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(7) ABSTRACT

The invention provides for a medical instrument (100)
comprising: a high intensity focused ultrasound system
(104) a magnetic resonance imaging system (102). Machine
executable instructions (180, 182, 184, 186) cause a proces-
sor (144) controlling the medical instrument to: receive
(300) sonication commands (160), wherein the sonication
commands specify a set of multiple target volumes (202)
within the target zone; and receive (302) a selection of a
current target volume (200) selected from the set of multiple
target volumes. The machine executable instructions further
cause the processor to repeatedly: acquire (304) the thermal
magnetic resonance data by controlling the magnetic reso-
nance imaging system with the thermometry pulse sequence
commands (164); calculate (306) a temperature map (168)
using the thermal magnetic resonance data; control (308) the
high intensity focused ultrasound system to sonicate the
current target volume by steering the sonication location to
the current target volume; remove (310) the current target
volume from the set of multiple target volumes after con-
trolling the high intensity focused ultrasound system to
sonicate the current target volume; calculate (312) a soni-
cation energy (172) for each of the multiple target volumes
by using the temperature map; select (314) a next target
volume from the multiple target volumes using the calcula-
tion of the sonication energy for each of the multiple target
volumes, wherein the selection of the next target volume
comprises searching for the sonication energy with a mini-
mum value; and set (316) the next target volume as the
current target volume.
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MEDICAL INSTRUMENT FOR SONICATING
A SET OF TARGET VOLUMES

TECHNICAL FIELD OF THE INVENTION

[0001] The invention relates to high intensity focused
ultrasound devices and methods, in particular it relates to the
control of high intensity focused ultrasound devices using
magnetic resonance imaging thermometry.

BACKGROUND OF THE INVENTION

[0002] Ultrasound from a focused ultrasonic transducer
can be used to selectively treat regions within the interior of
the body. Ultrasonic waves are transmitted as high energy
mechanical vibrations. These vibrations induce tissue heat-
ing as they are damped, and they can also lead to cavitation.
Both tissue heating and cavitation can be used to destroy or
heat tissue in a clinical setting. However, heating tissue with
ultrasound is easier to control than cavitation. Ultrasonic
treatments can be used to ablate tissue and to kill regions of
cancer cells selectively. This technique has been applied to
the treatment of uterine fibroids, and has reduced the need
for hysterectomy procedures.

[0003] To selectively treat tissue, a focused ultrasonic
transducer can be used to focus the ultrasound on a particular
treatment or target volume. The transducer is typically
mounted within a medium, such as degassed water, that is
able to transmit ultrasound. Actuators are then used to adjust
the position of the ultrasonic transducer and thereby adjust
the tissue region that is being treated.

[0004] Focused ultrasonic transducers also typically have
multiple transducer elements, wherein the amplitude and/or
phase of the transducer elements are controllable. In par-
ticular the phase of individual or groups of transducer
elements is often controlled to control the location of the
focus of the ultrasound. This enables the rapid adjustment of
the location of the focus and the sequential sonication of
different sonication points or locations. The tissue of a
subject between the transducer and a sonication point is
typically referred to as the near field region. The ultrasound
travels through the near field region to the sonication vol-
ume. This intermediate tissue is also heated, although not as
much as the sonication volume. When sonicating multiple
sonication points the near field region of the different
sonication points may overlap. Because a particular portion
of the near field region may overlap it may be heated
multiple times. To avoid overheating this overlapping near
field region there may need to be delays between sonicating
multiple sonication points and/or a reduction in sonication
powet.

[0005] European patent application publication EP 2 676
702 Al discloses a medical instrument comprising a mag-
netic resonance imaging system and a high intensity focused
ultrasound system with an adjustable focus. Execution of
instructions causes a processor to control medical instrument
to sonicate the multiple sonication points while repeatedly
acquire the thermal magnetic resonance imaging data. Mul-
tiple thermal maps are reconstructed using the thermal
magnetic resonance imaging data and a heating center of
mass is calculated for each. By comparing each of the
heating center of masses to the sonication points a spatially
dependent targeting correction is determined. The spatially
dependent targeting correction is then used to offset the
adjustable focus.
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SUMMARY OF THE INVENTION

[0006] The invention provides for a medical instrument, a
method of operating the medical instrument, and a computer
program product in the independent claims. Embodiments
are given in the dependent claims.

[0007] As will be appreciated by one skilled in the art,
aspects of the present invention may be embodied as an
apparatus, method or computer program product. Accord-
ingly, aspects of the present invention may take the form of
an entirely hardware embodiment, an entirely software
embodiment (including firmware, resident software, micro-
code, etc.) or an embodiment combining software and
hardware aspects that may all generally be referred to herein
as a “circuit,” “module” or “system.” Furthermore, aspects
of the present invention may take the form of a computer
program product embodied in one or more computer read-
able medium(s) having computer executable code embodied
thereon.

[0008] Any combination of one or more computer read-
able medium(s) may be utilized. The computer readable
medium may be a computer readable signal medium or a
computer readable storage medium. A ‘computer-readable
storage medium’ as used herein encompasses any tangible
storage medium which may store instructions which are
executable by a processor of a computing device. The
computer-readable storage medium may be referred to as a
computer-readable non-transitory storage medium. The
computer-readable storage medium may also be referred to
as a tangible computer readable medium. In some embodi-
ments, a computer-readable storage medium may also be
able to store data which is able to be accessed by the
processor of the computing device. Examples of computer-
readable storage media include, but are not limited to: a
floppy disk, a magnetic hard disk drive, a solid state hard
disk, flash memory, a USB thumb drive, Random Access
Memory (RAM), Read Only Memory (ROM), an optical
disk, a magneto-optical disk, and the register file of the
processor. Examples of optical disks include Compact Disks
(CD), Digital Versatile Disks (DVD), and Blu-Ray Disc
(BD), for example CD-ROM, CD-RW, CD-R, DVD-ROM,
DVD-RW, DVD-R, BD-R, or BD-RE disks. The term com-
puter readable-storage medium also refers to various types
of recording media capable of being accessed by the com-
puter device via a network or communication link. For
example a data may be retrieved over a modem, over the
internet, or over a local area network. Computer executable
code embodied on a computer readable medium may be
transmitted using any appropriate medium, including but not
limited to wireless, wireline, optical fiber cable, RF, etc., or
any suitable combination of the foregoing.

[0009] A computer readable signal medium may include a
propagated data signal with computer executable code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

[0010] <Computer memory’ or “‘memory’ is an example of
a computer-readable storage medium. Computer memory is
any memory which is directly accessible to a processor.
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‘Computer storage’ or ‘storage’ is a further example of a
computer-readable storage medium. Computer storage is
any non-volatile computer-readable storage medium. In
some embodiments computer storage may also be computer
memory or vice versa.

[0011] A ‘processor’ as used herein encompasses an elec-
tronic component which is able to execute a program or
machine executable instruction or computer executable
code. References to the computing device comprising “a
processor” should be interpreted as possibly containing
more than one processor or processing core. The processor
may for instance be a multi-core processor. A processor may
also refer to a collection of processors within a single
computer system or distributed amongst multiple computer
systems. The term computing device should also be inter-
preted to possibly refer to a collection or network of com-
puting devices each comprising a processor or processors.
The computer executable code may be executed by multiple
processors that may be within the same computing device or
which may even be distributed across multiple computing
devices.

[0012] Computer executable code may comprise machine
executable instructions or a program which causes a pro-
cessor to perform an aspect of the present invention. Com-
puter executable code for carrying out operations for aspects
of the present invention may be written in any combination
of one or more programming languages, including an object
oriented programming language such as Java, Smalltalk,
C++ or the like and conventional procedural programming
languages, such as the “C” programming language or similar
programming languages and compiled into machine execut-
able instructions. In some instances the computer executable
code may be in the form of a high level language or in a
pre-compiled form and be used in conjunction with an
interpreter which generates the machine executable instruc-
tions on the fly.

[0013] The computer executable code may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN)
or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the
Internet using an Internet Service Provider).

[0014] Aspects of the present invention are described with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block or a portion of the blocks of the
flowchart, illustrations, and/or block diagrams, can be
implemented by computer program instructions in form of
computer executable code when applicable. It is further
under stood that, when not mutually exclusive, blocks in
different flowcharts, illustrations, and/or block diagrams
may be combined. These computer program instructions
may be provided to a processor of a general purpose
computer, special purpose computer, or other programmable
data processing apparatus to produce a machine, such that
the instructions, which execute via the processor of the
computer or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks.

Mar. 29, 2018

[0015] These computer program instructions may also be
stored in a computer readable medium that can direct a
computer, other programmable data processing apparatus, or
other devices to function in a particular manner. such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

[0016] The computer program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other devices to cause a series of opera-
tional steps to be performed on the computer, other pro-
grammable apparatus or other devices to produce a
computer implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide processes for implementing the functions/
acts specified in the flowchart and/or block diagram block or
blocks.

[0017] A ‘user interface’ as used herein is an interface
which allows a user or operator to interact with a computer
or computer system. A ‘user interface’ may also be referred
to as a ‘human interface device.” A user interface may
provide information or data to the operator and/or receive
information or data from the operator. A user interface may
enable input from an operator to be received by the computer
and may provide output to the user from the computer. In
other words, the user interface may allow an operator to
control or manipulate a computer and the interface may
allow the computer indicate the effects of the operator’s
control or manipulation. The display of data or information
on a display or a graphical user interface is an example of
providing information to an operator. The receiving of data
through a keyboard, mouse, trackball, touchpad, pointing
stick, graphics tablet, joystick, gamepad, webcam, headset,
gear sticks, steering wheel, pedals, wired glove, dance pad,
remote control, and accelerometer are all examples of user
interface components which enable the receiving of infor-
mation or data from an operator.

[0018] A ‘hardware interface’ as used herein encompasses
an interface which enables the processor of a computer
system to interact with and/or control an external computing
device and/or apparatus. A hardware interface may allow a
processor to send control signals or instructions to an
external computing device and/or apparatus. A hardware
interface may also enable a processor to exchange data with
an external computing device and/or apparatus. Examples of
a hardware interface include, but are not limited to: a
universal serial bus, IEEE 1394 port, parallel port, IEEE
1284 port, serial port, RS-232 port, IEEE-488 port, Blu-
etooth connection, Wireless local area network connection,
TCP/IP connection, Ethernet connection, control voltage
interface, MIDI interface, analog input interface, and digital
input interface.

[0019] A “display’ or ‘display device’ as used herein
encompasses an output device or a user interface adapted for
displaying images or data. A display may output visual,
audio, and or tactile data. Examples of a display include, but
are not limited to: a computer monitor, a television screen,
a touch screen, tactile electronic display, Braille screen,
Cathode ray tube (CRT), Storage tube, Bistable display,
Electronic paper, Vector display, Flat panel display, Vacuum
fluorescent display (VF), Light-emitting diode (LED) dis-
plays, Electroluminescent display (ELD), Plasma display
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panels (PDP), Liquid crystal display (LCD), Organic light-
emitting diode displays (OLED), a projector, and Head-
mounted display.

[0020] Medical image data is defined herein as two or
three dimensional data that has been acquired using a
medical imaging scanner. A medical imaging scanner is
defined herein as an apparatus adapted for acquiring infor-
mation about the physical structure of a patient and construct
sets of two dimensional or three dimensional medical image
data. Medical image data can be used to construct visual-
izations which are useful for diagnosis by a physician. This
visualization can be performed using a computer.

[0021] Magnetic Resonance (MR) data is defined herein as
being the recorded measurements of radio frequency signals
emitted by atomic spins by the antenna of a Magnetic
resonance apparatus during a magnetic resonance imaging
scan. Magnetic resonance data is an example of medical
image data. A Magnetic Resonance Imaging (MRI) image is
defined herein as being the reconstructed two or three
dimensional visualization of anatomic data contained within
the magnetic resonance imaging data. This visualization can
be performed using a computer.

[0022] Magnetic resonance data may comprise the mea-
surements of radio frequency signals emitted by atomic
spins by the antenna of a Magnetic resonance apparatus
during a magnetic resonance imaging scan. Magnetic reso-
nance data may contain different types of information which
can be derived from it, for example it may contains infor-
mation which may be used for magnetic resonance ther-
mometry. Magnetic resonance data that may be used for a
magnetic resonance imaging thermometry protocol is
referred to herein as thermal magnetic resonance data.
Magnetic resonance thermometry functions by measuring
changes in temperature sensitive parameters. Examples of
parameters that may be measured during magnetic reso-
nance thermometry are: the proton resonance frequency
shift, the diffusion coeflicient, or changes in the T1 and/or T2
relaxation time may be used to measure the temperature
using magnetic resonance. The proton resonance frequency
shift is temperature dependent, because the magnetic field
that individual protons, hydrogen atoms, experience
depends upon the surrounding molecular structure. An
increase in temperature decreases molecular screening due
to the temperature affecting the hydrogen bonds. This leads
to a temperature dependence of the proton resonance fre-
quency.

[0023] The proton density depends linearly on the equi-
librium magnetization. Tt is therefore possible to determine
temperature changes using proton density weighted images.
[0024] The relaxation times T1, T2, and T2-star (some-
times written as T2*) are also temperature dependent. The
reconstruction of T1, T2, and T2-star weighted images can
therefore be used to construct thermal or temperature maps.
[0025] The temperature also affects the Brownian motion
of molecules in an aqueous solution. Therefore pulse
sequences which are able to measure diffusion coefficients
such as a pulsed diffusion gradient spin echo may be used to
measure temperature.

[0026] One of the most useful methods of measuring
temperature using magnetic resonance is by measuring the
proton resonance frequency (PRF) shift of water protons.
The resonance frequency of the protons is temperature
dependent. As the temperature changes in a voxel the
frequency shift will cause the measured phase of the water
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protons to change. The temperature change between two
phase images can therefore be determined. This method of
determining temperature has the advantage that it is rela-
tively fast in comparison to the other methods.

[0027] An ‘ultrasound window’ as used herein encom-
passes a window which is effectively transparent to ultra-
sonic waves or energy. Typically a thin film or membrane is
used as an ultrasound window. The ultrasound window may
for example be made of a thin membrane of BoPET (Bi-
axially-oriented polyethylene terephthalate).

[0028] In one aspect the invention provides for a medical
instrument comprising a high-intensity focused ultrasound
system comprising an ultrasonic transducer. The ultrasonic
transducer comprises multiple transducer elements for soni-
cating a target zone. The high-intensity focused ultrasound
system is operable for electronically steering a sonication
location by controlling the supply of electrical power to each
of the multiple transducer elements. The medical instrument
further comprises a magnetic resonance imaging system for
acquiring thermal magnetic resonance imaging data from an
imaging zone. The target zone is within the imaging zone.
The medical instrument further comprises a processor or
controller for controlling the medical instrument.

[0029] The medical instrument further comprises a
memory containing machine-executable instructions and
thermometry pulse sequence commands. Pulse sequence
commands as used herein comprise commands or data
which may be converted into commands which are used for
controlling the operation of a magnetic resonance imaging
system to acquire magnetic resonance data. Often pulse
sequences are represented as timing diagrams. The ther-
mometry pulse sequence commands could also be in the
form of a timing diagram or Meta data or data descriptive of
a timing diagram which are converted into commands for
controlling the magnetic resonance imaging system. The
thermometry pulse sequence commands cause the magnetic
resonance imaging system to acquire the thermal magnetic
resonance imaging data according to a magnetic resonance
imaging thermometry protocol.

[0030] Execution of the instructions causes the processor
to receive sonication commands. The sonication commands
specify a set of multiple target volumes within the target
zone. The multiple target volumes may be considered to be
multiple points which are sonicated by the ultrasonic trans-
ducer. The sonication commands could be received in a
variety of different ways. In one instance they are received
from a graphical user interface. For example a physician or
other operator could enter the sonication commands into a
user interface or graphical user interface. In another example
the sonication commands may be received from a hard drive
or other computer storage device which the processor is
connected to. In other examples the sonication commands
could be received from another computing or computer
device.

[0031] Execution of the instructions further cause the
processor to receive a selection of a current target volume
selected from the set of multiple target volumes. In some
instances this may be specified within the sonication com-
mands. In other instances the selection of the current target
volume may for instance be made in response to data
received from a user interface. In another example a com-
puter module or program may select the current target
volume. The current target volume may be thought of as
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being equivalent to the first sonication point that is sonicated
by the high-intensity focused ultrasound system.

[0032] Execution of the machine-executable instructions
further cause the processor to repeatedly acquire the thermal
magnetic resonance data by controlling the magnetic reso-
nance imaging system with the thermometry pulse sequence
commands. Execution of the machine-executable instruc-
tions further cause the processor to repeatedly calculate a
temperature map using the thermal magnetic resonance data.
Execution of the machine-executable instructions further
cause the processor to repeatedly control the high-intensity
focused ultrasound system to sonicate the current target
volume by electronically steering the sonication location to
the current target volume. Execution of the machine-execut-
able instructions further cause the processor to repeatedly
remove the current target volume from the set of multiple
target volumes after controlling the high-intensity focused
ultrasound system to sonicate the current target volume.
[0033] Execution of the machine-executable instructions
further cause the processor to repeatedly calculate a soni-
cation energy for each of the multiple target volumes by
using the temperature map. The sonication energy is the total
amount of energy which needs to be deposited at each of the
remaining of the set of multiple target volumes. In this step
essentially each of the remaining sonication points is clas-
sified by how much energy it will require to finish the
sonication of that particular sonication point. This may be
done in different ways with the temperature map. In some
instances the current temperature may be used to determine
the remaining energy. In other examples the thermal dose
may be the important parameter. In this case for example as
the temperature map is repeatedly calculated a thermal dose
could be calculated for each of the multiple target volumes.
[0034] Execution of the machine-executable instructions
further cause the processor to select a next target volume
from the multiple target volumes using the calculation of the
sonication energy for each of the multiple target volumes.
The selection of the next target volume comprises searching
for the sonication energy with a minimum value.

[0035] Execution of the machine-executable instructions
further causes the processor to repeatedly set the next target
volume as the current target volume. When the next target
volume has been set to the current target volume then the
processor goes through and repeats the loops of steps again
until all of the multiple target volumes have been sonicated.
[0036] This embodiment may have the benefit that by
selecting the next sonication point in this way the energy
used to sonicate the first or subsequent sonication points
may be helpful in completing the sonication of other soni-
cation points. This may be used to reduce the total amount
of energy which needs to be deposited into a subject to
complete the overall sonication of the target zone. As the
amount of total energy deposited into the subject is reduced
this may have the beneficial effect in some examples of
reducing the amount of near field heating of the subject. Also
by choosing the method that reduces the total amount of heat
deposited or energy, this may reduce the amount of time
needed for the sonication. In other examples it may further
have the benefit of reducing the amount of time which is
required for the subject to cool in between sonications of
different target volumes.

[0037] In another embodiment execution of the machine-
executable instructions further cause the processor to cal-
culate an estimated near field temperature map for each of
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the multiple target volumes using the temperature map and
an ultrasonic transducer module. Execution of the machine-
executable instructions further cause the processor to select
the next target volume at least partially using the estimated
near field temperature map for each of the multiple target
volumes. In this example instead of purely going through
and calculating the sonication energy the sonications of each
of the remaining multiple target volumes is modeled using
the ultrasonic transducer module such that an estimated near
field temperature map is created for each one.

[0038] The benefit of doing this may be that it is possible
to predict how hot the near field region of the subject will
become. This can then also be used to select which will be
the next target volume. This for instance may be useful in
reducing the amount of near field heating of the subject such
that the subject is not burned or overheated in the near field
region. This may be useful in reducing the amount of time
which is required for the subject to cool before proceeding
to the next target volume. As this is done also using the
minimum sonication energy this may be useful in further
reducing the possible heating of the near field.

[0039] In another embodiment the selecting of the next
target volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises searching the estimated near field temperature
map for a high temperature zone which has a temperature
above a predetermined threshold. This may be beneficial
because it may be able to predict if the near field region of
the subject will become overheated if a particular volume is
selected as the next target volume. This may be used to
selectively exclude particular target volumes from being
selected such that is it not necessary to wait for the subject
to cool before proceeding with the sonication.

[0040] In another embodiment the selecting of the next
target volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises excluding a chosen target volume from being
selected as the next target volume if the high temperature
zone is found.

[0041] In another embodiment selecting the next target
volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises modifying the sonication commands to shut off
transducer elements selected from multiple transducer ele-
ments that contribute to the heating of the high temperature
zone. In this embodiment individual transducer elements
which may contribute to heating the high temperature zone
can be shut off selectively. This may have the benefit that it
reduces the heating of the high temperature zone such that
a target volume which had to be ignored for the selection of
the next target volume because it caused excessive near field
heating can instead be selected. This may contribute further
to reducing the amount of delay which is necessary before
a subject can be sonicated. This may also have the potential
benefit of reducing the overall energy which is needed to
complete the total heating of the target zone.

[0042] In another embodiment the magnetic resonance
imaging thermometry protocol is a proton resonance fre-
quency shift magnetic resonance protocol. The memory
further contains calibration pulse sequence commands. The
calibration pulse sequence commands cause the magnetic
resonance imaging system to acquire phase calibration mag-
netic resonance data according to the magnetic resonance
imaging thermometry protocol. Execution of the machine-
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executable instructions further cause the processor to
acquire the phase calibration magnetic resonance data by
controlling the magnetic resonance imaging system with the
calibration pulse sequence commands before controlling the
high-intensity focused ultrasound system to sonicate the
current target volume. Execution of the machine-executable
instructions further causes the processor to calculate a phase
calibration using the phase calibration magnetic resonance
data. The temperature map is calculated using the thermal
magnetic resonance data and the phase calibration.

[0043] In another embodiment the medical instrument
further comprises an actuator system for moving the ultra-
sonic transducer. The sonication commands specify an
actuator position for each of the set of multiple target
volumes. Execution of the instructions further cause the
processor to create a list of possible actuator positions from
the actuator position for each of the set of multiple target
volumes. The phase calibration magnetic resonance data is
acquired by acquiring the phase calibration magnetic reso-
nance data for each actuator position in the list of possible
actuator positions. The phase calibration calculated by cal-
culating the phase calibration for each actuator position is in
the list of possible actuator positions. If in a high-intensity
focused ultrasound system that has an actuator moving the
ultrasonic transducer to different positions may have a large
effect on the BO magnetic field. This embodiment may have
the benefit that by performing the calibration at the possible
actuator positions an accurate calibration for the PRFS
temperature method may be acquired for each of these
possible locations. This may greater improve the quality of
the temperature measurements made during heating of the
subject.

[0044] In another embodiment execution of the machine-
executable instructions cause the processor to calculate the
temperature map for each actuator position in the list of
possible actuator positions using the thermal magnetic reso-
nance data for each actuator position in the list of possible
actuator positions. Controlling the high-intensity focused
ultrasound system to sonicate the current target comprises
controlling the actuator system to move the ultrasound
transducer to the actuator position of the current target
volume.

[0045] Using an actuator to move the ultrasound trans-
ducer to different physical locations may also be considered
a form of steering the high-intensity focused ultrasound
system to sonicate the current target volume.

[0046] In another aspect the invention provides for a
method of operating a medical instrument. The medical
instrument comprises a high-intensity focused ultrasound
system comprising an ultrasonic transducer. The ultrasonic
transducer comprises multiple transducer elements for soni-
cating a target zone. The high-intensity focused ultrasound
system is operable for electronically steering a sonication
location by controlling the supply of electrical power to each
of the multiple transducer elements. The medical instrument
further comprises a magnetic resonance imaging system for
acquiring the thermal magnetic resonance imaging data from
an imaging zone. The target zone is within the imaging zone.
[0047] The method comprises receiving sonication com-
mands. The sonication commands specify a set of multiple
target volumes within the target zone. The method further
comprises receiving a selection of a current target volume
selected from the set of multiple target volumes. The method
further comprises repeatedly acquiring the thermal magnetic
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resonance data by controlling the magnetic resonance imag-
ing system with the thermometry pulse sequence commands.
The thermometry pulse sequence commands cause the mag-
netic resonance imaging system to acquire the thermal
magnetic resonance imaging data according to a magnetic
resonance imaging thermometry protocol. The method fur-
ther comprises repeatedly calculating a temperature map
using the thermal magnetic resonance data.

[0048] The method further comprises repeatedly control-
ling the high-intensity focused ultrasound system to sonicate
the current target volume by steering the sonication location
to the current target volume. This may include electronically
steering the sonication location and in some instances also
physically moving the ultrasonic transducer to different
locations. The method further comprises removing the cur-
rent target volume from the set of multiple target volumes
after controlling the high-intensity focused ultrasound sys-
tem to sonicate the current target volume.

[0049] The method further comprises repeatedly calculat-
ing a sonication energy for each of the multiple target
volumes by using the temperature map. The method further
comprises repeatedly selecting a next target volume from the
multiple target volumes using the calculation of the sonica-
tion energy for each of the multiple target volumes. The
selection of the next target volume comprises searching for
the sonication energy with a minimum value. The method
further comprises repeatedly setting the next target volume
as the current target volume.

[0050] In another embodiment the method further com-
prises calculating an estimated near field temperature for
each of the multiple target volumes using the temperature
map and the ultrasonic transducer model. The method fur-
ther coniprises repeatedly selecting the next target volume at
least partially using the estimated near field temperature map
for each of the multiple target volumes.

[0051] In another embodiment selecting the next target
volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises searching the estimated near field temperature
map for a high temperature zone which has a temperature
above a predetermined threshold.

[0052] In another embodiment selecting the next target
volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises excluding a chosen target volume from being
selected as the next target volume if the high temperature
zone is found.

[0053] In another embodiment selecting the next target
volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises modifying the sonication commands to shut off
transducer elements selected from multiple transducer ele-
ments that contribute to the heating of the high temperature
7one.

[0054] In another embodiment the magnetic resonance
imaging thermometry protocol is a proton resonance fre-
quency shift magnetic resonance protocol. The method
further comprises acquiring the phase calibration magnetic
resonance data by controlling the magnetic resonance imag-
ing system with calibration pulse sequence commands
before controlling the high-intensity focused ultrasound
system to sonicate the current target volume. The calibration
pulse sequence commands cause the magnetic resonance
imaging system to acquire phase calibration magnetic reso-
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nance data according to the magnetic resonance imaging
thermometry protocol. The method further comprises cal-
culating a phase calibration according to the phase calibra-
tion magnetic resonance data. The temperature map is
calculated using the thermal magnetic resonance data and
the phase calibration.

[0055] In another aspect the invention provides for a
computer program product comprising machine-executable
instructions for execution by a processor controlling the
medical instrument. The medical instrument comprises a
high-intensity focused ultrasound system comprising an
ultrasonic transducer. The ultrasonic transducer comprises
multiple transducer elements for sonicating a target zone.
The high-intensity focused ultrasound system is operable for
electronically steering a sonication location by controlling
the supply of electrical power to each of the multiple
transducer elements. The medical instrument further com-
prises a magnetic resonance imaging system for acquiring
thermal magnetic resonance imaging data from an imaging
zone. The target zone is within the imaging zone. Execution
of the instructions causes the processor to receive sonication
commands. The sonication commands specify a set of
multiple target volumes within the target zone. Execution of
the machine-executable instructions further cause the pro-
cessor to receive a selection of a current target volume
selected from the set of multiple target volumes.

[0056] Execution of the machine-executable instructions
further cause the processor to repeatedly acquire the thermal
magnetic resonance data by controlling the magnetic reso-
nance imaging system with thermometry pulse sequence
commands. The thermometry pulse sequence commands
cause the magnetic resonance imaging system to acquire the
thermal magnetic resonance imaging data according to a
magnetic resonance imaging thermometry protocol. Execu-
tion of the machine-executable instructions further causes
the processor to repeatedly calculate a thermal map using the
thermal magnetic resonance data. Execution of the machine-
executable instructions further cause the processor to repeat-
edly control the high-intensity focused ultrasound system to
sonicate the current target volume by electronically steering
the sonication location to the current target volume.

[0057] Execution of the machine-executable instructions
further cause the processor to repeatedly remove the current
target volume from the set of multiple target volumes after
controlling the high-intensity focused ultrasound system to
sonicate the current target volume. Execution of the
machine-executable instructions further cause the processor
to repeatedly calculate a sonication energy for each of the
multiple target volumes by using the temperature map.
Execution of the machine-executable instructions further
cause the processor to repeatedly select a next target volume
from the multiple target volumes using the calculation of the
sonication energy for each of the multiple target volumes.
The selection of the next target volume comprises searching
for the sonication energy with a minimum value. Execution
of the machine-executable instructions further causes the
processor to repeatedly set the next target volume as the
current target volume.

[0058] It is understood that one or more of the aforemen-
tioned embodiments of the invention may be combined as
long as the combined embodiments are not mutually exclu-
sive.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0059] In the following preferred embodiments of the
invention will be described, by way of example only, and
with reference to the drawings in which:

[0060] FIG. 1 illustrates an example of a medical instru-
ment;

[0061] FIG. 2 shows an enlarged view from FIG. 1;
[0062] FIG. 3 shows a flow chart that illustrates a method

of operating the medical instrument of FIG. 1,

[0063] FIG. 4 shows a flow chart that illustrates a further
method of operating the medical instrument of FIG. 1; and
[0064] FIG. 5 shows a flow chart that illustrates a further
method of operating the medical instrument of FIG. 1;

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0065] Like numbered elements in these figures are either
equivalent elements or perform the same function. Elements
which have been discussed previously will not necessarily
be discussed in later figures if the function is equivalent.
[0066] FIG. 1 shows an example of a medical instrument
100. The medical instrument comprises a magnetic reso-
nance imaging system 102 and a high-intensity focused
ultrasound system 204. The magnetic resonance imaging
system comprises a magnet 106. The magnet shown in FIG.
1 is a cylindrical type superconducting magnet. The magnet
has a liquid helium cooled cryostat with superconducting
coils. It is also possible to use permanent or resistive
magnets. The use of different types of magnets is also
possible for instance it is also possible to use both a split
cylindrical magnet and a so called open magnet. A split
cylindrical magnet is similar to a standard cylindrical mag-
net, except that the cryostat has been split into two sections
to allow access to the iso-plane of the magnet, such magnets
may for instance be used in conjunction with charged
particle beam therapy. An open magnet has two magnet
sections, one above the other with a space in-between that is
large enough to receive a subject: the arrangement of the two
sections area similar to that of a Helmholtz coil. Open
magnets are popular, because the subject is less confined.
Inside the cryostat of the cylindrical magnet there is a
collection of superconducting coils. Within the bore 108 of
the cylindrical magnet 106 there is an imaging zone 118
where the magnetic field is strong and uniform enough to
perform magnetic resonance imaging.

[0067] Within the bore 108 of the magnet there is also a
magnetic field gradient coil 110 which is used to spatially
encode magnetic spins within an imaging zone of the
magnet during the acquisition of magnetic resonance data.
The magnetic field gradient coil 110 is connected to a
magnetic field gradient coil power supply 112. The magnetic
field gradient coil is intended to be representative. Typically
magnetic field gradient coils contain three separate sets of
coils for spatially encoding in three orthogonal spatial
directions. A magnetic field gradient power supply supplies
current to the magnetic field gradient coils. The current
supplied to the magnetic field coils is controlled as a
function of time and may be ramped or pulsed.

[0068] In the center of the bore 108 is an imaging zone
118. Adjacent to the imaging zone is a radio-frequency coil
114 which is connected to transceiver 116. Also within the
bore 108 is a subject 120 reposing on a subject support 122.
The radio-frequency coil 114 is adapted for manipulating the
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orientations of magnetic spins within the imaging zone and
for receiving radio transmissions from spins also within the
imaging zone. The radio-frequency coil 114 may contain
multiple coil elements. The radio-frequency coil may also be
referred to as a channel or an antenna. The radio-frequency
coil 114 and radio frequency transceiver 116 may be
replaced by separate transmit and receive coils and a sepa-
rate transmitter and receiver. It is understood that the radio-
frequency coil 114 and the radio frequency transceiver 116
are representative. The radio-frequency coil 114 is intended
to also represent a dedicated transmit antenna and a dedi-
cated receive antenna. Likewise the transceiver may also
represent a separate transmitter and receivers.

[0069] The high-intensity focused ultrasound system 104
comprises a fluid-filled chamber 124 which houses an ultra-
sound transducer 126. The ultrasound transducer 126 is
mechanically positioned by a mechanical positioning system
128. There is an actuator 130 for actuating the mechanical
positioning system. In alternative embodiments the ultra-
sound transducer may be a manually positioned external
transducer without the fluid-filled chamber 124 or mechani-
cal positioning system 128.

[0070] The ultrasonic transducer 126 may also contain
multiple elements for emitting ultrasound. A power supply
which is not shown may control the amplitude and/or phase
and/or frequency of alternating current electric power sup-
plied to the elements of the ultrasonic transducer 126. The
dashed lines 132 show the path of ultrasound from the
ultrasonic transducer 126. The ultrasound 132 first passes
through the fluid-filled chamber 124. The ultrasound then
passes through an ultrasound window 134. After passing
through the ultrasound window 134 the ultrasound passes
through an optional gel pad 136 or a layer of ultrasound
conductive gel which may be used to conduct ultrasound
between the window 134 and the subject 120. The ultra-
sound 132 then enters the subject 120 and is focused into a
focus 138 or sonication point. There is a region 140 which
is a target zone. Through a combination of electronic and
mechanical positioning of the focus 138 the entire target
zone 140 can be heated. The target zone 140 is within the
imaging zone 118. The high-intensity focused ultrasound
system 104, the transceiver 116, and the magnetic field
gradient coil power supply 112 are all connected to a
hardware interface 146 of computer system 142. The hard-
ware interface 146 is connected to processor 144. The
processor 144 is also connected to a user interface 148,
computer storage 150, and computer memory 152.

[0071] The computer storage 150 is shown as containing
sonication commands 160. The sonication commands could
for example been previously stored on the computer storage
device 150, could have been entered through the user
interface 148, or may have even been received via a network
interface of some kind. The computer storage 150 is further
shown as containing a selection of a current target volume
162. The selection of the current target volume 162 is where
the high-intensity focused ultrasound system 104 focuses the
focal point 138. The computer storage 150 is further shown
as containing thermometry pulse sequence commands 164.
The thermometry pulse sequence commands 164 enable the
medical instrument 100 to perform magnetic resonance
thermometry. The computer storage 150 is further shown as
containing thermal magnetic resonance imaging data 166
that was acquired using the thermometry pulse sequence
commands 164.
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[0072] The computer storage 150 is further shown as
containing a temperature map 168 that was reconstructed
from the thermal magnetic resonance imaging data 166. The
computer storage 150 is further shown as containing a set of
target volumes 170 which are used to define where the focal
point 138 is placed at different locations within the target
zone 140. The computer storage 150 is further shown as
containing a map with calculated sonication energies 172.
These are the energy which is necessary to complete the
sonication of each point in the set of target volumes 170. The
calculated sonication energies 172 are used at least partially
to select the next target volume that is sonicated.

[0073] The computer memory 152 is shown as containing
a control module 180. The control module 180 contains
computer-executable code which enables the processor 144
to control the operation and function of the various compo-
nents of the medical instrument 100. The computer storage
152 is further shown as containing an image reconstruction
module 182. The image reconstruction module 182 enables
the processor 144 to reconstruct magnetic resonance images
using magnetic resonance data that is acquired. The image
reconstruction module 182 may also contain commands and
routines which enable the processor 144 to perform various
image processing operations.

[0074] The computer storage 152 is further shown as
containing a magnetic resonance thermometry module 184.
The magnetic resonance thermometry module 184 enables
the processor 144 to analyze and process the thermal mag-
netic resonance imaging data 166 into the temperature map
168. Depending upon the exact magnetic resonance ther-
mometry method used the magnetic resonance thermometry
module 184 may also be adapted for performing various
types of calibration for magnetic resonance thermometry
also. The computer memory 152 is further shown as con-
taining an ultrasound model module 186 which enables the
processor 144 to model the ultrasound transducer 126 and
any individual transducer elements. This for instance may be
useful for performing ray tracing for ultrasound images by
various transducer elements. This may be useful in deter-
mining which and possibly turning off various transducer
elements such that they do not contribute to overheating of
the subject’s near field zone.

[0075] FIG. 2 shows an enlarged view of the imaging zone
118. In particular the target zone 140 can be seen in greater
detail. It can be seen that the focal point 138 is focused on
a current target volume 200. The target zone is divided into
a number of discreet set of target volumes 202. After the
location 200 has been sonicated the temperature map is then
used to determine which of the remaining target volumes
202 should be sonicated next. This for instance may require
electronic and/or mechanical steering of the transducer 126.
Between the target volume 202 and the transducer 126 is the
near field region 204 of the subject 120. In some examples
individual elements of the transducer 126 may be turned off
to prevent overheating of the near field region 204.

[0076] FIG. 3 shows a flowchart which illustrates an
example of a method of operating the medical instrument
100 illustrated in FIGS. 1 and 2. First in step 300 sonication
commands 160 are received. The sonication commands
specify a set of target volumes 202 within the target zone
140. Next in step 302 the selection of the current target
volume 200 is received. This is the location where the first
sonication will be performed. Next in step 304 thermal
magnetic resonance data 166 is acquired by controlling the
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magnetic resonance imaging system 102 with the thermom-
etry pulse sequence commands 164. Next in step 306 a
temperature map 168 is calculated using the thermal mag-
netic resonance imaging data 166. Next in step 308 the
high-intensity focused ultrasound system is controlled to
sonicate the current target volume 200 by steering the
sonication location 138 to the current target volume 200.

[0077] Next in step 310 the current target volume 200 is
removed from the set of multiple target volumes 270 after
controlling the high-intensity focused ultrasound system 104
to sonicate the current target volume 200. In step 312 a
sonication energy 172 is calculated for each of the multiple
target volumes 202 using the temperature map 168. Next in
step 314 a next target volume is selected from the multiple
target volumes using the calculation of the sonication energy
172 for each of the multiple target volumes 202. The
selection of the next target volume comprises searching for
a sonication energy with a minimum value.

[0078] Nextin step 316 the next target volume is set as the
current target volume. 318 is a decision box and the question
is, have all target volumes been sonicated. If the answer is
yes then the method proceeds to step 320 and the method of
FIG. 3 ends. If no, then the method returns back to step 304.
It should be noted that the steps shown in FIG. 3, various
steps may be re-arranged and placed in a different order.
Also during the execution of the method shown in FIG. 3,
several of the steps may be performed at the same time. For
example the acquisition of the thermal magnetic resonance
data may be done continuously and as the data is acquired
the various thermal maps and corrections are done as they
become available. The sonication of the current target vol-
ume may also be done during the execution of some steps.
For example the acquisition of the thermal magnetic reso-
nance data and the sonication of the current target volume
may be performed at the same time.

[0079] FIG. 4 shows a flowchart which illustrates a further
method of operating the medical instrument shown in FIGS.
1 and 2. The method shown in FIG. 4 is similar to that in
FIG. 3. However, in the method shown in FIG. 4 the method
proceeds from step 312 to step 400. In step 400 an estimated
near field temperature map is calculated for each of the
multiple target volumes 202 using the temperature map 168
and an ultrasonic transducer module model 186. The target
volume is then at least partially selected using the near field
temperature map for each of the multiple target volumes.
After step 400 the method proceeds to step 402. In step 402
the estimated near field temperature maps are searched for a
high temperature zone which has a temperature above a
predetermined threshold. In other words the near field tem-
perature maps are searched for regions which have a tem-
perature above an allowed or predetermined value. The
model is then used to predict regions where there will be
overheating of the subject.

[0080] The method then proceeds to step 404, where the
sonication commands are modified to shut off transducer
elements of the ultrasonic transducer 126 that contribute to
the hearing of the high temperature zone. In this step high
temperature regions that have been identified are then used
to modify the sonication commands and individual trans-
ducer elements are shut off in an effort to reduce the heating
of these high temperature zones. This may be beneficial
because it enables the sonication of the various target
volumes to proceed with little or no delay. After step 404 the
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method returns normally to step 314 and the method of FIG.
4 is then identical with the method of FIG. 3.

[0081] FIG. 5 shows a further example of a flowchart of a
method of operating the medical instrument of FIGS. 1 and
2. The method of FIG. 5 is similar to that of FIG. 3 with
several additions. After step 302 is performed the method
proceeds to step 500. In step 500 a list of possible actuator
positions of the ultrasound transducer 126 1s performed. The
sonication commands specify an actuator position for each
of the set of multiple target volumes. This is then used to
make the list of possible actuator positions. Next in step 502
phase calibration magnetic resonance data is acquired by
controlling the magnetic resonance imaging system with
calibration pulse sequence commands. The phase calibration
magnetic resonance data is acquired for each of the various
positions in the list of possible actuator positions.

[0082] Finally in step 404, a phase calibration for each of
the possible actuator positions is calculated using the phase
calibration magnetic resonance data at each of those loca-
tions. This enables the temperature map to be calculated
using a different calibration for each actuator position that is
used when positioning the ultrasonic transducer 126. This
may result in more accurate temperature measurements
during use of the medical instrument 100.

[0083] The steps of FIGS. 4 and 5 may be combined.
[0084] MR-guided High Intensity Focus Ultrasound
(HIFU) therapies that use proton resonance frequency
method for monitoring and controlling the heating typically
consist of several separate sonications. Hach sonication
begins with a gathering of reference phase image, after
which applying of the ultrasound energy is started. Phase
images are gathered during the sonication and used to
reconstruct the temperature maps, which are then used to
control the heating. After the heating is finished a cooling
period is required before the next sonication can be started.
This is due to the fact that in focused ultrasound sonications
also the near field, i.e. intervening tissues such as skin and
fat layer, are inevitably heated. In order to prevent the
overheating of near field tissues cooling periods need to be
added between sonication. This will make the total treatment
time longer and reduces the therapy efficiency. The length of
the cooling period depends on the applied energy in the
sonication, which is defined by sonication size, duration, and
power. Making cooling periods shorter would improve the
total therapy efficiency.

[0085] Examples may help in reducing the cooling time
and thus the chance of overheating the non-targeted tissues
and/or increasing the therapy efliciency.

[0086] Certain examples may have one or more of the
following features:

1. MR temperature mapping that can compensate for the
susceptibility artefacts caused the change in the transducer
position.

2. Sonication algorithm that can exploit the heat that diffuses
from the neighboring sonication targets.

3. Element switch-off algorithm to control the near field
heating.

[0087] Various example may enable performing sonica-
tion cells from multiple sonication positions without a
cooling period and new reference image gathering phase
between sonications. In the beginning the user may set for
example three sonication cells that are close to each other
but which require transducer movement in between. Refer-
ence images are gathered separately for each cell by moving
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the transducer to each location one at a time prior starting of
the sonication. When the reference images have been gath-
ered the sonication starts from one cell and after it has been
treated, the transducer is moved to another position. After
movement the temperature mapping needs to change the
used reference image that corresponds to the new transducer
position.

[0088] Since the cells are positioned closely to each other,
the heating of the second cell may now exploit the heat that
diffuses from the first cell. This reduces the amount of
energy needed to heat the second cell and thus increases the
heating efficiency respect the near field heating. After the
second cell has been treated, the sonication is continned
from the next cell. The maximum amount of subsequently
treatable cells will be eventually limited by for example
tissue perfusion and size of cells. Since the acoustic fields
for each position may overlap in the near field causing hot
spots, the near field heating may be controlled by using
element switch-off. The cells can be positioned for example
on a same plane or along the same beam axis. In the latter
choice the temperature mapping slices should be moved
accordingly to the transducer movement.

[0089] While the invention has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive; the invention is
not limited to the disclosed embodiments.

[0090] Other variations to the disclosed embodiments can
be understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the claims,
the word “comprising” does not exclude other elements or
steps, and the indefinite article “a” or “an” does not exclude
a plurality. A single processor or other unit may fulfill the
functions of several items recited in the claims. The mere
fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of
these measured cannot be used to advantage. A computer
program may be stored/distributed on a suitable medium,
such as an optical storage medium or a solid-state medium
supplied together with or as part of other hardware, but may
also be distributed in other forms, such as via the Internet or
other wired or wireless telecommunication systems. Any
reference signs in the claims should not be construed as
limiting the scope.

LIST OF REFERENCE NUMERALS

[0091] 100 medical instrument

[0092] 102 magnetic resonance imaging system
[0093] 104 high-intensity focused ultrasound system
[0094] 106 magnet

[0095] 108 bore of magnet

[0096] 110 magnetic field gradient coil

[0097] 112 magpetic field gradient coil power supply
[0098] 114 radio frequency coil

[0099] 116 transceiver

[0100] 118 imaging zone

[0101] 120 subject

[0102] 122 subject support

[0103] 124 fluid filled chamber

[0104] 126 ultrasonic transducer

[0105] 128 mechanical positioning system

[0106] 130 actuator

[0107] 132 path of ultrasound
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[0108] 134 ultrasound window

[0109] 136 gel pad

[0110] 138 focus

[0111] 140 target zone

[0112] 142 computer system

[0113] 144 processor

[0114] 146 hardware interface

[0115] 148 user interface

[0116] 150 computer storage

[0117] 152 computer memory

[0118] 160 sonication commands

[0119] 162 selection of current target volume
[0120] 164 thermometry pulse sequence commands
[0121] 166 thermal magnetic resonance data
[0122] 168 temperature map

[0123] 170 set of target volumes

[0124] 172 calculated sonication energies
[0125] 180 control module

[0126] 182 image reconstruction module
[0127] 184 MR thermometry module

[0128] 186 ultrasound model module

[0129] 200 current target volume

[0130] 202 target volumes

[0131] 204 nearfield region

[0132] 300 receive sonication commands, wherein the

sonication commands specify a set of multiple target
volumes within the target zone

[0133] 302 receive a selection of a current target volume
selected from the set of multiple target volumes

[0134] 304 acquire the thermal magnetic resonance data
by controlling the magnetic resonance imaging system
with the thermometry pulse sequence commands

[0135] 306 calculate a temperature map using the thermal
magnetic resonance data

[0136] 308 control the high intensity focused ultrasound
system to sonicate the current target volume by electroni-
cally steering the sonication location to the current target
volume

[0137] 310 remove the current target volume from the set
of multiple target volumes after controlling the high
intensity focused ultrasound system to sonicate the cur-
rent target volume

[0138] 312 calculate a sonication energy for each of the
multiple target volumes by using the temperature map

[0139] 314 select a next target volume from the multiple
target volumes using the calculation of the sonication
energy for each of the multiple target volumes

[0140] 316 set the next target volume as the current target
volume

[0141] 318 have all of the multiple target volumes been
sonicated?

[0142] 320 end

[0143] 400 calculate an estimated near field temperature

map for each of the multiple target volumes using the
temperature map and an ultrasonic transducer model

[0144] 402 search the estimated near field temperature
map for a high temperature zone which has a temperature
above a predetermined threshold

[0145] 404 modify the sonication commands to shut off
transducer elements selected from multiple transducer
elements that contribute to the heating of the high tem-
perature zone
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[0146] 500 create a list of possible actuator positions from
the actuator position for each of the set of nultiple target
volume

[0147] 502 acquire the phase calibration magnetic reso-
nance data for each of the possible actuator positions by
controlling the magnetic resonance imaging system with
the calibration pulse sequence commands

[0148] 504 calculate a phase calibration according with
the phase calibration magnetic resonance data for each of
the possible actuator positions

1. A medical instrument comprising;

a high intensity focused ultrasound system comprising an
ultrasonic transducer, wherein the ultrasonic transducer
comprises multiple transducer elements for sonicating
a target zone, wherein the high intensity focused ultra-
sound system is operable for electronically steering a
sonication location by controlling supply of electrical
power to each of the multiple transducer elements;

a magnetic resonance imaging system for acquiring ther-
mal magnetic resonance imaging data from an imaging
zone, wherein the target zone is within the imaging
7one;

a processor for controlling the medical instrument;

amemory containing machine executable instructions and
thermometry pulse sequence commands, wherein the
thermometry pulse sequence commands cause the mag-
netic resonance imaging system to acquire the thermal
magnetic resonance imaging data according to a mag-
netic resonance imaging thermometry protocol;

wherein execution of the machine executable instructions
causes the processor to:

receive sonication commands, wherein the sonication
commands specify a set of multiple target volumes
within the target zone; and

receive a selection of a current target volume selected
from the set of multiple target volumes;

wherein execution of the machine executable instructions
causes the processor to repeatedly:

acquire the thermal magnetic resonance data by control-
ling the magnetic resonance imaging system with the
thermometry pulse sequence commands;

calculate a temperature map using the thermal magnetic
resonance data;

control the high intensity focused ultrasound system to
sonicate the current target volume by steering the
sonication location to the current target volume;

remove the current target volume from the set of multiple
target volumes after controlling the high intensity
focused ultrasound system to sonicate the current target
volume;

calculate a sonication energy that needs to be deposited at
a target volume for each of the multiple target volumes
by using the temperature map;

select a next target volume from the multiple target
volumes based on the calculated sonication energy,
wherein the next target volume is a target volume,
which will require a minimum sonication energy to
finish the sonication; and

set the next target volume as the current target volume.

2. The medical instrument of claim 2, wherein execution
of the machine executable instructions further causes the
processor to repeatedly:
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calculate an estimated near field temperature map for each
of the multiple target volumes using the temperature
map and an ultrasonic transducer model, and

select the next target volume at least partially using the

estimated near field temperature map for each of the
multiple target volumes.

3. The medical instrument of claim 2, wherein selecting
the next target volume at least partially using the estimated
near field temperature map for each of the multiple target
volumes comprises searching the estimated near field tem-
perature map for a high temperature zone which has a
temperature above a predetermined threshold.

4. The medical instrument of claim 3, wherein selecting
the next target volume at least partially using the estimated
near field temperature map for each of the multiple target
volumes comprises excluding a chosen target volume from
being selected as the next target volume if the high tem-
perature zone is found.

5. The medical instrument of claim 3, wherein selecting
the next target volume at least partially using the estimated
near field temperature map for each of the multiple target
volumes comprises modifying the sonication commands to
shut off transducer elements selected from multiple trans-
ducer elements that contribute to the heating of the high
temperature zone.

6. The medical instrument of claim 1, wherein the mag-
netic resonance imaging thermometry protocol is a proton
resonance frequency shift magnetic resonance protocol,
wherein the memory further contains calibration pulse
sequence commands, wherein the calibration pulse sequence
commands cause the magnetic resonance imaging system to
acquire phase calibration magnetic resonance data according
to the magnetic resonance imaging thermometry protocol,
wherein execution of the machine executable instructions
further causes the processor to:

acquire the phase calibration magnetic resonance data by

controlling the magnetic resonance imaging system
with the calibration pulse sequence commands before
controling the high intensity focused ultrasound system
to sonicate the current target volume, and

calculate a phase calibration using the phase calibration

magnetic resonance data, wherein the temperature map
is calculated using the thermal magnetic resonance data
and the phase calibration.

7. The medical instrument of claim 6, wherein the medical
instrument further comprises an actuator system for moving
the ultrasonic transducer, wherein the sonication commands
specify an actuator position for each of the set of multiple
target volumes, wherein execution of the instructions further
causes the processor to create a list of possible actuator
positions from the actuator position for each of the set of
multiple target volumes, wherein the phase calibration mag-
netic resonance data is acquired by acquiring the phase
calibration magnetic resonance data for each actuator posi-
tion in the list of possible actuator positions, wherein the
phase calibration calculated by calculating the phase cali-
bration for each actuator position in the list of possible
actuator positions.

8. The medical instrument of claim 7, wherein execution
of the machine executable instructions cause the processor
to calculate the temperature map for each actuator position
in the list of possible actuator positions using the thermal
magnetic resonance data for each actuator position in the list
of possible actuator positions, wherein controling the high
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intensity focused ultrasound system to sonicate the current
target comprises controlling the actuator system to move the
ultrasonic transducer to the actuator position of the current
target volume.

9. A method of operating a medical instrument, wherein
the medical instrument comprises a high intensity focused
ultrasound system comprising an ultrasonic transducer;
wherein the ultrasonic transducer comprises multiple trans-
ducer elements for sonicating a target, wherein the high
intensity focused ultrasound system is operable for elec-
tronically steering a sonication location by controlling sup-
ply of electrical power to each of the multiple transducer
elements, wherein the medical instrument further comprises
a magnetic resonance imaging system for acquiring thermal
magnetic resonance imaging data from an imaging zone,
wherein the target zone is within the imaging zone,
wherein the method comprises:

receiving sonication commands, wherein the sonication

commands specify a set of multiple target volumes
within the target zone;

receiving a selection of a current target volume selected

from the set of multiple target volumes;
wherein the method comprises repeatedly:
acquiring the thermal magnetic resonance data by con-
trolling the magnetic resonance imaging system with
thermometry pulse sequence commands, wherein the
thermometry pulse sequence commands cause the mag-
netic resorance imaging system to acquire the thermal
magnetic resonance imaging data according to a mag-
netic resonance imaging thermometry protocol;

calculating a temperature map using the thermal magnetic
resonance data;
controlling the high intensity focused ultrasound system
to sonicate the current target volume by steering the
sonication location to the current target volume;

removing the current target volume from the set of
multiple target volumes after controlling the high inten-
sity focused ultrasound system to sonicate the current
target volume;
calculating a sonication energy for each of the multiple
target volumes by using the temperature map;

selecting a next target volume from the multiple target
volumes using the calculation of the sonication energy
for each of the multiple target volumes, wherein the
selection of the next target volume comprises searching
for the sonication energy with a minimum value; and

setting the next target volume as the current target vol-
ume.
10. The method of claim 9, wherein the method further
comprises repeatedly:
calculating an estimated near field temperature map for
each of the multiple target volumes using the tempera-
ture map and an ultrasonic transducer model, and

selecting the next target volume at least partially using the
estimated near field temperature map for each of the
multiple target volumes.

11. The method of claim 10, wherein selecting the next
target volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises searching the estimated near field temperature
map for a high temperature zone which has a temperature
above a predetermined threshold.

12. The method of claim 11, wherein selecting the next
target volume at least partially using the estimated near field
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temperature map for each of the multiple target volumes
comprises excluding a chosen target volume from being
selected as the next target volume if the high temperature
zone is found.
13. The method of claim 11, wherein selecting the next
target volume at least partially using the estimated near field
temperature map for each of the multiple target volumes
comprises modifying the sonication commands to shut off
transducer elements selected from multiple transducer ele-
ments that contribute to the heating of the high temperature
7o0ne.
14. The method of claim 9, wherein the magnetic reso-
nance imaging thermometry protocol is a proton resonance
frequency shift magnetic resonance protocol, wherein the
method further comprises:
acquiring the phase calibration magnetic resonance data
by controlling the magnetic resonance imaging system
with calibration pulse sequence commands before con-
troling the high intensity focused ultrasound system to
sonicate the current target volume, wherein the cali-
bration pulse sequence commands cause the magnetic
resonance imaging system to acquire phase calibration
magnetic resonance data according to the magnetic
resonance imaging thermometry protocol; and

calculating a phase calibration according with the phase
calibration magnetic resonance data, wherein the tem-
perature map is calculated using the thermal magnetic
resonance data and the phase calibration.

15. A computer program product comprising machine
executable instructions for execution by a processor con-
trolling a medical instrument, wherein the medical instru-
ment comprises a high intensity focused ultrasound system
comprising an ultrasonic transducer; wherein the ultrasonic
transducer comprises multiple transducer elements for soni-
cating a target zone, wherein the high intensity focused
ultrasound system is operable for electronically steering a
sonication location by controlling supply of electrical power
to each of the multiple transducer elements, wherein the
medical instrument further comprises a magnetic resonance
imaging system for acquiring thermal magnetic resonance
imaging data from an imaging zone, wherein the target zone
is within the imaging zone,
wherein execution of the machine executable instructions
causes the processor to:

receive sonication commands, wherein the sonication

commands specify a set of multiple target volumes
within the target zone;

receive a selection of a current target volume selected

from the set of multiple target volumes;
wherein execution of the machine executable instructions
causes the processor to repeatedly:
acquire the thermal magnetic resonance data by control-
ling the magnetic resonance imaging system with ther-
mometry pulse sequence commands, wherein the ther-
mometry pulse sequence commands cause the
magnetic resonance imaging system to acquire the
thermal magnetic resonance imaging data according to
a magnetic resonance imaging thermometry protocol;

calculate a temperature map using the thermal magnetic
resonance data;

control the high intensity focused ultrasound system to

sonicate the current target volume by steering the
sonication location to the current target volume;
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remove the current target volume from the set of multiple
target volumes after controlling the high intensity
focused ultrasound system to sonicate the current target
volume;

calculate a sonication energy for each of the multiple

target volumes by using the temperature map;

select a next target volume from the multiple target

volumes using the calculation of the sonication energy
for each of the multiple target volumes, wherein the
selection of the next target volume comprises searching
for the sonication energy with a minimum value; and
set the next target volume as the current target volume.

16. The medical instrument of claim 2, wherein the
magnetic resonance imaging thermometry protocol is a
proton resonance frequency shift magnetic resonance pro-
tocol, wherein the memory further contains calibration pulse
sequence commands, wherein the calibration pulse sequence
commands cause the magnetic resonance imaging system to
acquire phase calibration magnetic resonance data according
to the magnetic resonance imaging thermometry protocol,
wherein execution of the machine executable instructions
further causes the processor to:

acquire the phase calibration magnetic resonance data by

controlling the magnetic resonance imaging system
with the calibration pulse sequence commands before
controling the high intensity focused ultrasound system
to sonicate the current target volume, and

calculate a phase calibration using the phase calibration

magnetic resonance data, wherein the temperature map
is calculated using the thermal magnetic resonance data
and the phase calibration.

17. The medical instrument of claim 3, wherein the
magnetic resonance imaging thermometry protocol is a
proton resonance frequency shift magnetic resonance pro-
tocol, wherein the memory further contains calibration pulse
sequence commands, wherein the calibration pulse sequence
commands cause the magnetic resonance imaging system to
acquire phase calibration magnetic resonance data according
to the magnetic resonance imaging thermometry protocol,
wherein execution of the machine executable instructions
further causes the processor to:

acquire the phase calibration magnetic resonance data by

controlling the magnetic resonance imaging system
with the calibration pulse sequence commands before
controling the high intensity focused ultrasound system
to sonicate the current target volume, and

calculate a phase calibration using the phase calibration

magnetic resonance data, wherein the temperature map
is calculated using the thermal magnetic resonance data
and the phase calibration.

18. The medical instrument of claim 4, wherein the
magnetic resonance imaging thermometry protocol is a
proton resonance frequency shift magnetic resonance pro-
tocol, wherein the memory further contains calibration pulse
sequence commands, wherein the calibration pulse sequence
commands cause the magnetic resonance imaging system to
acquire phase calibration magnetic resonance data according
to the magnetic resonance imaging thermometry protocol,
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wherein execution of the machine executable instructions
further causes the processor to:

acquire the phase calibration magnetic resonance data by

controlling the magnetic resonance imaging system
with the calibration pulse sequence commands before
controling the high intensity focused ultrasound system
to sonicate the current target volume, and

calculate a phase calibration using the phase calibration

magnetic resonance data, wherein the temperature map
is calculated using the thermal magnetic resonance data
and the phase calibration.

19. The medical instrument of claim 5, wherein the
magnetic resonance imaging thermometry protocol is a
proton resonance frequency shift magnetic resonance pro-
tocol, wherein the memory further contains calibration pulse
sequence commands, wherein the calibration pulse sequence
commands cause the magnetic resonance imaging system to
acquire phase calibration magnetic resonance data according
to the magnetic resonance imaging thermometry protocol,
wherein execution of the machine executable instructions
further causes the processor to:

acquire the phase calibration magnetic resonance data by

controlling the magnetic resonance imaging system
with the calibration pulse sequence commands before
controling the high intensity focused ultrasound system
to sonicate the current target volume, and

calculate a phase calibration using the phase calibration

magnetic resonance data, wherein the temperature map
is calculated using the thermal magnetic resonance data
and the phase calibration.

20. The medical instrument of claim 4, wherein selecting
the next target volume at least partially using the estimated
near field temperature map for each of the multiple target
volumes comprises modifying the sonication commands to
shut off transducer elements selected from multiple trans-
ducer elements that contribute to the heating of the high
temperature zone.

21. The medical instrument of claim 20, wherein the
magnetic resonance imaging thermometry protocol is a
proton resonance frequency shift magnetic resonance pro-
tocol, wherein the memory further contains calibration pulse
sequence commands, wherein the calibration pulse sequence
commands cause the magnetic resonance imaging system to
acquire phase calibration magnetic resonance data according
to the magnetic resonance imaging thermometry protocol,
wherein execution of the machine executable instructions
further causes the processor to:

acquire the phase calibration magnetic resonance data by

controlling the magnetic resonance imaging system
with the calibration pulse sequence commands before
controling the high intensity focused ultrasound system
to sonicate the current target volume, and

calculate a phase calibration using the phase calibration

magnetic resonance data, wherein the temperature map
is calculated using the thermal magnetic resonance data
and the phase calibration.
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