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ESTIMATION OF ALIGNMENT PARAMETERS IN MAGNETIC-RESONANCE-

GUIDED ULTRASOUND FOCUSING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to and the benefit of co-pending U.S.S.N.

12/535,004, filed on August 4, 2009, the entire disclosure of which is incorporated by reference

herein.

FIELD OF THE INVENTION

[0002] The present invention relates generally to ultrasound focusing and, more particularly,

to calibrating magnetic-resonance-guided focused ultrasound systems.

BACKGROUND

[0003] Ultrasound penetrates well through soft tissues and, due to its short wavelengths, can

be focused to spots with dimensions of a few millimeters. As a consequence of these

properties, ultrasound can and has been used for a variety of diagnostic and therapeutic medical

purposes, including ultrasound imaging and non-invasive surgery. For example, focused

ultrasound may be used to ablate diseased (e.g., cancerous) tissue without causing significant

damage to surrounding healthy tissue. The noninvasive nature of ultrasound surgery is

particularly appealing for the treatment of, for example, brain tumors.

[0004] An ultrasound focusing system generally utilizes an acoustic transducer surface, or

an array of transducer surfaces, to generate an ultrasound beam. In transducer arrays, the

individual surfaces are typically individually controllable, i.e., their vibration phases and/or

amplitudes can be set independently of one another, allowing the beam to be steered in a

desired direction and focused at a desired distance. In medical applications, the target location

of the ultrasound focus is often determined using magnetic resonance imaging (MRI). In brief,

MRI involves placing a subject, such as the patient, into a static magnetic field, thus aligning

the spins of hydrogen nuclei in the tissue, and then applying radio-frequency electromagnetic

pulses to temporarily destroy the alignment, inducing a response signal. Different tissues

produce different response signals, resulting in a contrast among theses tissues in MR images.

Thus, MRI may be used to visualize, for example, a brain tumor, and determine its location



relative to the patient's skull. An ultrasound transducer system, such as an array of transducers

attached to a housing, may then be placed on the patient's head, and the transducers driven so

as to focus ultrasound onto the tumor. This method is referred to as magnetic-resonance-

guided focusing of ultrasound (MRgFUS).

[0005] In MRgFUS, the treatment target is defined in magnetic resonance (MR) coordinates.

To enable directing the ultrasound focus onto this target, the location and orientation of the

transducer(s) need to be ascertained in MR coordinates as well. The transducer coordinates

may be measured directly in the MR coordinate system using MR trackers—e.g., fiducials

visible in MR images—that are rigidly attached to the transducer system, or have an otherwise

fixed and known relative location with respect to the transducer(s). MR trackers may be

implemented in various ways, for example, as MRI markers or microcoils.

[0006] Ideally, the acoustic surface and the MR trackers would be perfectly placed and

aligned with respect to each other. In practice, however, mechanical tolerances in production

are inevitable, and the relative positions of the transducer(s) and the MR trackers generally

deviate from the nominal relative positions due to these "production errors." As a result, if a

transducer array is driven based on the nominal relative positions, the ultrasound focus will

deviate from the intended focus. To ensure that the ultrasound focus more accurately coincides

with the intended target, there is, accordingly, a need to quantify the effect of production errors

on the accuracy of targeting.

SUMMARY

[0007] The present invention provides, in various embodiments, systems and methods for

calibrating MR-guided focused ultrasound systems to enable estimating, and compensating for,

misalignment parameters between MR trackers and ultrasound transducers of a phased array.

Generally, the calibration involves driving the phased array at different sets of transducer

phases and/or amplitudes (hereinafter referred to as sonication geometries) to address different

targets, and measuring the targeting errors (i.e., the deviations of the ultrasound focus location

from the expected location) for these different sonication geometries. The measurements may

be performed on an acoustic phantom, which may be made of a gel. The combined information

about the sonication geometries and associated targeting errors, along with information about

the experimental setup, allows the production errors to be estimated. In subsequent MRgFUS,

these estimates may serve to compute adjustments in the sonication geometry so as to focus the



ultrasound at the intended target location. Thus, embodiments of the invention improve the

accuracy MRgFUS. In some embodiments, the ultrasound focus will coincide with the target

location within a tolerance of 1 mm.

[0008] In a first aspect, therefore, various embodiments of the invention provide a method

for calibrating a MRgFUS system. The method includes providing a phased array of

ultrasound transducers that has at least one associated MR tracker (e.g., a micro-coil or MRI

marker) with a fixed position relative to the array, and establishing MR coordinates of the MR

trackers. The MR trackers and the array may be part of a single rigid structure. The method

further includes creating an ultrasound focus with the phased array for each of a plurality of

sonication schemes, and establishing parameters indicative of MR coordinates of the ultrasound

focus. These parameters may be, for example, the MR coordinates of the ultrasound focus, or

coordinates of one or more projections of the ultrasound focus. The ultrasound focus may be

created in a phantom, and the parameters may be established using any suitable MRI technique,

for example, thermal MRI or acoustic-radiation-force MRI. Based at least in part on the

parameters, a geometric relationship between the ultrasound transducers and the MR trackers is

then determined. The determination of the geometric relationship may further be based on the

sonication schemes.

[0009] In some embodiments, the geometric relationship includes coordinates of the MR

trackers in a transducer coordinate system. Determining the geometric relationship may

include determining a transformation between the MR coordinate system and the transducer

coordinate system that is based, at least in part, on the parameters indicative of the MR

coordinates of the ultrasound foci and on the sonication schemes, and using the transformation

to determine the coordinates of the MR trackers in the transducer coordinate system.

[0010] In some embodiments, the geometric relationship includes production errors

indicative of a deviation of the fixed relative positions between the MR trackers and the

transducers from nominal relative positions. In this case, a transformation between the

parameters and the production errors may be determined based, at least in part, on the

sonication scheme. Further, a linear estimation method (e.g., a least square method) may be

applied to the transformation and the ultrasound focus parameters to determine the production

errors.



[0011] In a second aspect, a method for operating a magnetic-resonance-guided focused-

ultrasound system is provided. Embodiments of the method include providing a phased array

of ultrasound transducers with one or more associated MR trackers, and calibrating this system

by establishing MR coordinates of the MR trackers, creating ultrasound foci for a plurality of

sonication schemes and establishing parameters indicative of MR coordinates of the ultrasound

foci, and determining a geometric relationship between the ultrasound transducers and the MR

trackers based, at least in part, on the parameters. The method further includes operating the

magnetic-resonance-guided focused-ultrasound system by focusing ultrasound into a target

region with MR coordinates, based on the geometric relationship.

[0012] In a third aspect, a system for calibrating a magnetic-resonance-guided ultrasound-

focusing system is provided. Embodiments of the system include a phased array of ultrasound

transducers, an MRI apparatus, and a control facility. Associated with the ultrasound

transducer array is at least one MR tracker, whose position is fixed relative to the array. The

functionalities of the control facility include driving the phased array according to a sonication

scheme to generate an ultrasound focus, receiving MR imaging data indicative of MR

coordinates of the ultrasound focus and the MR trackers, and determining a geometric

relationship between the ultrasound transducers and the MR trackers based (at least in part) on

the MR imaging data. The system may further include (or operate on) a phantom in which the

ultrasound focus is generated.

[0013] In a fourth aspect, various embodiments of the invention provide a magnetic-

resonance-guided ultrasound-focusing system including a phased array of ultrasound

transducers with associated MR trackers, an MR imaging apparatus, a user interface facilitating

selection of a target region in MR coordinates, and a control facility. The functionalities of the

control facility include driving the phased array according to a sonication scheme to generate

an ultrasound focus, receiving MR imaging data indicative of MR coordinates of the ultrasound

focus and the MR trackers, determining a geometric relationship between the ultrasound

transducers and the MR trackers based (at least in part) on the MR imaging data, and operating

the magnetic-resonance-guided focused-ultrasound system by focusing ultrasound into the

target region based on the geometric relationship.



BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing discussion and the following detailed description of embodiments of

the invention can more readily be understood in conjunction with the accompanying drawings

wherein:

[0015] FIG. 1 is schematic diagram of an MRgFUS system in accordance with various

embodiments;

[0016] FIG. 2 shows an MRI machine suitable for MRgFUS applications in accordance

with various embodiments;

[0017] FIG. 3A is a schematic diagram illustrating the relationship between production

errors and targeting errors in accordance with various embodiments;

[0018] FIG. 3B is a schematic diagram illustrating a method for estimating production errors

in accordance with one embodiment; and

[0019] FIG. 4 is a schematic diagram illustrating ultrasound focus locations in two planes in

accordance with one embodiment.

DETAILED DESCRIPTION

[0020] The present invention is generally directed to the calibration of MRgFUS systems.

An exemplary MRgFUS system 100 is illustrated schematically in FIG. 1. The system includes

a plurality of ultrasound transducers 102, which are arranged in an array at the surface of a

housing 104. The array may comprise a single row or a matrix of transducer elements 102. In

alternative embodiments, the transducer elements 102 may be arranged in a non-coordinated

fashion, i.e., they need not be spaced regularly or arranged in a regular pattern. The array may

have a curved (e.g., spherical or parabolic) shape, as illustrated, or may include one or more

planar or otherwise shaped sections. Its dimensions may vary, depending on the application,

between millimeters and tens of centimeters. The transducer elements 102 may be

piezoelectric ceramic elements. Piezo-composite materials, or generally any materials capable

of converting electrical energy to acoustic energy, may also be used. To damp the mechanical

coupling between the elements 102, they may be mounted on the housing using silicone rubber

or any other suitable damping material.



[0021] The transducers 102 are separately controllable, i.e., they are each capable of

emitting ultrasound waves at amplitudes and/or phases that are independent of the amplitudes

and/or phases of the other transducers. A control facility 106 serves to drive the transducers

102. For n transducer elements, the control facility 106 may contain n control circuits each

comprising an amplifier and a phase delay circuit, each control circuit driving one of the

transducer elements. The control facility may split a radio frequency (RF) input signal,

typically in the range from 0.1 MHz to 4 MHz, into n channels for the n control circuit. It may

be configured to drive the individual transducer elements 102 of the array at the same

frequency, but at different phases and different amplitudes so that they collectively produce a

focused ultrasound beam. The control facility 106 desirably provides computational

functionality, which may be implemented in software, hardware, firmware, hardwiring, or any

combination thereof, to compute the required phases and amplitudes for a desired focus

location. In general, the control facility may include several separable apparatus, such as a

frequency generator, a beamformer containing the amplifier and phase delay circuitry, and a

computer (e.g., a general-purpose computer) performing the computations and communicating

the phases and amplitudes for the individual transducers 102 to the beamformer. Such systems

are readily available or can be implemented without undue experimentation.

[0022] The MRgFUS system 100 further includes an MRI apparatus 108 in communication

with the control facility 106. An exemplary apparatus 108 is illustrated in more detail in FIG.

2 . The apparatus 108 may include a cylindrical electromagnet 204, which generates a static

magnetic field within a bore 206 of the electromagnet 204. During medical procedures, a

patient is placed inside the bore 206 on a movable support table 208. A region of interest 210

within the patient (e.g., the patient's head) may be positioned within an imaging region 212

wherein the magnetic field is substantially homogeneous. A radio-frequency (RF) transmitter

coil 214 surrounding the imaging region 212 emits RF pulses into the imaging region 212, and

receives MR response signals emitted from the region of interest 210. The MR response

signals are amplified, conditioned, and digitized into raw data using an image processing

system 216, and further transformed into arrays of image data by methods known to those of

ordinary skill in the art. Based on the image data, a treatment region (e.g., a tumor) is

identified. An ultrasound phased array 220, disposed within the bore 206 of the MRI apparatus

and, in some embodiments, within the imaging region 212, is then driven so as to focus



ultrasound into the treatment region. This requires precise knowledge of the position and

orientation of the transducer surface(s) with respect to the MRI apparatus.

[0023] Referring again to FIG. 1, the phased array of transducer 102 has MR trackers 110

associated with it. The MR trackers 110 may be incorporated into or attached to the housing

104, or otherwise arranged at a fixed position and orientation relative to the transducer array.

Typically, three or more MR trackers 110 are used. If the relative positions and orientations of

the MR trackers 110 and transducers 102 are known, MR scans of the MR trackers 110

implicitly reveal the transducer location in MRI coordinates, i.e., in the coordinate system of

the MRI apparatus 108. The MR scan(s) may include image and/or spectral data. The control

facility 106, which receives MRI data containing the MR tracker location, can then set the

phases and amplitudes of the transducers 102 to generate a focus 112 at a desired location or

within a desired target region. In some embodiments, a user interface 114 in communication

with the control facility 106 and/or the MRI apparatus 108 facilitates the selection of the focus

location or region in MR coordinates.

[0024] Typically, the relative positions of MR trackers 110 and transducers 102 are only

approximately known. In order to obtain more accurate values for the relative positions, or

their difference from the nominal, assumed values (i.e., the production errors), the system 100

may be calibrated. During calibration, the array of transducers 102 is attached to or located

about an acoustic phantom 116, wherein an ultrasound focus may be generated.

[0025] The location of the ultrasound focus 112 in the phantom 116 depends on the

particular sonication scheme as well as quantities characterizing the experimental setup, which

may include, e.g., the speed of sound in the phantom, the incidence angle of ultrasound waves

onto the surface of the phantom 116, and/or measurement distortions associated with the MRI

apparatus 108. The relationship between the targeting errors and the production errors likewise

depends on the sonication scheme and the setup quantities (i.e., nominal setup quantities and

unknown setup errors). FIG. 3A illustrates this relationship, which may be expressed

mathematically in terms of a transfer function. The transfer function takes the production

errors and any setup errors as input variables and the sonication scheme and nominal setup

quantities as parameters, and yields the targeting errors as output variables.

[0026] Although the production and setup errors are not known a priori, the transfer

function itself is known from the nominal setup quantities and the selected sonication scheme.

The transfer function may be given in the form of an algorithm for computing, for any



hypothetical production error, the resulting targeting error. An exemplary such algorithm may

involve (i) determining the position(s) and orientation(s) of the transducer surface(s) from their

nominal relative positions to the trackers and the production errors; (ii) computing the location

of the ultrasound focus based on the transducer location(s) and orientation(s) and the sonication

scheme; (iii) determining "nominal" position(s) and orientation(s) of the transducer surface(s)

from their nominal relative positions to the trackers alone, assuming that the production errors

are zero; (iv) computing the location of the ultrasound focus based on the "nominal" transducer

location(s) and orientation(s) and the sonication scheme; and (v) computing the difference

between the two focus locations. Methods for computing the location of an ultrasound focus

generated by a phased array of transducers driven according to a particular sonication scheme

are described, for example, in U.S. Patent Application No. 12/425,698, filed April 17, 2009, the

entire contents of which are hereby incorporated herein by reference in their entirety.

[0027] Provided that the experimental setup does not change, the targeting errors are

repeatable for each particular sonication scheme. By generating ultrasound foci in the phantom

in accordance with a suitable set of different sonication schemes, and measuring the resulting

targeting errors, production errors may be ascertained, or rendered "observable," as the term is

used in estimation theory. Assuming that three-dimensional MR coordinates of the ultrasound

focus can be determined for each sonication scheme, three sonications are needed to determine

the position of the transducer in three dimensions. If only partial information can be derived

from each sonication, however, the required number of sonication schemes is higher. An

increased number of sonication schemes may also serve to improve statistics and reduce the

effect of random errors. On the other hand, if constraints are placed on the positions of the

transducers, or if not all of the positional information is desired (e.g., if he rotation of the

transducer about itself is not relevant), fewer sonication schemes may suffice.

[0028] Accordingly, in various embodiments, the present invention facilitates determination

of the relative positions between ultrasound transducers 102 and MR trackers 110 or, in other

words, the relationship between ultrasound and MR coordinates. Methods in accordance with

the invention involve, first, attaching the phased array of transducers 102 to the acoustic

phantom 116, and introducing the arrangement into the MRI apparatus 108. Next, various

sonication schemes are applied to the transducers 102, and the phantom and transducer setup is

imaged using MRI techniques. Suitable imaging techniques include, for example, thermal

imaging and acoustic radiation force imaging. Image acquisition may be three-dimensional or



may, alternatively, provide a set of one- or two-dimensional images, which may be suitable for

constructing a three-dimensional image. In the MR images, the focus location and/or targeting

errors may be measured in terms of MR coordinates or related parameters. For example, the

focal spot may be projected into a specific image plane, and the projection coordinates of the

focus determined. The parameters indicative of the focus and/or targeting errors for the various

sonication schemes may then be processed to estimate the relationship between the ultrasound

and MR coordinates. This estimation step may be implemented in various ways.

[0029] In one approach, the relationship between production (and setup) and targeting errors

is modeled with a linear transfer function. Such linear approximations are appropriate when

the input and output variables are small, which is usually the case for the production errors and

resulting targeting errors. A linear transfer function can be expressed as a matrix. In FIG. 3B,

the transfer function associated with a specific sonication scheme k is denoted as T . Further

denoting the production errors and setup errors associated with a particular MRgFUS system as

a vector PE, and denoting the targeting errors resulting from the production errors for

sonication scheme k as TEp , the relationship between these three quantities is described by:

TEp = T * PE. The targeting errors TEp may, in some embodiments, be measured directly as

coordinate differences between the desired and the actual ultrasound focus in three dimensions.

In general, however, measurements obtain indirect data indicative of the targeting errors, such

as coordinates of the desired and actual ultrasound focus in several projection planes. Denoting

the measured quantities as a vector Mes ( and the transfer function that relates the targeting

errors to the measured quantities as Mk, and further accounting for noise inherent in

measurements, the measured quantities can be expressed as: Mes = Mk * TE + noise.

Therefore, for a sonication scheme k, the actually measured quantities are related to the

production errors by: Mes = Mk * Tk * PE + noise. Herein, Mk and Tk are transfer functions

known a priori from the sonication scheme and experimental setup, Mes ( is measured, and PE

is to be determined.

[0030] The equations for the different sonication schemes (k) can all be combined into one

linear system of equations, symbolically described in terms of a matrix equation: Mes = MT *

PE +Noise, wherein Mes is a vector of vectors and MT is a block matrix comprising the

individual blocks Mk * Tk. This system of linear equations may be solved using linear

estimation methods, such as, e.g., least-square methods, minimum-variance, weighted-least-

squares, maximum-likelihood, Ll -regression, and/or best-linear-estimation methods. Utilizing



a least-square method, for example, the pseudo-inverse matrix MT* of the product of M T and

its transpose may be computed according to MT* = (MT T * MT) 1, and then the production

errors may be estimated by multiplying the pseudo-inverse matrix to the vector of

measurements: est mated = MT* *MT T * Mes.

[0031] An alternative approach involves determining a transformation between the M R

coordinate system and the transducer coordinate system based on M R coordinates of ultrasound

foci generated at certain locations with respect to the transducers and, therefore, at known

transducer coordinates. Once this transformation is found, it can be applied to the M R tracker

positions in the M R coordinate system to yield the M R tracker positions in the ultrasound

coordinate system. This approach does not include determining target errors and, therefore,

does not require initial estimates of M R tracker locations relative to the transducers.

[0032] The transformation between the transducer and the M R coordinate systems is defined

by a geometric relationship therebetween. This relationship, in turn, can be determined from

the transducer and M R coordinates of a sufficient number of suitably located ultrasound foci.

In practice, however, it is not trivial to find the foci. Firstly, the ultrasound focus spot is

usually elongated along the direction of the ultrasound beam. Secondly, a correct measurement

of the focus location in the M R coordinate system requires an M R image that goes through the

center of the ultrasound focus. In two-dimensional M R imaging, finding this center may

require many scans, and constitute a cumbersome process. To overcome these difficulties, in

one embodiment, the ultrasound focus locations are confined to two planes, as illustrated in

FIG. 4 .

[0033] FIG. 4 schematically depicts a transducer surface (which may comprise a plurality of

individual transducers), and defines a coordinate system associated with the transducer surface.

The origin of the coordinate system lies in the transducer surface, and three mutually

perpendicular axes P , Q , and R emanate from the origin. Axes P and Q are tangential to the

surface at the origin, whereas R is normal to the surface. The transducer surface successively

generates ultrasound foci either in a plane spanned by P and R , or in a plane spanned by Q and

R . MRI scans are performed parallel to the plane spanned by P and Q . The scans need not go

through the center of the focus; it suffices if they intersect the elongated focus spot because

each apparent focus found in the scan plane is the intersection of the scan plane with a ray, in

the PR or QR plane, from the origin of the transducer system to the actual focus, and thus lies

in the same plane as the focus center.



[0034] To find the transformation between the MR and transducer coordinate systems, the

MR coordinates of the measured (apparent) foci are sorted into those that belong to foci in the

PR plane and those that belong to foci in the QR plane. From these data, a best fit to each of

the two point collections defines the planes in the MR coordinate system. The intersection of

the QR and PR planes defines the R direction. The R direction and the PR plane together then

define the P direction, and, similarly, the R direction and the QR plane together define the Q

direction. The only parameter that remains to be determined is the position of the origin along

the R axis. This parameter can be determined from a best fit for an origin that would produce

the measured focus positions, or from one or a few additional sonications.

[0035] Although the present invention has been described with reference to specific details,

it is not intended that such details should be regarded as limitations upon the scope of the

invention, except as and to the extent that they are included in the accompanying claims.

[0036] What is claimed is:



CLAIMS

1. A method for calibrating a magnetic-resonance-guided focused-ultrasound system,

comprising:

(a) providing a phased array of ultrasound transducers, the array having at least one

magnetic resonance (MR) tracker associated therewith at a fixed relative position with

respect thereto;

(b) establishing MR coordinates of the MR trackers;

(c) for each of a plurality of sonication schemes, (i) creating an ultrasound focus,

and (ii) establishing parameters indicative of MR coordinates of the ultrasound focus;

and,

(d) based at least in part on the parameters, determining a geometric relationship

between the ultrasound transducers and the MR trackers.

2 . The method of claim 1 wherein the MR trackers and the array are part of a single rigid

structure.

3 . The method of claim 1 wherein the MR trackers comprise at least one of a micro-coil or

an MR imaging marker.

4 . The method of claim 1 wherein the ultrasound focus is created in a phantom.

5 . The method of claim 1 wherein establishing the MR coordinates of the ultrasound focus

comprises at least one of thermal MR imaging or acoustic-radiation-force MR imaging.

6 . The method of claim 1 wherein the parameters comprise the MR coordinates of the

ultrasound focus.

7 . The method of claim 1 wherein the parameters comprise MR coordinates of a projection

of the ultrasound focus.

8. The method of claim 1 wherein the determination of the geometric relationship is

further based on the sonication schemes.

9 . The method of claim 1 wherein the geometric relationship comprises coordinates of the

MR trackers in a transducer coordinate system.



10. The method of claim 9 wherein determining the geometric relationship comprises

determining a transformation between the MR coordinate system and the transducer coordinate

system based, at least in part, on the parameters and the sonication schemes.

11. The method of claim 10 wherein determining the geometric relationship further

comprises using the transformation to determine the coordinates of the MR trackers in the

transducer coordinate system.

12. The method of claim 1 wherein the geometric relationship comprises production errors

indicative of a deviation of the fixed relative positions between the MR trackers and the

transducers from nominal relative positions.

13. The method of claim 12 wherein determining the geometric relationship comprises

determining a transformation between the parameters and the production errors based, at least

in part, on the sonication scheme.

14. The method of claim 13 wherein determining the geometric relationship further

comprises applying a linear estimation method to the transformation and the parameters,

thereby determining the production errors.

15. The method of claim 14 wherein the linear estimation method comprises a least square

method.

16. A method for operating a magnetic-resonance-guided focused-ultrasound system,

comprising:

(a) providing a phased array of ultrasound transducers, the array having at least one

magnetic resonance (MR) tracker associated therewith at a fixed relative position with

respect thereto;

(b) establishing MR coordinates of the MR trackers;

(c) for each of a plurality of sonication schemes, (i) creating an ultrasound focus,

and (ii) establishing parameters indicative of MR coordinates of the ultrasound focus;

(d) based at least in part on the parameters, determining a geometric relationship

between the ultrasound transducers and the MR trackers; and

(e) operating the magnetic-resonance-guided focused-ultrasound system by

focusing ultrasound into a target region having MR coordinates, based on the geometric

relationship.



17. A system for calibrating a magnetic-resonance-guided ultrasound-focusing system

comprising:

(a) a phased array of ultrasound transducers, the array having at least one magnetic

resonance (MR) tracker associated therewith at a fixed relative position with respect

thereto;

(b) an MR imaging apparatus; and

(c) a control facility for (i) driving the phased array according to a sonication

scheme so as to generate an ultrasound focus, (ii) receiving MR imaging data indicative

of MR coordinates of the ultrasound focus and the MR trackers, and (iii) determining a

geometric relationship between the ultrasound transducers and the MR trackers based,

at least in part, on the MR imaging data.

18. The system of claim 17 further comprising a phantom in which the ultrasound focus is

generated.

19. A magnetic-resonance-guided ultrasound-focusing system comprising:

(a) a phased array of ultrasound transducers, the array having at least one magnetic

resonance (MR) tracker associated therewith at a fixed relative position with respect

thereto;

(b) an MR imaging apparatus;

(c) a user interface facilitating selection of a target region in MR coordinates; and

(d) a control facility for (i) driving the phased array according to a sonication

scheme so as to generate an ultrasound focus, (ii) receiving MR imaging data indicative

of MR coordinates of the ultrasound focus and the MR trackers, (iii) determining a

geometric relationship between the ultrasound transducers and the MR trackers based,

at least in part, on the MR imaging data, and (iv) operating the magnetic-resonance-

guided focused-ultrasound system by focusing ultrasound into the target region based

on the geometric relationship.
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