaging during focused
ultrasound procedures would be useful.

SUMMARY OF THE INVENTION

[0007] The present invention is directed generally to sys-
tems that operate in synchronization with a magnetic reso-
nance imaging (“MRI”) system, for example, during thera-
peutic, imaging, diagnostic, and/or other ultrasound
procedures. Operation of these systems may be synchro-
nized with operation of the MRI system to minimize inter-
ference between the systems. Preferably, systems and meth-
ods are provided for performing focused ultrasound
procedures being monitored using magnetic resonance
imaging, and more particularly to systems and methods for
synchronizing active operations, such as changes in sonica-
tion parameters, burst transmissions, channel sampling, and
the like, during focused ultrasound procedures with the
timing of magnetic resonance imaging cycles to minimize
interference with sensitive segments of the MRI process.

[0008] In accordance with one aspect of the present inven-
tion, a system is provided that includes an (“MRI”) system,
and a focused ultrasound system. The MRI system generally
includes a static field magnet for generating a substantially
static, homogenous magnetic field, a gradient field amplifier
for varying the magnetic field in a predetermined manner,
and a radio frequency (“RF”) transmitter/receiver. The RF
transmitter/receiver may include an RF transmitter for gen-
erating RF signals, e.g., pulse sequences, and a scparate
receiver for detecting MR responses of tissue. Alternatively,
the RF transmitter/receiver may be a single device config-
ured to operate alternatively in transmit and receive modes.
The MRI system may include an MRI controller for pro-
viding a timing sequence or otherwise controlling operation
of the RF transmitter/receiver and/or other components of
the MRI system.

[0009] The focused ultrasound system (“FUS”) includes a
piezoelectric transducer, drive circuitry coupled to the trans-
ducer, and an FUS controller coupled to the drive circuitry.
The drive circuitry is configured for providing drive signals
to the transducer, which may include one or more transducer
elements, such that the transducer emits acoustic energy
towards a target tissue region within the patient’s body.

[0010] The FUS controller is configured for controlling
the drive circuitry to change parameters of the drive signals
or otherwise activate the focused ultrasound system at one or
more times during the timing sequence that substantially
minimize interference with the MRI system detecting MR
response signals generated by the patient’s body. For
example, the FUS controller may determine the timing
sequence of the MRI system and control the drive circuitry
based upon the timing sequence of the MRI system. Pref-
erably, the FUS controller controls the drive circuitry to
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change parameters of the drive signals, e.g., frequency,
amplitude, and/or phase, and/or perform other transient
operations only when the MRI system transmits RF signals.
Thus, the FUS controller may maintain the parameters of the
drive signals substantially constant when the MRI system is
detecting MR response signals emitted by the patient’s body.

[0011] In one embodiment, an interface is provided for
sampling timing signals generated by the MRI system, the
timing signals being used to instruct the RF transmitter/
receiver to transmit RF signals or to detect MR response
signals. Preferably, the interface includes a cable for con-
necting to a timing sequence sampling port of the MRI
system to the FUS controller. The FUS controller may
change parameters of the drive signals only at one or more
times during the timing sequence that minimize interference
with the MRI system detecting MR response signals, as
described above.

[0012] In an alternative embodiment, an antenna or other
sensor may be coupled to the controller for detecting the RF
signals transmitted by the MRI system. The FUS controller
may use data obtained by the antenna to determine when the
MRI system is beginning or terminating transmission of RF
signals and/or detecting MR response signals, and control
the focused ultrasound system accordingly.

[0013] In a further alternative, the FUS controller may
synchronize clocks driving the MRI system and the trans-
ducer to obtain a synchronization constant relating clock
speeds of the clocks. A delay between when the MRI system
is initially activated and when the MRI system begins
transmitting RF signals may be determined, e.g., empiri-
cally. The FUS controller may then determine the timing
sequence of the MRI system by adjusting a predetermined
cycle period of the MRI system by the delay and by the
synchronization constant.

[0014] In accordance with another aspect, a method is
provided for performing a focused ultrasound procedure
being monitored using magnetic resonance imaging. Radio
frequency (RF) pulse sequences are transmitted over the
patient’s body, e.g., using an MRI system, such as that
described above. A piezoelectric transducer may be driven
with electrical drive signals such that the transducer emits
acoustic energy towards a target tissue region within the
patient’s body. MR response signals generated by tissue
within the patient’s body in response to the RF pulse
sequences may be detected, e.g., by a receiver of the MRI
system. Any activities generating signals that may interfere
with the MRI receiver, e.g., by the focused ultrasound
system and/or other electrical or electronic devices, may be
synchronized with the MRI system, such as changing
parameters of the drive signals to the transducer, sampling
channels, and the like. Preferably, these “noisy” activities
are performed only during the transmit phase of the MRI
cycle, thereby substantially minimizing interference with
detecting the MR response signals during the receive phase
of the MRI cycle.

[0015] Other objects and features of the present invention
will become apparent from consideration of the following
description taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Preferred embodiments of the present invention are
illustrated by way of example, and not by way of limitation,
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in the figures of the accompanying drawings, in which like
reference numerals refer to like components, and in which:

[0017] FIG. 1 is a schematic diagram of a system for
performing MRI-guided focused ultrasound procedures, in
accordance with the present invention.

[0018] FIG. 2 is a schematic diagram of a focused ultra-
sound system, for use with the system of FIG. 1.

[0019] FIG. 3 is a top view of an exemplary embodiment
of a transducer array, for use with the focused ultrasound
system of FIG. 2.

[0020] FIGS. 4A-4C are graphs, showing activities of a
focused ultrasound system synchronized with a timing
sequence of an MRI system, in accordance with the present
invention.

[0021] FIG. 5 is an alternative embodiment of a system
for performing MRI-guided ultrasound procedures, in accor-
dance with the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0022] Turning now to the drawings, FIGS. 1-3 show a
preferred embodiment of an MRI-guided focused ultrasound
system 10, in accordance with the present invention. The
system 10 generally includes a focused ultrasound system 12
and a magnetic resonance imaging (“MRI”) system 50. The
focused ultrasound system 12 generally includes a piezo-
electric transducer 14, drive circuitry 16, and a controller 18
(hereinafter referred to as the FUS controller).

[0023] With particular reference to FIGS. 2 and 3, the
transducer 14 is preferably a transducer array formed from
piezoelectric material constructed as is known to those
skilled in the art. In a preferred embodiment, the transducer
14 may have a concave or bowl shape, such as a “spherical
cap” shape, i.c., having a substantially constant radius of
curvature such that the transducer 14 has an inside surface
20 defining a portion of a sphere. Alternatively, the trans-
ducer 14 may have a substantially flat configuration (not
shown), and/or may include an outer perimeter that is
generally, but not necessarily truly, circular (not shown).

[0024] FIG. 3 shows an exemplary embodiment of a
transducer 14 that is divided radially into six (6) concentric
rings and circumferentially into eight (8) sectors, thereby
dividing the transducer 14 into forty eight (48) transducer
elements 22. Alternatively, the transducer 14 may be divided
into any desired number of rings and/or sectors (not shown).
In a preferred embodiment, the transducer 14 has an outer
diameter of between about eight and twelve centimeters
(8-12 cm), a radius of curvature 16 between about eight and
sixteen centimeters (8-16 ¢m), and includes between [ -
___ ] rings and between four and sixteen (4-16) sectors.

[0025] In alternative embodiments, the transducer 14 may
include one or more transducer elements having a variety of
geometric shapes, such as hexagons, triangles, squares, and
the like, and may be disposed about a central axis 28,
preferably but not necessarily, in a substantially uniform or
symmetrical configuration. The configuration of the trans-
ducer 14, however, is not important to the present invention,
and any of a variety of known ultrasound transducers may be
used, such as flat circular arrays, linear arrays, and the like.
Additional information on the construction of a phased array
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transducer appropriate for use with the present invention
may be found, for example, in C. Cain and S. Umemura,
“Concentric-Ring and Sector-Vortex Phased-Array Applica-
tors for Ultrasound Hyperthermia,” IEEE Transactions on
Microwave Theory and Techniques, vol. MTT-34, no. 5,
pages 542-551 (May 1986); and T. Fjield and K. Hynynen,
“The Combined Concentric-Ring and Sector-Vortex Phased
Array for MRI Guided Ultrasound Surgery,” IEEE Trans-
actions on Ultrasonics, Ferroelectrics, and Frequency Con-
trol, vol. 44, no. 5, pages 1157-1167 (Sept. 1997), the
disclosures of which are expressly incorporated herein by
reference.

[0026] Returning to FIG. 1, the transducer 14 is mounted
within a chamber 32 filled with degassed water or similar
acoustically transmitting fluid. The chamber 32 may be
located within a table 30 upon which a patient 40 may be
disposed or within a fluid-filled bag mounted on a movable
arm that may be placed against a patient’s body (not shown).
The transducer 14 is coupled to the drive circuitry 16, and/or
the FUS controller 18 for generating and/or controlling the
ultrasonic energy emitted by the transducer 14, as described
further below.

[0027] A positioning system 34 may be connected to the
transducer 14 for mechanically moving the transducer 14 in
one or more directions, and preferably in any of three
orthogonal directions. Alternatively, a focal distance (a
distance from the transducer 14 to a focal zone 38 of the
ultrasonic energy emitted by the transducer 14) may be
adjusted electronically, e.g., using known methods, or using
a combination of mechanical and electronic positioning.
Exemplary transducers and positioning systems are dis-
closed in co-pending application Ser. Nos. 09/556,095, and
09/557,078, both filed Apr. 21, 2000. The disclosures of
these references and any others cited therein are expressly
incorporated herein by reference.

[0028] The top of the table 30 generally includes a flexible
membrane 36 that is substantially transparent to ultrasound,
such as mylar, polyvinyl chloride (PVC), or other suitable
plastic material. A fluid-filled bag (not shown) may be
provided on the membrane 36 that may conform easily to the
contours of the patient 40 disposed on the table 30, thereby
acoustically coupling the patient 40 to the transducer 14
within the chamber 32. In addition or alternatively, an
acoustic gel, water, or other fluid (not shown) may be
provided between the patient 40 and the membrane 36 to
facilitate further acoustic coupling.

[0029] With particular reference to FIG. 2, each of the
transducer elements 22 is individually coupled to the drive
circuitry 16 in a conventional manner. The drive circuitry 16
is configured to provide electrical drive signals 17 to the
transducer elements 22 at one or more frequencies, prefer-
ably at radio frequencies (RF), for example, between about
0.5-10 MHz, and more preferably between about 1.0 and 2.0
MHz. When electrical drive signals 17 are provided to the
transducer elements 22, the transducer 14 emits ultrasonic
energy from its inside surface 20, as is known to those
skilled in the art.

[0030] The FUS controller 18 is coupled to the drive
circuitry 16 for controlling several aspects of the drive
signals 17 generated by the drive circuitry 16, such as
amplitude, frequency, and/or phase. For example, the FUS
controller 18 may control the amplitude of the drive signals
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17 to control the intensity of ultrasonic energy delivered by
the transducer 14, in a substantially conventional manner.

[0031] In addition, the FUS controller 18 may control a
phase component of the drive signals 17 to respective
transducer elements 22 to control a shape of a focal zone
generated by the transducer 14 and/or to move the focal zone
to a desired location. For example, the FUS controller 18
may control the phase shift of the drive signals based upon
a radial position of respective transducer elements 22, ¢.g.,
to adjust a focal distance of the focal plane (i.e., the distance
from the face of the transducer to the center of the focal
zone). In addition or alternatively, the FUS controller 18
may control the positioning system 34 to move the trans-
ducer 14, and consequently the location of the focal zone 38
of the transducer 14, to a desired location, i.c., within the
target tissue region 42.

[0032] Preferably, the FUS controller 18 is also configured
for synchronizing and/or otherwise controlling the drive
circuitry 16 and/or the transducer 14 to substantially mini-
mize interference with the MRI system 50, as described
further below.

[0033] Returning to FIG. 1, the MRI system 50 includes
a static field magnet 52, a gradient field amplifier 54, a radio
frequency (“RF”) transmitter 56, an RF receiver 58, a
control processor 64 (hereinafter referred to as the MRI
controller), and a computation unit 60 that may acquire
images of the patient 40, ¢.g., the tissue structure 42. The
magnet 52 includes a region for receiving a patient 40
therein, and provides a static, relatively homogeneous mag-
netic field over the patient 40, as is well known in the art.
The gradient field amplifier 54 generates magnetic field
gradients that vary the static magnetic field in a known
manner.

[0034] The RF transmitter 56 generates and transmits RF
pulse sequences or other signals over the patient 40 to cause
the tissue structure 42 to emit MR response signals, which
may include free induction decay (FID) signals and/or echo
signals. In a preferred embodiment, the RF transmitter 56
includes RF coils (not shown) in the magnet 52, and a pulse
transmitter (also not shown), which may have a pulse
transmitter frequency supplied by a synthesizer (not shown)
and/or controlled by the MRI controller 64.

[0035] Raw MR response signals may be sensed by the
receiver 58, which may include a separate set of RF coils
(not shown) from the RF transmitter 50. Alternatively, an RF
transmitter/receiver (not shown) may be provided that is
configured to operate alternately in a transmit mode to
transmit RF pulse sequences and in a receive mode to
receive the MR response signals. For this alternative
embodiment, the MRI controller 64 may control this opera-
tion, for example, by switching the RF coils of the RF
transmitter 56 between the transmit and receive modes.

[0036] During operation, the MRI controller 64 may pro-
vide and/or otherwise control a timing sequence used to
operate the MRI system 50. The MRI system 50 may be
operated using a predetermined timing sequence, €.g., hav-
ing a substantially constant period. The timing sequence
may include one or more signals instructing the RF trans-
mitter 56 to transmit RF pulse sequences, and/or instructing
the receiver 58 to listen for MR response sequences.

[0037] Turning to FIG. 4A, the MRI controller 64 may
generate an RF transmit/receive signal, e.g., a gated signal.
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This signal may be used to activate the RF transmitter 56
and/or the receiver 58, or alternatively separate signals may
be provided to the transmitter 56 and/or receiver 58. The
timing sequence may include imaging cycles having a
period between about ten and fifty milliseconds (10-50 ms),
and preferably about thirty milliseconds (30). During each
cycle, the MRI controller 64 may initially provide a signal
at point “a” to activate the RF transmitter 56 for a relatively
short duration labeled Tp s nesarr 10 FIG. 4A, e.g., between
about one to three milliseconds (1-3 ms), until discontinued
at point “b.” The RF transmitter 56 may transmit one or
more pulse sequences during this portion of the cycle, or
alternatively may be activated multiple times (not shown).
After a predetermined delay or immediately upon termina-
tion of the transmit signal, the MRI controller 64 may
provide a signal at point “c” to activate the receiver 58 until
discontinued at point “d.” The receiver 8 may remain active
until the beginning of the next cycle, or alternatively, the
receiver 58 may be activated at multiple times during the
cycle, e.g., during portions of the cycle when the patient’s
body is expected to produce MR response signals.

[0038] The MR response signals may be passed from the
receiver 58 to the computation unit 60, which may include
an analog-to-digital converter and/or an image processor
(both not shown), that computes an MR image. The com-
putation unit 60 may then display the MR images on a
display 62.

[0039] The MRI system 50 may use a variety of RF pulse
sequences to generate MR images. In addition or alterna-
tively, the MRI system 50 may employ real-time tempera-
ture-sensitive pulse sequences to rapidly acquire tempera-
ture-sensitive images of the patient 40. Optionally,
temperature-sensitive images may be superimposed on other
medical diagnostic images (such as conventional MR
images) or provided on separate displays. Preferably, both
the tissue structure 42 and regions heated by the focused
ultrasound system 12 may be imaged simultaneously,
thereby enabling an operator to accurately position the
heated region, i.e., the focal zone 38, to correspond to the
target tissue region 42. Additional information on systems
and methods for obtaining temperature-sensitive MR images
may be found in co-pending application Ser. No. 09/696,
624, filed Oct. 20, 2000, the disclosure of which is expressly
incorporated herein by reference.

[0040] Returning to FIG. 1, a system 10 in accordance
with the present invention may synchronize activities of the
focused ultrasound system 12 with the timing sequence of
the MRI system 50 in order to substantially minimize the
focused ultrasound system 12 interfering with the MRI
system 50. An MRI system may be very sensitive to RF
signals that are within its bandwidth, which is relatively
narrow and may be centered, for example, around sixty three
MegaHertz (63 MHz) for a 1.5 Tesla MRI system. Although
the drive signals 17 used to drive the transducer 14 may be
substantially lower than the signals of the MRI system 50,
during transitional periods, e.g., when the drive signals 17
are being changed, noise may be generated, possibly includ-
ing harmonics in the bandwidth of the MRI system 50.

[0041] To minimize interference, the FUS controller 18
may, for example, control the drive circuitry 16 in such a
way that the drive circuitry 16 only changes parameters of
the drive signals 17 during portions of the timing sequence
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that substantially minimize interference with sensitive por-
tions of the MRI cycle. In addition or alternatively, the FUS
controller 18 may only sample drive signals 17 or perform
other activities during such insensitive portions of the MRI
cycle.

[0042] Preferably, the FUS controller 18 controls the drive
circuitry 16 to change parameters, e.g., amplitude, phase,
and/or frequency, only when the RF transmitter 56 is trans-
mitting RF pulse sequences. Because the RF pulse
sequences have relatively high intensities as compared to the
drive signals 17 used to drive the transducer 14, any noise
generated by the drive signals 17 may be drowned out by the
RF pulse sequences. Thus, even though changing frequen-
cies and/or other parameters of the drive signals 17 may
generate noise, possibly including harmonics in the band-
width of the MRI system 50, the noise generated may not
substantially affect the RF pulse sequences generated by the
RF transmitter 56.

[0043] When the receiver 58 is activated, i.c., during the
receive phase(s) of the MRI cycle, the parameters of the
drive signals 17 may be maintained substantially constant,
¢.g., clean and stationary. Thus, noise generation by the
focused ultrasound system 12 may be substantially reduced
while the MRI system 50 detects MR response signals
generated by the patient’s body, thereby improving the
accuracy and/or reliability of the MR images obtained.

[0044] Turning to FIGS. 4B and 4C, exemplary activitics
of the focused ultrasound system 12 are shown that may be
synchronized with the timing sequence of the MRI system
50, shown in FIG. 4A. For example, FIG. 4B shows an
exemplary drive signal parameter (which may be an oscil-
lation about a median, not shown), e.g., frequency, that may
be changed only between points “a” and “b” of the MRI
cycle, i.e., during Trrg anspr When the RF transmitter 36 is
activated and the receiver 58 is inactive. Generally, the time
required to change parameters of a focused ultrasound
system, i.¢., to provide a new set of drive signals including
respective frequencies, amplitudes, and/or phase shifts to a
transducer 14, takes substantially less than three millisec-
onds (3 ms). For example, for a transducer 14 including
about two hundred (200) transducer elements (not shown),
new drive signals 17 may be provided to all two hundred
(200) channels in not more than about one hundred micro-
seconds (100 “u”s). Thus, by the time the receiver 58 is
activated at point “c,” the drive signals 17 may be substan-
tially constant, thereby minimizing noise generation that
may otherwise interfere with reception of MR response
signals.

[0045] Similarly, as shown in FIG. 4C, the FUS controller
18 may sample drive signals provided by the drive circuitry
16 to the transducer 14, e.g., for diagnostic or other pur-
poses. Such sampling may take less than about three milli-
seconds, and consequently may also be completed during
the transmit portion of the MRI cycle.

[0046] In order to synchronize the focused ultrasound
system 12 to the timing sequence of the MRI system 30, the
FUS controller 18 may determine the timing sequence of the
MRI system 50 in order to determine when it is best to
change the drive signals 17 or perform other activities, e.g.,
only during the transmit mode of the MRI cycle and/or
during quiet times of the receive mode.

[0047] Returning to FIG. 1, in a first embodiment, this
may be achieved by connecting the FUS controller 18 to the
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MRI controller 64 in order to sample and/or switch timing
signals provided by the MRI controller 64 to the RF trans-
mitter 56 and/or the receiver 58. For example, the MRI
system 50 may include an RF signal port 66 coupled to the
MRI controller 64. The port 66 may be a conventional port
used for calibration, diagnostic, and/or other purposes that
involve acquiring RF transmit/receive signals being sup-
plied to the RF transmitter 56 and/or receiver 58. Alterna-
tively, a special port may be provided specifically for
sampling by the FUS controller 18. A cable 68 or other
connector may be provided for coupling the port 66 to the
FUS controller 18. The FUS controller 18 may determine the
timing sequence of the MRI system 50 from the sampled
signals, and control the operation of the transducer 14 and/or
other components of the focused ultrasound system 12 to
minimize interference with the MRI system 50, as described
above.

[0048] Although the FUS controller 18 and the MRI
controller 64 have been described as being separate com-
ponents, it will be appreciated by one skilled in the art that
the operations performed by these controllers may be per-
formed by one or more controllers, processors, and/or other
electronic components, including software or hardware
components, that may be provided as parts of the focused
ultrasound system 12, the MRI system 350, and/or as a
separate subsystem.

[0049] Turning to FIG. 5, an alternative embodiment of a
system 110 is shown that includes a focused ultrasound
system 112 and an MRI system 50 with components similar
to the previous embodiment (with like components having
like reference numbers). Unlike the previous embodiment,
the focused ultrasound system 112 includes an antenna 166
or other sensor that may be coupled to the FUS controller
118. The antenna 166 may be provided in close proximity to
the MRI system 150, ¢.g., within the table 30. The antenna
166 may detect when the RF transmitter 56 is transmitting
RF pulse sequences, e.g., by detecting relatively high inten-
sity RF signals. The FUS controller 118 may correlate the
signals detected by the antenna 166 to determine when the
RF pulse sequences begin and/or end, thereby determining
when to control the drive circuitry 16 and/or other compo-
nents of the focused ultrasound system 112 to minimize
interference.

[0050] In a further alternative (not shown), a focused
ultrasound system in accordance with the present invention
may use an “open loop” procedure for determining the
timing sequence of the MRI system. For example, with
reference to FIG. 1, the FUS controller may synchronize a
clock (not shown) driving the MRI system 50, e.g., within
the MRI controller 64 with a clock (not shown) driving the
drive circuitry 16 and/or the FUS controller 18. The FUS
controller 18 may sample clock oscillations from the MRI
controller 64 via port 66, and calculate a synchronization
constant relating clock speeds of the clocks.

[0051] The FUS controller may determine a delay between
when the MRI system 50 is initially activated and when the
RF transmitter 56 begins transmitting RF pulse sequences,
e.g., from empirical data provided to the FUS controller 18.
Thus, the FUS controller 18 may also be used initially to
activate the MRI system 50. The FUS controller 18 may then
calculate the timing sequence of the MRI system 50 by
adjusting a predetermined cycle period of the MRI system
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50 by the delay and the synchronization constant. The
calculated timing sequence may then be used to control the
components of the focused ultrasound system 12 in order to
minimize interference with the MRI system 50, as explained
above.

[0052] Tt will be appreciated by those skilled in the art that
the focused ultrasound systems described herein are merely
exemplary of electrical or electronic systems that may be
synchronized with an MRI system. For example, other
therapeutic, imaging, and/or diagnostic systems and proce-
dures, e.g., ultrasound imaging, may be used in conjunction
with MRI. Further, an MRI system may be synchronized
with therapeutic, imaging, and/or other systems to substan-
tially minimize noise and/or other interference that the MRI
system may cause sensitive components and/or phases of
these systems.

[0053] While the invention is susceptible to various modi-
fications, and alternative forms, specific examples thereof
have been shown in the drawings and are herein described
in detail. It should be understood, however, that the inven-
tion is not to be limited to the particular forms or methods
disclosed, but to the contrary, the invention is to cover all
modifications, equivalents and alternatives falling within the
scope of the appended claims.

What is claimed is:

1. A method for performing a focused ultrasound proce-
dure being monitored using a magnetic resonance imaging
(MRI) system, the MRI system using a timing sequence for
transmitting radio frequency (RF) pulse sequences and
detecting magnetic resonance (MR) response signals from a
patient’s body in response to the RF pulse sequences, the
method comprising:

driving a piezoelectric transducer with electrical drive
signals such that the transducer emits acoustic energy
towards a target tissue region within the patient’s body;
and

changing parameters of the drive signals only at one or
more times during the timing sequence that minimize
interference with the MRI system detecting MR
response signals.

2. The method of claim 1, further comprising determining
the timing sequence of the MRI system.

3. The method of claim 2, wherein the determining step
comprises determining when the MRI system is transmitting
RF pulse sequences, and wherein the changing parameters
step comprises changing parameters of the drive signals only
during times when the MRI system is transmitting RF pulse
sequences.

4. The method of claim 2, wherein the changing param-
eters step comprises changing the parameters of the drive
signals during a predetermined time interval after the MRI
system transmits RF pulse sequences.

5. The method of claim 4, wherein the predetermined time
interval corresponds to one or more time intervals between
expected MR responses of tissue within the patient’s body.

6. The method of claim 1, wherein the changing param-
eters step comprises sampling drive signals driving the
transducer at one or more times during the timing sequence
that minimize interference with the MRI system detecting
MR response signals.

7. The method of claim 1, wherein the determining step
comprises sampling timing signals generated by the MRI
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system to instruct the MRI system to transmit RF pulse
sequences or to detect MR response signals.

8. The method of claim 1, wherein the determining step
comprises:

synchronizing a clock driving the MRI system with a
clock driving the transducer to obtain a synchronization
constant relating clock speeds of the clocks;

determining a delay between when the MRI system is
initially activated and when the MRI system begins
transmitting RF pulse sequences; and

determining the timing sequence of the MRI system by
adjusting a predetermined cycle period of the MRI
system by the delay and the synchronization constant.

9. The method of claim 1, wherein the determining step
comprises sensing when RF transmissions by the MRI
system begin or end.

10. The method of claim 1, wherein the changing param-
eters step comprises changing at least one of amplitude,
frequency and phase shift of the drive signals.

11. A system for performing a focused ultrasound proce-
dure being monitored using a magnetic resonance imaging
(MRI) system, the MRI system using a timing sequence to
control transmitting radio frequency (RF) signals and detect-
ing magnetic resonance (MR) response signals from a
patient’s body in response to the RF signals, comprising:

a piezoelectric transducer;

drive circuitry coupled to the transducer, the drive cir-
cuitry configured for providing drive signals to the
transducer such that the transducer emits acoustic
energy towards a target tissue region within the
patient’s body; and

a controller coupled to the drive circuitry, the controller
configured for controlling the drive circuitry to change
parameters of the drive signals at one or more times
during the timing sequence that substantially minimize
interference with the MRI system detecting MR
response signals generated by the patient’s body.

12. The system of claim 11, further comprising means for
determining the timing sequence of the MRI system, the
means for determining the timing sequence of the MRI
system being coupled to the controller.

13. The system of claim 12, wherein the controller is
configured for controlling the drive circuitry to change
parameters based upon the timing sequence of the MRI
system.

14. The system of claim 12, wherein the controller is
configured for changing parameters of the drive signals only
when the MRI system transmits RF signals.

15. The system of claim 12, wherein the means for
determining the timing sequence of the MRI system com-
prises an interface for sampling timing signals generated by
the MRI system to instruct the MRI system to transmit RF
signals or to detect MR response signals.

16. The system of claim 15, wherein the interface com-
prises a cable for connecting to a timing sequence sampling
port of the MRI system.

17. The system of claim 12, wherein the means for
determining the timing sequence of the MRI system com-
prises:
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means for synchronizing a clock driving the MRI system
with a clock driving the transducer to obtain a synchro-
nization constant relating clock speeds of the clocks;
and

means for determining a delay between when the MRI
system is initially activated and when the MRI system
begins transmitting RF signals;

wherein the controller is configured for determining the
timing sequence of the MRI system by adjusting a
predetermined cycle period of the MRI system by the
delay and by the synchronization constant.

18. The system of claim 12, wherein the means for
determining the timing sequence of the MRI system com-
prises means for determining when RF signals are being
transmitted by the MRI system.

19. The system of claim 18, wherein the means for
determining when RF signals are being transmitted by the
MRI system comprises an antenna coupled to the controller
for detecting the RF signals transmitted by the MRI system.

20. The system of claim 11, wherein the controller is
configured for controlling at least one of amplitude, fre-
quency and phase shift of the respective drive signals for
focusing the acoustic energy at the target tissue region.

21. The system of claim 20, wherein the controller is
configured for maintaining at least one of the amplitude,
frequency, and phase shift of the respective drive signals
substantially constant when the MRI system is detecting MR
response signals emitted by the patient’s body.

22. Amethod for performing a procedure being monitored
using magnetic resonance imaging (MRI), the method com-
prising:

transmitting radio frequency (RF) pulse sequences over
the patient’s body;

operating a therapeutic or diagnostic device using elec-
trical signals to perform a therapeutic or diagnostic
procedure at a target tissue region within the patient’s
body;

detecting MR response signals generated by tissue within
the patient’s body in response to the RF pulse
sequences; and

maintaining the electrical signals substantially constant
during the detecting step, thereby substantially mini-
mizing interference with detecting MR response sig-
nals.

23. The method of claim 22, wherein the therapeutic or
diagnostic device comprises a piezoelectric transducer,
wherein the operating step comprises driving the transducer
with electrical drive signals to direct acoustic energy
towards the target tissue region, and wherein the maintaining
step comprises changing parameters of the drive signals only
when the RF pulse sequences are being transmitted.

24. The method of claim 23, further comprising deter-
mining a timing sequence of the MRI system, and wherein
the changing parameters step comprises changing param-
eters of the drive signals only at one or more times during
the timing sequence that substantially minimize interference
with detecting the MR response signals.

25. The method of claim 24, wherein the MRI system uses
a timing sequence to control when the RF sequences are
transmitted and when the MR response signals are detected,
and wherein the changing parameters step comprises sam-
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pling drive signals driving the transducer at one or more
times during the timing sequence that minimize interference
with the MRI system detecting MR response signals.

26. The method of claim 24, wherein the determining step
comprises sampling timing signals generated by the MRI
system.

27. The method of claim 24, wherein the determining step
comprises sensing when the transmitting RF pulse
sequences step begins or ends.
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28. The method of claim 23, wherein the changing param-
eters step comprises changing at least one of amplitude,
frequency and phase shift of the drive signals.

29. The method of claim 22, wherein the step of trans-
mitting RF pulse sequences is synchronized with the oper-
ating step to minimize interference of the MRI system with
operation of the therapeutic or diagnostic device.
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