EP 3 459 596 A1

(1 9) Europdisches

: Patentamt

European
Patent Office

Office européen
des brevets

(11) EP 3 459 596 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
27.03.2019 Bulletin 2019/13

(21) Application number: 17193098.5

(22) Date of filing: 26.09.2017

(51) IntCL:

A61N 7/00 (2006.0)
A61B 5/01 (2006.0)
AB1B 90/00 (207607

AG1N 7/02 (2006.01)
A61B 5/00 (2006.01)
GO1R 33/48 (2006.01)

(84) Designated Contracting States:
AL AT BEBG CH CY CZ DE DK EE ES FI FR GB
GRHRHUIEISITLILT LULV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME
Designated Validation States:
MA MD

(71) Applicant: Koninklijke Philips N.V.
5656 AE Eindhoven (NL)

(72) Inventors:

e HEIJMAN, Edwin
5656 AE Eindhoven (NL)

« SEBEKE, Lukas
5656 AE Eindhoven (NL)

¢ STARUCH, Robert Michael
5656 AE Eindhoven (NL)

(74) Representative: de Haan, Poul Erik et al

Philips International B.V.

Philips Intellectual Property & Standards
High Tech Campus 5

5656 AE Eindhoven (NL)

(54) POWER ADJUSTMENT IN MAGNETIC RESONANCE GUIDED HIGH INTENSITY FOCUSED

ULTRASOUND

(67)  The invention provides for a medical instrument
(100) comprising: a magnetic resonance imaging system
(102) and a high intensity focused ultrasound system
(122) comprising an ultrasonic transducer (126). The ul-
trasonic transducer being configured for simultaneously
heating multiple sonication volumes (138, 138, 138").
Execution of machine executable instructions (180)
cause a processor (174) to: receive (300) sonication
commands (188) configured for controlling the ultrasonic
transducer to sonicate the multiple sonication volumes,
receive (302) an acoustic power setting (190) for scaling
the acoustic power, wherein the relative power of the
electrical voltage supplied to each of the multiple ultra-
sonic transducer elements is scaled using the acoustic
power setting, and

control (304) the high intensity focused ultrasound sys-
tem to sonicate the multiple sonication volumes. During
the sonication, the processor repeatedly: acquires (306),
and reconstructs (308), and displays 310) a thermal map
(194) of the multiple sonication volumes. During the son-
ication, the processor further repeatedly: receives (312)
a pause command (196) which causes the processor to
pause the sonication of the multiple sonication volumes;
receives (314) a resume command (196) which causes
the processor to resume the sonication of the multiple
sonication volumes; and receives (316) a change power
command which causes the processor to change (320)
the relative power of the electrical voltage supplied to
each of the multiple ultrasonic transducer elements pro-
portionally by a value specified in the change power com-

mand, wherein an increase of the relative power of the
electrical voltage supplied to the ultrasonic transducer
above a predetermined value (198) is only performed if
(318) the sonication of the multiple sonication volumes
is paused.
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Description
FIELD OF THE INVENTION

[0001] The invention relates to magnetic resonance
guided high intensity focused ultrasound.

BACKGROUND OF THE INVENTION

[0002] Ultrasound from a focused ultrasonic transduc-
er can be used to selectively treat regions within the in-
terior of the body. Ultrasonic waves are transmitted as
high energy mechanical vibrations. These vibrations in-
duce tissue heating as they are damped, and they can
also lead to cavitation. Both tissue heating and cavitation
can be used to destroy tissue in a clinical setting. Ultra-
sonic 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] At lower power levels, ultrasound can be used
to warm up tissue instead of ablating it. Raising tissue
temperatures to elevated, but non-ablating levels is
known as hyperthermia (ranging from 40°C-45°C).
Hyperthermia has been shown to make heated tissue
more sensitive to radiation therapy, chemotherapy as
well as chemo radiation therapy. Hyperthermia can also
be used to locally release drugs such as chemothera-
peutic agents or antibiotics. Hyperthermia can therefore
be a useful clinical tool.

[0004] International patent application publication WO
2014/057388 A1 discloses a mild hyperthermia treat-
ment apparatus thatincludes animager, which generates
a planning image and temperature maps of a target re-
gion. An array of ultrasonic transducer drivers individually
drives ultrasonic transducers of a phased array of ultra-
sonic transducers. One or more processors or units re-
ceive a target temperature profile, and calculate power,
frequency, and relative phase for the transducer drivers
to drive the phased array of ultrasonic transducers to
generate a multi-foci sonication pattern configured to
heat the target region with the target temperature profile
while limiting peak acoustic pressures. During treatment,
the imager generates a series of temperature maps
which the one or more processors or units compare with
the target temperature profile and, based on the compar-
ison, adjust the power and relative phase with which the
transducer drivers drive the ultrasonic transducers.

SUMMARY OF THE INVENTION

[0005] The invention provides for a medical instru-
ment, a computer program product and a method in the
independent claims. Embodiments are given in the inde-
pendent claims.

[0006] When performing hyperthermia, it is important
not to heat the tissue too high, or the tissue perfusion will
be stopped and/or the tissue could die. Additionally, it is
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difficult to set the proper power level, because the heating
rate of tissues depends upon many factors, which can
vary from subject to subject. For this reason, when phy-
sicians are performing hyperthermia using a high inten-
sity focused ultrasound (HIFU) system, they tend to be
very conservative when setting power levels so as not to
injure the subject. Typically, a physician will set a power
level and then start the sonication to induce hyperther-
mia. If the power level is too low to induce sufficient heat-
ing, the physician can abort the sonication to increase
the output power limit. This also holds if the chosen power
is too high, which can result in temperature overshoots,
necessitating a lowering of the power output limit. After
aborting a sonication however, the physician then can
wait for a period of time until the heated volumes have
returned to normal body temperature before starting the
process again. The physician may repeat this process
multiple times before the proper sonication power level
is found. As the waiting time can be as long as 10 or 15
minutes, a huge amount of time might be wasted and the
HIFU system is inefficiently used.

[0007] Embodiments of the invention may address the
above issues by providing an additional control for the
physician, to send a command to the HIFU system to
increase or decrease the powerlevel. However, addition-
al safeguards are put in place. Before the HIFU system
is instructed to change the power level, the new power
level is compared to a predetermined level to see if the
change in the power level is allowed. If the new acoustic
power level is above the predetermined level, then the
sonication must be paused before the new power level
is set. In different examples, the predetermined level
could be determined differently and are described below
in the embodiments. The requirement of a pause in the
sonication prevents the power level from inadvertently
being increased too much. The sonication can then be
resumed using a resume command. The increase in the
power was achieved and the sonication was resumed
avoiding the delay waiting for the sonicated tissue to re-
turn to body temperature. The pausing of the sonication
also provides a verification that the increase in the acous-
tic power level was intended.

[0008] Inone aspect, the invention provides for a med-
ical instrument comprising a magnetic resonance imag-
ing system for acquiring magnetic resonance thermom-
etry data from a subject within animaging zone. Magnetic
resonance thermometry data as used herein encom-
passes magnetic resonance data that may be used for
determining a spatial temperature distribution within a
subject. The medical instrument further comprises a
high-intensity focused ultrasound system comprising an
ultrasonic transducer. The ultrasonic transducer com-
prises multiple ultrasonic transducer elements, the ultra-
sonic transducer being configured for simultaneously
sonicating multiple sonication volumes within the imag-
ing zone. The simultaneous sonication of the multiple
sonication volumes may be interpreted in different ways
depending upon the configuration of the ultrasonic trans-
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ducer. In one example, the multiple sonication volumes
are all sonicated at the same time. For example, the
transducer elements may focus into multiple sonication
volumes. In other examples, the focus of the high-inten-
sity focused ultrasound system is adjustable either elec-
tronically (by altering the relative phases of the ultra-
sound elements) and/or mechanically. The simultaneous
heating of the multiple sonication volumes is then per-
formed by rapidly and systematically shifting the focus
of the ultrasonic transducer. Each of the sonication vol-
umes are then maintained at a therapeutic temperature
simultaneously, although ultrasonic energy is applied to
the sonication volumes consecutively.

[0009] The medical instrument further comprises
memory containing machine-executable instructions and
thermometry pulse sequence commands. The thermom-
etry pulse sequence commands are configured for ac-
quiring magnetic resonance thermometry data according
to a magnetic resonance imaging thermometry protocol.
The medical instrument further comprises a processor
for controlling the medical instrument and a display.
[0010] The machine-executable instructions cause the
processor to receive sonication commands configured
for controlling the ultrasonic transducer to sonicate the
multiple sonication volumes. The sonication commands
are configured for controlling at least the relative power
supplied to each of the multiple ultrasonic transducer el-
ements. The sonication commands may also contain the
location of the focus or foci of the focused ultrasound
beam. The sonication commands could for example be
received from a user interacting with a graphical user
interface on the display where a scout or preliminary mag-
netic resonance image was used for targeting.

[0011] The machine-executable instructions may also
cause the processor to perform a calibration or prelimi-
nary measurements for the magnetic resonance imaging
thermometry protocol.

[0012] The machine-executable instructions further
cause the processortoreceive an acoustic power setting.
The relative power of the electrical voltage supplied to
each of the multiple ultrasonic transducer elements is
scaled using the acoustic power setting. Before sonica-
tion begins, the exact absorption properties of a subject’s
tissue are not known. The acoustic power setting is used
effectively to scale the relative power to supply to each
of the multiple ultrasonic transducer elements.

[0013] Execution of the machine-executable instruc-
tions further cause the processor to control the high-in-
tensity focused ultrasound system with the sonication
commands to sonicate the multiple sonication volumes.
During the execution of the sonication commands the
machine-executable instructions repeatedly cause the
processor to control the magnetic resonance imaging
system with the thermometry pulse sequence commands
to acquire the magnetic resonance thermometry data.
This step here may be continually repeated even if the
sonication is paused. Execution of the machine-execut-
able instructions repeatedly cause the processor to re-
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construct a thermal map of the imaging zone using the
magnetic resonance thermometry data once the sonica-
tion commands have begun to be executed. The recon-
struction of the thermal map may be performed repeat-
edly even if the sonication is paused.

[0014] Execution of the machine-executable instruc-
tions further cause the processor to display the thermal
map on the display. The displaying of the thermal map
on the display may be performed repeatedly even if the
sonication is later paused. During the sonication of the
multiple sonication volumes, execution of the machine-
executable instructions repeatedly cause the processor
toreceive a pause command which causes the processor
to pause the sonication of the multiple sonication vol-
umes. The other steps may be repeatedly performed
even if the sonication is paused. Execution of the ma-
chine-executable instructions further cause the proces-
sorto receive aresume command which causes the proc-
essor to resume the sonication of the multiple sonication
volumes. This step may be performed during a pause of
the sonication.

[0015] Execution of the machine-executable instruc-
tions further cause the processor during the sonication
to receive a change power command which causes the
processor to change the relative power of the electrical
voltage supplied to each of the multiple ultrasonic trans-
ducer elements proportionally by a value specified in the
change power command. For example, the change pow-
er command may be given in terms of absolute power or
a scaling factor relative to the acoustic power setting. An
increase of the relative power of the electrical voltage
supplied to each of the multiple ultrasonic transducer el-
ements above a predetermined value is only performed
if the sonication of the multiple sonication volumes is
paused. That is to say an increase of the power in the
electrical voltage supplied to each multiple ultrasonic
transducer may only happen if the sonication of the mul-
tiple sonication volumes is paused and also if the in-
crease is below a predetermined value. The predeter-
mined value may be different in different examples. If,
for example, the predetermined value is at the current
power level, any increase requires the pausing of the
sonication. In another example, the predetermined value
is the acoustic power setting or some scale factor of the
acoustic power setting.

[0016] This embodiment may have the benefit of pro-
viding for a more rapid sonication of the multiple sonica-
tion volumes. It may also be beneficial because it pro-
vides an additional level of safety such that the change
power command does not inadvertently increase the
power to a level which may harm the subject.

[0017] In another embodiment, execution of the ma-
chine-executable instructions further causes the proces-
sor to render a graphical user interface on the display.
The graphical user interface comprises a power adjust-
ment control configured for generating the change power
command. This embodiment may provide an easy way
for an operator to adjust the scaling factor used to scale
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the relative power supply to each of the multiple ultrasonic
transducer elements. The power adjustment control may
for example be a slider, knob, text input box, or other
graphical user input control.

[0018] In another embodiment, the graphical user in-
terface further comprises at least one button for gener-
ating the pause command and/or the resume command.
For example in some embodiments there may be a sep-
arate button for each one.

[0019] The combination of the thermal map on the dis-
play in conjunction with the power adjustment control and
the atleastone button for generating the pause command
and/or the resume command provide for an effective
feedback control system for manually adjusting the med-
ical instrument during the sonication.

[0020] In another embodiment, the high-intensity fo-
cused ultrasound system is configured for only perform-
ing hyperthermia within the multiple sonication volumes.
For example, the high-intensity focused ultrasound sys-
tem could have its maximum power limited or the thermal
imaging could be used to automatically reduce the power
if it goes outside of the temperature range for which
hyperthermia is normally considered.

[0021] In another embodiment, the high-intensity fo-
cused ultrasound system is configured for heating the
multiple sonication volumes to temperatures within a pre-
determined temperature range.

[0022] In another embodiment, the predetermined
temperature range is between 40°C and 45°C.

[0023] In another embodiment, the predetermined
temperature range if between 41°C and 43°C.

[0024] In another embodiment, the predetermined val-
ue is the acoustic power setting. In this embodiment, the
change power command is not able to increase the
acoustic power above its initial setting unless the soni-
cation is paused. However, the sonication values can be
lowered to below the acoustic power setting and then
raised back up to the 100% setting without pausing. This
may be effective because typically, when hyperthermia
sonication’s are performed, the physician will start out at
an acoustic power setting which the physician or techni-
cian knows to be safe. There is therefore no need to
pause the multiple sonication volumes when returning to
the initial acoustic power setting.

[0025] In another embodiment, the predetermined val-
ue is equivalent to the current acoustic power level. In
this embodiment if any increase in the acoustic power is
desired the sonication’s must be paused. This may pro-
vide for a safer system in that the pausing requires the
operator to intentionally increase the acoustic power.
[0026] In another embodiment, execution of the ma-
chine-executable instructions causes aborting of the son-
ication of the multiple sonication volumes if a pause in
the sonication is longer than a predetermined duration.
This may be beneficial because it may prevent the mul-
tiple sonication volumes from cooling too much during
the adjustment of the acoustic power value.

[0027] In another embodiment, execution of the ma-
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chine-executable instructions causes the aborting of the
sonication of the multiple sonication volumes if a temper-
ature within the multiple sonication volumes as deter-
mined by the thermal map drops below a predetermined
lower threshold. If there is a temperature below a prede-
termined lower threshold this may indicate that the son-
ication is not proceeding properly. This may for example
be performed after a certain delay which enables for initial
heating of the multiple sonication volumes.

[0028] In another embodiment, execution of the ma-
chine-executable instructions causes aborting of the son-
ication of the multiple sonication volumes if atemperature
heating rate within one of the multiple sonication volumes
is below a predetermined heating rate. This may also be
beneficial because it may indicate that the sonication of
the multiple sonication volumes is not functioning prop-
erly.

[0029] In another embodiment, execution of the ma-
chine-executable instructions further causes aborting of
the sonication of the multiple sonication volumes if atem-
perature within the multiple sonication volumes as deter-
mined by the thermal map is above a predetermined up-
per threshold. This may be beneficial because it may help
prevent burning of the subject.

[0030] In another embodiment, execution of the ma-
chine-executable instructions may further cause aborting
of the sonication of the multiple sonication volumes if
motion of the subject is detected. This motion may for
example be above a certain threshold or degree of motion
of the subject. The motion of the subject could be for
example detected using various methods such as pres-
sure sensors in a table, cameras or other observational
techniques, or even routinely made magnetic resonance
images. For example, the thermometry pulse sequence
commands may be used to detect motion of the subject.
Due to thermal inertia, the regions being heated within
the subject will tend to stay in one location if the subject
is not moving. If the warm spots in the thermal maps
begin to wander or move abruptly this may indicate mo-
tion of the subject.

[0031] In another embodiment, during a pause of the
sonication of the multiple sonication volumes the follow-
ing steps are repeatedly performed: controlling the mag-
netic resonance imaging system with the thermometry
pulse sequence commands to acquire the magnetic res-
onance thermometry data and reconstructing a thermal
map of the imaging zone using the magnetic resonance
thermometry data.

[0032] During the pausing of the sonication of the mul-
tiple sonication volumes the step of displaying the ther-
mal map on the display may also be periodically per-
formed or updated or refreshed.

[0033] In another aspect, the invention provides for a
method of controlling a medical instrument. The medical
instrument comprises a magnetic resonance imaging
system for acquiring magnetic resonance thermometry
data from a subject within an imaging zone. The medical
instrument further comprises a high-intensity focused ul-
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trasound system comprising an ultrasonic transducer.
The ultrasonic transducer comprises multiple ultrasonic
transducer elements. The ultrasonic transducer being
configured for simultaneously heating multiple sonication
volumes within the imaging zone. The medical instrument
further comprises a display.

[0034] The method comprises receiving sonication
commands configured for controlling the ultrasonic trans-
ducer to sonicate the multiple sonication volumes. These
sonication commands are configured for controlling at
least the relative power supplied to each of the multiple
ultrasonictransducer elements. The method further com-
prises receiving an acoustic power setting. The relative
power of the electrical voltage supplied to each of the
multiple transducer elements is scaled using the acoustic
power setting.

[0035] The method further comprises controlling the
high-intensity focused ultrasound system with the soni-
cation commands to sonicate the multiple sonication vol-
umes. The method further comprises controlling the mag-
netic resonance imaging system with thermometry pulse
sequence commands to acquire magnetic resonance
thermometry data. The thermometry pulse sequence
commands are configured for acquiring the magneticres-
onance thermometry data according to a magnetic res-
onance imaging thermometry protocol. The method fur-
ther comprises reconstructing a thermal map of the im-
aging zone using the magnetic resonance thermometry
data. The method further comprises displaying the ther-
mal map on the display.

[0036] The method further comprises receiving a
pause command which causes the processor to pause
the sonication of the multiple sonication volumes. The
method further comprises receiving a resume command
which causes the processor to resume the sonication of
the multiple sonication volumes. The method further
comprises receiving a change power command which
causes the processor to change the relative power of the
electrical voltage supplied to each of the multiple ultra-
sonic transducer elements proportionally by a value
specified in the change power command. An increase of
the relative power of the electrical voltage supplied to
each of the multiple ultrasonic transducer elements
above a predetermined value is only performed if the
sonication of the multiple sonication volumes is paused.
The advantages of this method have been previously dis-
cussed.

[0037] In another aspect, the invention provides for a
computer program product comprising machine-execut-
able instructions for execution by a processor controlling
a medical instrument. The medical instrument comprises
amagneticresonance imaging system for acquiring mag-
netic resonance thermometry data from a subject within
an imaging zone. The medical instrument further com-
prises a high-intensity focused ultrasound system com-
prising an ultrasonic transducer. The ultrasonic transduc-
er comprises multiple ultrasonic transducer elements.
The ultrasonic transducer being configured for simulta-
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neously sonicating multiple sonication volumes within the
imaging zone. The medical instrument further comprises
a display. Execution of the machine-executable instruc-
tions further causes the processor to receive sonication
commands configured for controlling the ultrasonic trans-
ducer to sonicate the multiple sonication volumes. The
sonication commands are configured for controlling at
least the relative power supplied to each of the multiple
ultrasonic transducer elements. Execution of the ma-
chine-executable instructions further cause the proces-
sor to receive an acoustic power setting. The relative
power of the electrical voltage supplied to each of the
multiple ultrasonic transducer elements is scaled using
the acoustic power setting. Execution of the machine-
executable instructions further cause the processor to
control the high-intensity focused ultrasound system with
the sonication commands to sonicate the multiple soni-
cation volumes.

[0038] Execution of the machine-executable instruc-
tions further cause the processor to control the magnetic
resonance imaging system with the thermometry pulse
sequence commands to acquire the magnetic resonance
thermometry data. The thermometry pulse sequence
commands are configured for acquiring the magnetic res-
onance thermometry data according to a magnetic res-
onance imaging thermometry protocol. Execution of the
machine-executable instructions further cause the proc-
essor to reconstruct a thermal map of the imaging zone
using the magnetic resonance thermometry data. Exe-
cution of the machine-executable instructions further
cause the processor to display the thermal map on the
display.

[0039] Execution of the machine-executable instruc-
tions further cause the processorto receive a pause com-
mand which causes the processor to pause the sonica-
tion of the multiple sonication volumes. Execution of the
machine-executable instructions further cause the proc-
essor to receive a resume command which causes the
processor to resume the sonication of the multiple soni-
cation volumes. Execution of the machine-executable in-
structions further cause the processor to receive a
change power command which causes the processor to
change the relative power of the electrical voltage sup-
plied to each of the multiple ultrasonic transducer ele-
ments proportionally by a value specified in the change
power command. An increase of the relative power of
the electrical voltage supplied to each of the multiple ul-
trasonic transducer elements above a predetermined
value is only performed if the sonication of the multiple
sonication volumes is paused.

[0040] In another embodiment, execution of the ma-
chine-executable instructions further causes the proces-
sor to render a graphical user interface on the display.
The graphical user interface comprises a power adjust-
ment control configured for generating the change power
command.

[0041] In another embodiment, the graphical user in-
terface further comprises at least one button for gener-
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ating the pause command and/or the resume command.
[0042] It is understood that one or more of the afore-
mentioned embodiments of the invention may be com-
bined as long as the combined embodiments are not mu-
tually exclusive.

[0043] 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. Ac-
cordingly, aspects of the present invention may take the
form of an entirely hardware embodiment, an entirely
software embodiment (including firmware, resident soft-
ware, microcode, etc.) or an embodiment combining soft-
ware 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 readable medium(s) having computer
executable code embodied thereon.

[0044] Anycombination of one or more computer read-
able medium(s) may be utilized. The computer readable
medium may be a computer readable signal medium or
acomputer readable storage medium. A’computer-read-
able storage medium’ as used herein encompasses any
tangible storage medium which may store instructions
which are executable by a processor of a computing de-
vice. The computer-readable storage medium may be
referred to as a computer-readable non-transitory stor-
age medium. The computer-readable storage medium
may also be referred to as a tangible computer readable
medium. In some embodiments, 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) and Digital Ver-
satile Disks (DVD), for example CD-ROM, CD-RW, CD-
R, DVD-ROM, DVD-RW, or DVD-R disks. The term com-
puter readable-storage medium also refers to various
types of recording media capable of being accessed by
the computer 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 ex-
ecutable code embodied on a computer readable medi-
um may be transmitted using any appropriate medium,
including but not limited to wireless, wire line, optical fiber
cable, RF, etc., or any suitable combination of the fore-
going.

[0045] A computer readable signal medium may in-
clude 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
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computer readable medium that is not a computer read-
able storage medium and that can communicate, prop-
agate, or transport a program for use by or in connection
with an instruction execution system, apparatus, or de-
vice.

[0046] ’'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. 'Computer storage’ or 'storage’ is a further
example of a computer-readable storage medium. Com-
puter storage may be any volatile or non-volatile compu-
ter-readable storage medium.

[0047] A ’processor’ as used herein encompasses an
electronic component which is able to execute a program
or machine executable instruction or computer executa-
ble code. References to the computing device comprising
"a processor" should be interpreted as possibly contain-
ing 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 interpreted to possibly refer to a collection
or network of computing devices each comprising a proc-
essoror processors. The computer executable code may
be executed by multiple processors that may be within
the same computing device or which may even be dis-
tributed across multiple computing devices.

[0048] Computer executable code may comprise ma-
chine executable instructions or a program which causes
aprocessorto perform an aspect of the presentinvention.
Computer executable code for carrying out operations
for aspects of the present invention may be written in any
combination of one or more programming languages, in-
cluding an object oriented programming language such
as Java, Smalltalk, C++ or the like and conventional pro-
cedural programming languages, such as the C program-
ming language or similar programming languages and
compiled into machine executable 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 gen-
erates the machine executable instructions on the fly.
[0049] 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 en-
tirely on the remote computer or server. In the latter sce-
nario, the remote computer may be connected to the us-
er’'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 Serv-
ice Provider).

[0050] Aspects of the present invention are described
with reference to flowchart illustrations and/or block dia-
grams of methods, apparatus (systems) and computer
program products according to embodiments of the in-
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vention. It is understood that each block or a portion of
the blocks of the flowchart, illustrations, and/or block di-
agrams, can be implemented by computer program in-
structions in form of computer executable code when ap-
plicable. It is further understood that, when not mutually
exclusive, combinations of 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 process-
ing apparatus to produce a machine, such that the in-
structions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts spec-
ified in the flowchart and/or block diagram block or blocks.
[0051] These computer program instructions may also
be stored in a computer readable medium that can direct
a computer, other programmable data processing appa-
ratus, or other devices to function in a particular manner,
such thatthe instructions stored in the computer readable
medium produce an article of manufacture including in-
structions which implement the function/act specified in
the flowchart and/or block diagram block or blocks.
[0052] The computer program instructions may also
be loaded onto a computer, other programmable data
processing apparatus, or other devices to cause a series
of operational steps to be performed on the computer,
other programmable apparatus or other devices to pro-
duce a computer implemented process such that the in-
structions which execute on the computer or other pro-
grammable apparatus provide processes for implement-
ing the functions/acts specified in the flowchart and/or
block diagram block or blocks.

[0053] A ’userinterface’ as used herein is an interface
which allows a user or operator to interact with a com-
puter 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 in-
terface 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 al-
low 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 in-
terface is an example of providing information to an op-
erator. The receiving of data through a keyboard, mouse,
trackball, touchpad, pointing stick, graphics tablet, joy-
stick, gamepad, webcam, headset, pedals, wired glove,
remote control, and accelerometer are all examples of
user interface components which enable the receiving of
information or data from an operator.

[0054] A ’hardware interface’ as used herein encom-
passes an interface which enables the processor of a
computer system to interact with and/or control an exter-
nal computing device and/or apparatus. A hardware in-
terface may allow a processor to send control signals or
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instructions to an external computing device and/or ap-
paratus. A hardware interface may also enable a proc-
essor to exchange data with an external computing de-
vice 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, bluetooth connection, wireless
local area network connection, TCP/IP connection, eth-
ernet connection, control voltage interface, MIDI inter-
face, analog input interface, and digital input interface.
[0055] A ’display’ or 'display device’ as used herein
encompasses an output device or a user interface adapt-
ed 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 tel-
evision screen, a touch screen, tactile electronic display,
Braille screen,

[0056] Cathode ray tube (CRT), Storage tube, Bi-sta-
ble display, Electronic paper, Vector display, Flat panel
display, Vacuum fluorescent display (VF), Light-emitting
diode (LED) display, Electroluminescent display (ELD),
Plasma display panel (PDP), Liquid crystal display
(LCD), Organic light-emitting diode display (OLED), a
projector, and Head-mounted display.

[0057] Medical imaging data is defined herein as two
or three dimensional data that has been acquired using
a medical imaging system. A medical imaging system is
defined herein as an apparatus adapted for acquiring in-
formation about the physical structure of a patient and
construct sets of two dimensional or three dimensional
medical imaging data. Medical imaging data can be used
to construct visualizations which might be useful for di-
agnosis by a physician. This visualization can be per-
formed using a computer.

[0058] Magnetic Resonance (MR) data is defined
herein as being the recorded measurements of radio fre-
quency signals emitted by atomic spins using the anten-
na of a magnetic resonance apparatus during a magnetic
resonance imaging scan. Magnetic resonance data is an
example of medical imaging data. A Magnetic Reso-
nance (MR) image is defined herein as being the recon-
structed two or three dimensional visualization of ana-
tomic data contained within the magnetic resonance im-
aging data.

[0059] MR thermometry data may be understood as
being the recorded measurements ofradio frequency sig-
nals emitted by atomic spins by the antenna of a Magnetic
resonance apparatus during a magnetic resonance im-
aging scan which contains information which may be
used for magnetic resonance thermometry. Magnetic
resonance thermometry functions by measuring chang-
es in temperature sensitive parameters. Examples of pa-
rameters that may be measured during magnetic reso-
nance thermometry are: the proton resonance frequency
shift, the diffusion coefficient, or changes in the T1 and/or
T2 relaxation time may be used to measure the temper-
ature using magnetic resonance. The proton resonance
frequency shift is temperature dependent, because the
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magnetic field that individual protons, hydrogen atoms,
experience depends upon the surrounding molecular
structure. An increase in temperature decreases molec-
ular screening due to the temperature affecting the hy-
drogen bonds. This leads to a temperature dependence
of the proton resonant frequency.

[0060] The protondensity dependslinearly onthe equi-
librium magnetization. It is therefore possible to deter-
mine temperature changes using proton density weight-
ed images.

[0061] Therelaxationtimes T1,T2,and T2-star (some-
times written as T2*) are also temperature dependent.
The reconstruction of T1, T2, and T2-star weighted im-
ages can therefore be used to construct thermal or tem-
perature maps.

[0062] The temperature also affects the Brownian mo-
tion of molecules in an aqueous solution. Therefore pulse
sequences which are able to measure diffusion coeffi-
cients such as a pulsed diffusion gradient spin echo may
be used to measure temperature.

[0063] One of the most useful methods of measuring
temperature using magnetic resonance is by measuring
the proton resonance frequency (PRF) shift of water pro-
tons. The resonant frequency of the protons is tempera-
ture dependent. As the temperature changes in a voxel
the frequency shift will cause the measured phase of the
water protons to change. The temperature change be-
tween two phase images can therefore be determined.
This method of determining temperature has the advan-
tage that it is relatively fast in comparison to the other
methods. The PRF method is discussed in greater detail
than other methods herein. However, the methods and
techniques discussed herein are also applicable to the
other methods of performing thermometry with magnetic
resonance imaging.

[0064] An 'ultrasound window’ as used herein encom-
passes a window which is able to transmit ultrasonic
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
(Biaxially-oriented polyethylene terephthalate).

BRIEF DESCRIPTION OF THE DRAWINGS

[0065] In the following preferred embodiments of the
invention will be described, by way of example only, and
with reference to the drawings in which:

Fig. 1 illustrates an example of a medical instrument;
Fig. 2 illustrates an example of a user interface;
Fig. 3 shows a flow chart which illustrates a method
of operating the medical instrument of Fig. 1; and
Fig. 4; shows a flow chart which illustrates a further
method of operating the medical instrument of Fig. 1.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0066] Like numbered elements in these figures are
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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.

[0067] Fig. 1 shows an example of a medical instru-
ment 100. The medical instrument 100 comprises a mag-
netic resonance imaging system 102 and a high-intensity
focused ultrasound system 122. The magnetic reso-
nance imaging system 102 comprises a magnet 104. The
magnet 104 is a cylindrical type superconducting magnet
with a bore 106 through the center of it. 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 magnetis similar to a standard cylindrical mag-
net, except that the cryostat has been split into two sec-
tions 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 cylin-
drical magnet there is a collection of superconducting
coils. Within the bore 106 of the cylindrical magnet there
is animaging zone 108 where the magnetic field is strong
and uniform enough to perform magnetic resonance im-
aging.

[0068] Within the bore 106 of the magnet there is also
a set of magnetic field gradient coils 110 which are used
for acquisition of magnetic resonance data to spatially
encode magnetic spins within the imaging zone 108 of
the magnet 104. The magnetic field gradient coils are
connected to a magnetic field gradient coil power supply
112. The magnetic field gradient coils 110 are intended
to be representative. Typically magnetic field gradient
coils contain three separate sets of coils for spatially en-
coding in three orthogonal spatial directions. A magnetic
field gradient power supply 112 supplies current to the
magnetic field gradient coils 110. The current supplied
to the magnetic field coils is controlled as a function of
time and may be ramped or pulsed.

[0069] Adjacent to the imaging zone 108 is a radio-
frequency coil 114 for manipulating the orientations of
magnetic spins within the imaging zone 108 and for re-
ceiving radio transmissions from spins also within the
imaging zone. The radio-frequency coil may contain mul-
tiple coil elements. The radio-frequency coil may also be
referred to as a channel or an antenna. The radio-fre-
quency coil 114 is connected to a radio frequency trans-
ceiver 116. The radio-frequency coil 114 and radio fre-
quency transceiver 116 may be replaced by separate
transmit and receive coils and a separate transmitter and
receiver. It is understood that the radio-frequency coil
114 and the radio-frequency transceiver 116 are repre-
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sentative. The radio-frequency coil 114 is intended to al-
so represent a dedicated transmit antenna and a dedi-
cated receive antenna. Likewise the transceiver 116 may
also represent a separate transmitter and receivers.
[0070] A subject 118 is shown as reposing on a subject
support 120 and is located partially within the imaging
zone 108. The example shownin Fig. 1 comprises a high-
intensity focused ultrasound system 122. The high-inten-
sity focused ultrasound system comprises a fluid-filled
chamber 124. Within the fluid-filled chamber 124 is an
ultrasound transducer 126. Although it is not shown in
this figure the ultrasound transducer 126 may comprise
multiple ultrasound transducer elements each capable
of generating an individual beam of ultrasound. This may
be used to steer the location of a sonication volume 138
electronically by controlling the phase and/or amplitude
of alternating electrical current supplied to each of the
ultrasound transducer elements.

[0071] The ultrasound transducer 126 is connected to
amechanism 128 which allows the ultrasound transducer
126 to be repositioned mechanically. The mechanism
128 is connected to a mechanical actuator 130 which is
adapted for actuating the mechanism 128. The mechan-
ical actuator 130 also represents a power supply for sup-
plying electrical power to the ultrasound transducer 126.
In some embodiments the power supply may control the
phase and/or amplitude of electrical power to individual
ultrasound transducer elements. In some embodiments
the mechanical actuator/power supply 130 is located out-
side of the bore 106 of the magnet 104.

[0072] The ultrasound transducer 126 generates ultra-
sound which is shown as following the path 132. The
ultrasound 132 goes through the fluid-filled chamber 124
and through an ultrasound window 134. In this embodi-
ment the ultrasound then passes through a gel pad 136.
The gel pad 136 is not necessarily present in all embod-
iments but in this embodiment there is a recess in the
subject support 120 for receiving a gel pad 136. The gel
pad 136 helps couple ultrasonic power between the
transducer 126 and the subject 118. After passing
through the gel pad 136 the ultrasound 132 passes
through the subject 118 and is focused to a sonication
volume 138. The sonication volume 138 may be moved
through a combination of mechanically positioning the
ultrasonic transducer 126 and electronically steering the
position of the sonication point 138.

[0073] Within the imaging zone 108 there can be seen
three separate sonication volumes 138, 138’, 138". It can
be seen from the path of the ultrasound 132 that the ul-
trasonic transducer 126 is currently focused on the son-
ication volume 138. The three sonication volumes 138,
138’, 138" are however heated simultaneously. The fo-
cus ofthe ultrasound 132is switched between the various
sonication volumes rapidly enough so that they are heat-
ed simultaneously. This switching of the path of the ul-
trasound 132 may be accomplished by either mechanical
means 128 used to shift the focus of the ultrasonic trans-
ducer 126 or to change the path of the ultrasound 132
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electronically. Electronic steering of the path of the ultra-
sound 132 can be controlled by changing the relative
phases and/or amplitudes of individual elements of the
ultrasound transducer 126.

[0074] The magnetic field gradient coil power supply
112, the high-intensity focused ultrasound system 122,
and the transceiver 116 are shown as being connected
to a hardware interface 172 of a computer system 170.
The computer system 170 also comprises a processor
174. The processor 174 may actually represent more
than one processor and may also represent processors
distributed amongst one or more computers. The proc-
essor 174 is in communication with the hardware inter-
face 172, a user interface 176, and a memory 178. The
hardware interface 172 is an interface which enables the
processor 174 to send and receive data and/or com-
mands to the rest of the medical instrument 100 and to
control it. The user interface 176 may for example be a
display and comprise a means for interacting with a
graphical user interface rendered on the display. This
may include the display being a touch screen and/or other
entry device such as a mouse, trackball, or pad. The
memory 178 may be any combination of volatile or non-
volatile memory which the processor 174 has access to.
[0075] Machine-executable instructions 180 are
shown as being stored in the memory 178. The machine-
executable instructions enable the processor 174 to con-
trol the operation and function of the medical instrument
100. This includes control of the magnetic resonance im-
aging system 102 and the high-intensity focused ultra-
sound system 122.

[0076] The computer memory 178 is further shown as
containing planning pulse sequence commands 182.
The planning pulse sequence commands 182 are option-
al pulse sequence commands that may enable the proc-
essor 174 to acquire data for imaging which is then used
to locate ortarget the sonication volumes 138, 138’, 138".
In some examples the planning pulse sequence com-
mands 182 may also be used for acquiring calibration
datafor the magnetic resonance thermometry. The mem-
ory 178 is further shown as containing planning pulse
sequence commands 184 that was acquired by control-
ling the magnetic resonance imaging system 102 with
the planning pulse sequence commands 182. The mem-
ory 178 is shown as further containing one or more plan-
ning magnetic resonance images 186. The memory 178
is further shown as containing sonication commands 188.
The sonication commands 188 could be obtained from
a different machine via network, could be entered via the
display 176 or user interface. In some instances they may
be determined using the planning magnetic resonance
image 186.

[0077] The memory 178 is further shown as containing
an acoustic power setting 190 that was for example re-
ceived from the user interface 176. The acoustic power
setting 190 is a value which is used to scale the power
delivered to individual transducer elements of the trans-
ducer 126. The memory is further shown as containing
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thermometry pulse sequence commands 192 which en-
ables the processor 174 to acquire magnetic resonance
thermometry data 193. The magnetic resonance ther-
mometry data 193 is shown as being stored in the com-
puter memory 178. The computer memory 178 is further
shown as containing a thermal map 194 that has been
constructed using the magnetic resonance thermometry
data 193. The computer memory is further shown as con-
taining a location for storing a state of a pause or resume
command 196. For example when a pause command is
received the sonication of the sonication volumes 138,
138’, 138" may be paused. The memory 178 is further
shown as containing a change power command 197.
[0078] The change power command 197 may be a
command to change or rescale the acoustic power set-
ting 190. The memory 178 is further shown as containing
a predetermined value 198 which the change power com-
mand 197 is compared to. If the change power command
197 is greater than the predetermined value 198 and the
sonication of the sonication volumes 138, 138’, 138" is
paused then a change in the acoustic power setting 190
is allowed. However, if the sonication of the volumes 138,
138’, 138" is not paused and the change power command
197 is greater than the predetermined value 198 then the
change is not allowed.

[0079] Fig. 2 shows an example of a graphical user
interface 176 on a display. The graphical user interface
has a box 200 for entering the acoustic power. The graph-
ical user interface 176 further comprises a power adjust-
ment slider 202 for receiving the change power com-
mand. The power adjustment slider 202 is an example
of a power adjustment control. The graphical user inter-
face 176 also comprises a box 204 that may either be
used for generating the power adjustment numerically or
for displaying the results of the power adjustment control
202. The user interface 176 further comprises a pause
button 206. The button 206 may be used to either pause
or resume the sonication of the sonication volumes. The
userinterface 176 is also shown as containing an optional
sonication volume selection tool 208 and a slice selection
tool 210.

[0080] Fig. 3 shows a flowchart which illustrates a
method of operating the medical instrument 100 of Fig.
1. First in step 300 the sonication commands 188 are
received. Next in step 302 an acoustic power setting 190
is received. Next in step 304 the high-intensity focused
ultrasound system 122 is controlled with the sonication
commands 188. The acoustic power setting 190 is used
to scale the power level of the sonication. In step 304 the
sonication of the sonication volumes 138, 138’, 138" is
started. The method then proceeds to step 306. In step
306, the magnetic resonance imaging system 104 is con-
trolled with the thermometry pulse sequence commands
192 to acquire the magnetic resonance thermometry data
193. Next in step 308 the thermal map 194 is reconstruct-
ed from the magnetic resonance thermometry data 193.
The method steps after step 304 are part of a loop which
is performed continuously during the sonication of the
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sonication volumes 138, 138’, 138". Step 312 is the pos-
sible receiving of a pause command 196. If the pause
command 196 has been received then the sonication of
the sonication volumes 138, 138’, 138" will be paused.
Next in step 314 is the possible receiving of a resume
command 196. If the resume command is received then
a paused sonication will then start again.

[0081] Next step 316 is a possible reception of a
change power command. The method then proceeds to
step 318. Step 318 is a decision box in which a set of
predetermined criteria can be used to determine if the
power level of the acoustic power setting 190 should be
changed or not. Depending upon different examples the
criteria in step 318 may be different. For example, in one
example ifthe change power command 197 istoincrease
the power at all the requirements in step 318 may require
the sonication to be paused. In other examples the
change power command 197 requires only thatthe power
be below a predetermined value 198 to require the paus-
ing of the sonication to be in effect. If the criteria for step
318 are fulfilled the method proceeds to step 320. In step
320, the value of the acoustic power setting 190 is
changed and the power supplied to all the transducer
elements of the transducer 126 are all scaled according-
ly. If the criteria are not satisfied the method proceeds to
step 322. In step 322 itis checked whether the sonication
is still continuing or not. If the sonication ends then the
method proceeds to step 324. If the sonication does not
end the method proceeds back to step 306 where more
magnetic resonance thermometry data 193 is acquired.
This loop then continues until the sonication finishes 324.
[0082] Fig. 4 shows a further example of a method of
controlling the medical instrument 100 of Fig. 1. The
method shown in Fig. 4 is similar to the method shown
in Fig. 3. There is an additional decision step between
step 322 and the return to the acquisition of the magnetic
resonance thermometry data 193 in step 306. In step
400, any number of criteria can be checked which may
result in the cancelling or abortion of the sonication of
the volumes 138, 138’, 138". For example if the pause
in the sonication is longer than a predetermined delay,
the temperature within the multiple sonication as deter-
mined by the thermal map drops below a predetermined
lower threshold, the temperature within the multiple son-
ication volumes as determined by the thermal map is
above a predetermined upper threshold, a temperature
heating rate within one of the multiple sonication volumes
is below a predetermined heating rate or a motion of the
subject is detected may result in the sonication being
cancelled. Ifany one of these or similar criteria are fulfilled
the method proceeds to step 324 and the sonication
ends. If none of these criteria are fulfilled the method
proceeds back to step 306 and the magnetic resonance
thermometry data 193 continues. It should be noted that
in the method steps 3 and 4 the acquisition of the mag-
netic resonance thermometry data 193 and the genera-
tion of the thermal map 194 continues even if the soni-
cation is paused. This may be useful in monitoring the
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state of the subject even though the sonication is paused.
[0083] During MR-HIFU hyperthermia treatment it may
be beneficial to enable a higher acoustical power than
the value which is set at the start of the therapy. This
flexibility is required to prevent long delays when a ther-
apy has to be stopped because hyperthermia could not
be reached or maintained. Increasing the power creates
an extra risk for the patient. Examples may have the ben-
efit of mitigating this risk by forcing the treating physician
to pause the sonication by pressing a pause button before
he/she can increase the acoustic power level. After ver-
ification of the new level the sonication can be continued
by deselecting the pause button.

[0084] Clinical studies show that hyperthermia can in-
crease the efficacy of radiotherapy and chemotherapy
for the treatment of specific malignant diseases (e.g. sar-
coma, cervical cancer, etc.). Currently, only RF based
systems are approved for the creation of hyperthermic
temperatures in parts of the body. MR-HIFU can provide
more conformal heating of the tumor to the hyperthermia
temperature range, which should further boost the treat-
ment efficacy. Examples may have the benefit of improv-
ing hyperthermia procedures in combined MRI and HIFU
systems. Examples may provide for a Hyperthermia
Manual Control (HMC) application that provides the treat-
ing physician more control over the MR-HIFU system dur-
ing operation. It may help to prevent any long delays dur-
ing therapy due to the cooling down time to baseline tem-
peratures of the tissue after a hyperthermia session is
aborted. When starting a new sonication, a new baseline
temperature map is typically measured for which it may
possibly be necessary that all tissue in the FOV is at body
temperature. Within the HMC tool the acoustical power
can be adjusted, selected treatment cells can be enabled
or disabled, and one can determine in which slices the
maximum allowable temperature (Tmax) should be mon-
itored. An example of an HMC tool (graphical user inter-
face) is illustrated in Fig. 2.

[0085] Prior to the start of the sonication the treating
physician selects a power level. However, it is in practice
very difficult to predict a power level that is high enough
to induce sufficient heating, while being low enough that
it does not induce temperature overshoots. The acous-
tical absorption of the tissue/tumor, which is unknown,
will determine if the power is sufficient to reach hyper-
thermia in the target region. Also, dynamic patient-spe-
cific factors can have an effect on the target temperature
during the therapy. It is well known that the tissue per-
fusion can increase when reaching elevated tempera-
tures, and that edema formation can reduce absorption
of ultrasonic waves in tissue. Both are difficult to predict,
and can reduce the temperature during the therapy
enough that it becomes problematic to keep the temper-
atures to the level of hyperthermia. To prevent temper-
ature overshoots, causing e.g. vascular shutdown and/or
pain, the acoustic power setting is limited due to the low
temporal resolution of the temperature mapping se-
quence.
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[0086] To reduce the number of times that the user
needs to abort the treatment in order to find the fitting
acoustical power, it is desirable to have the ability to ad-
just the power above or below the originally selected val-
ue during the treatment. However, this creates an extra
risk in the system. The operator might unintentionally ad-
just the power to a level that can harm the patient or
damage the tissue. Examples may help to reduce or mit-
igate this risk.

[0087] When the treating physician decides that the
power is not sufficient, he can pause the sonication by
selecting a pause button in the user interface, adjust the
power above the preset value (100%) using a slider or
other user interface, and, after verification, apply the new
power setting by deselecting the pause button which re-
starts the sonication. During the pause the temperature
maps may still be dynamically acquired.

[0088] Some examples may combine a functional
combination of pause button and power slider (power
adjustment slider) which offers increased treatment pace
and safety while searching for the appropriate acoustic
power during hyperthermia treatments. The increase in
treatment pace may possibly be achieved by allowing
the user to adjust the acoustic power level without abort-
ing the sonication. The safety benefit is a direct result of
this through the facilitated fine tuning of the treatment.
Additional risks may possibly be mitigated by the forced
use of the pause button before the power can be in-
creased.

[0089] When a power level above the current maxi-
mum level is requested in the user interface (the user
interface generates a change power command), the soft-
ware may check if the sonication was paused (a pause
command was received by the processor controlling the
medical instrument). If not, the power will go to or stay
at the current maximum level, and the user interface will
indicate that the maximum power has been reached (for
example, a slider controlling the power will go up to, but
not exceed, the 100% mark). If the sonication is paused,
the user interface allows power levels greater than 100%
of the current level to be selected. When the operator
clicks the pause button again to re-enable sonication, a
command is sent to the HIFU controller to increase the
power to the new level.

[0090] While the invention has been illustrated and de-
scribed in detail in the drawings and foregoing descrip-
tion, suchillustration and description are to be considered
illustrative or exemplary and not restrictive; the invention
is not limited to the disclosed embodiments.

[0091] 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 drawings, 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
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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 op-
tical 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
[0092]

100 medical instrument

102 magnetic resonance imaging system
104 magnet

106 bore of magnet

108 imaging zone

110 magnetic field gradient coils

112 magnetic field gradient coils power supply
114 radio-frequency coll

116 transceiver

118 subject

120 subject support

122 high intensity focused ultrasound system
124 fluid filled chamber

126 ultrasound transducer

128 mechanism

130 mechanical actuator/power supply

132 path of ultrasound

134 ultrasound window

136 gel pad

138 sonication volume

138  sonication volume

138"  sonication volume

170 computer

172 hardware interface

174 processor

176 display / user interface

178 memory

180 machine executable instructions

182 planning pulse sequence commands
184 planning magnetic resonance data
186 planning magnetic resonance image
188 sonication commands

190 acoustic power setting

192 thermometry pulse sequence commands
193 magnetic resonance thermometry data
194 thermal map

196 pause or resume command

197 change power command

198 predetermined value

200 acoustic power entry box

202 power adjustment slider

204 power adjustment display / adjustment box
206 button
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208 sonication volume selection tool

210 slice selection tool

300 receive sonication commands configured for
controlling the ultrasonic transducer to sonicate
the multiple sonication volumes

302 receive an acoustic power setting

304 control the highintensity focused ultrasound sys-
tem with the sonication commands to sonicate
the multiple sonication volumes;

306 control the magnetic resonance imaging system
with the thermometry pulse sequence com-
mands to acquire the magnetic resonance ther-
mometry data

308 reconstruct a thermal map of the imaging zone
using the magnetic resonance thermometry da-
ta;

310 display the thermal map on the display;

312 receive a pause command which causes the
processor to pause the sonication of the multiple
sonication volumes;

314 receive a resume command which causes the
processor to resume the sonication of the multi-
ple sonication volumes; and

316 receive a change power command which causes
the processor to change the relative power of
the electrical voltage supplied to each of the mul-
tiple ultrasonic transducer elements proportion-
ally by a value specified in the change power
command

318 Is sonication paused?

320 Changerelative power level of the electrical pow-
er voltage supplied

322 Is sonication finished?

324 End sonication

400 Does criteria exist for aborting sonication?

Claims
1. A medical instrument (100) comprising:

a magnetic resonance imaging system (102) for
acquiring magnetic resonance thermometry da-
ta (193) from a subject (118) within an imaging
zone (108);

a highintensity focused ultrasound system (122)
comprising an ultrasonic transducer (126),
wherein the ultrasonic transducer comprises
multiple ultrasonic transducer elements, the ul-
trasonic transducer being configured for simul-
taneously heating multiple sonication volumes
(138, 138’, 138") within the imaging zone;
amemory (178) containing machine executable
instructions (180) and thermometry pulse se-
quence commands (182), wherein the thermom-
etry pulse sequence commands are configured
for acquiring the magnetic resonance thermom-
etry data according to a magnetic resonance im-
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aging thermometry protocol;

a processor (174) for controlling the medical in-
strument; and

a display (176);

wherein the machine executable instructions
cause the processor to:

receive (300) sonication commands (188)
configured for controlling the ultrasonic
transducer to sonicate the multiple sonica-
tion volumes, wherein the sonication com-
mands are configured for controlling at least
the relative power supplied to each of the
multiple ultrasonic transducer elements;
receive (302) an acoustic power setting
(190), wherein the relative power of the
electrical voltage supplied to each of the
multiple ultrasonic transducer elements is
scaled using the acoustic power setting;
and

control (304) the high intensity focused ul-
trasound system with the sonication com-
mands to sonicate the multiple sonication
volumes;

wherein execution of the machine executable
instructions repeatedly cause the processor to
perform the following during sonication of the
multiple sonication volumes:

control (306) the magnetic resonance im-
aging system with the thermometry pulse
sequence commands to acquire the mag-
netic resonance thermometry data;
reconstruct (308) a thermal map (194) of
the imaging zone using the magnetic reso-
nance thermometry data;

display (310) the thermal map on the dis-
play;

receive (312) a pause command (196)
which causes the processor to pause the
sonication of the multiple sonication vol-
umes;

receive (314) a resume command (196)
which causes the processor to resume the
sonication of the multiple sonication vol-
umes; and

receive (316) a change power command
which causes the processor to change
(320) therelative power of the electrical volt-
age supplied to each of the multiple ultra-
sonic transducer elements proportionally by
avalue specified in the change power com-
mand, wherein an increase of the relative
power of the electrical voltage supplied to
each of the multiple ultrasonic transducers
elements above a predetermined value
(198) is only performed if (318) the sonica-
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tion of the multiple sonication volumes is
paused.

The medical instrument of any one of the preceding
claims, wherein execution of the machine executa-
ble instructions cause the processor to render a
graphical user interface (176) on the display, wherein
the graphical user interface comprises a power ad-
justment control (202) configured for generating the
change power command.

The medical instrument of claim 2, wherein the
graphical user interface further comprises at least
one button (206) for generating the pause command
and/or the resume command.

The medical instrument of any one of the preceding
claims, wherein the high intensity focused ultra-
sound system is configured for performing hyper-
thermia within the multiple sonication volumes.

The medical instrument of any one of the preceding
claims, wherein the high intensity focused ultra-
sound system is configured for heating the multiple
sonication volumes within a predetermined temper-
ature range.

The medical instrument of claim 5, wherein the pre-
determined temperature range is any one of the fol-
lowing:

between 40 degrees Celsius and 45 degrees
Celsius and

between 41 degrees Celsius and 43 degrees
Celsius.

The medical instrument of any one of the preceding
claims, wherein

the predetermined value is the acoustic power set-
ting.

The medical instrument of any one of claims 1
through 6, wherein the predetermined value is equiv-
alent to a current acoustic power level supplied to
each of the multiple ultrasonic transducers.

The medical instrument of any one of the preceding
claims, wherein execution of the machine executa-
ble instructions cause aborting (400) of the sonica-
tion of the multiple sonication volumes if any one of
the following is true:

a pause of the sonication is longer than a pre-
determined duration;

a temperature within the multiple sonication vol-
umes as determined by the thermal map drops
below a predetermined lower threshold;

the temperature within the multiple sonication
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volumes as determined by the thermal maprises
above a predetermined upper threshold;
atemperature heating rate within one of the mul-
tiple sonication volumes is below a predeter-
mined heating rate;

motion of the subject is detected and
combinations thereof.

10. The medical instrument of any one of the preceding

claims, wherein one or more of the following opera-
tions by the processor are repeatedly performed dur-
ing a pause of the sonication:

controlling the magnetic resonance imaging
system with the thermometry pulse sequence
commands to acquire the magnetic resonance
thermometry data and reconstructing a thermal
map of the imaging zone using the magnetic res-
onance thermometry data;

analyzing the thermal map for temperatures
above a predetermined upper temperature limit,
wherein the sonication is aborted if a tempera-
ture above the predetermined upper tempera-
ture limit is detected;

analyzing the thermal map to detect motion
above a predetermined threshold, wherein the
sonication if motion above the predetermined
threshold is detected;

and combinations thereof.

11. A method of controlling a medical instrument (100),

wherein the medical instrument comprises a mag-
netic resonance imaging system (102) for acquiring
magnetic resonance thermometry data (193) from a
subject (118) within an imaging zone (108), wherein
the medical instrument further comprises a high in-
tensity focused ultrasound system (122) comprising
an ultrasonic transducer (126), wherein the ultrason-
ic transducer comprises multiple ultrasonic trans-
ducer elements, the ultrasonic transducer being con-
figured for simultaneously heating multiple sonica-
tion volumes (138, 138’, 138") within the imaging
zone, wherein the medical instrument further com-
prises a display (176), wherein the method compris-
es:

receiving (300) sonication commands (188)
configured for controlling the ultrasonic trans-
ducer to sonicate the multiple sonication vol-
umes, wherein the sonication commands are
configured for controlling at least the relative
power supplied to each of the multiple ultrasonic
transducer elements;

receiving (302) an acoustic power setting (190),
wherein the relative power of the electrical volt-
age supplied to each of the multiple ultrasonic
transducer elements is scaled using the acous-
tic power setting; and
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controlling (304) the high intensity focused ul-
trasound system with the sonication commands
to sonicate the multiple sonication volumes;

wherein the method further comprises performing
the following during sonication of the multiple soni-
cation volumes:

controlling (306) the magnetic resonance imag-
ing system with thermometry pulse sequence
commands to acquire magnetic resonance ther-
mometry data, wherein the thermometry pulse
sequence commands are configured for acquir-
ing the magnetic resonance thermometry data
according to a magnetic resonance imaging
thermometry protocol;

reconstructing (308) a thermal map (194) of the
imaging zone using the magnetic resonance
thermometry data;

displaying (310) the thermal map on the display;
receiving (312) a pause command (196) which
causes the processor to pause the sonication of
the multiple sonication volumes;

receiving (314) a resume command (196) which
causes the processor to resume the sonication
of the multiple sonication volumes; and
receiving (316) a change power command (197)
which causes the processor to change (320) the
relative power of the electrical voltage supplied
to each of the multiple ultrasonic transducer el-
ements proportionally by a value specified in the
change power command, wherein an increase
oftherelative power ofthe electrical voltage sup-
plied to each of the multiple ultrasonic transduc-
ers elements above a predetermined value is
only performed if (318) the sonication of the mul-
tiple sonication volumes is paused.

12. A computer program product comprising machine

executable instructions (180) for execution by a proc-
essor (174) controlling a medical instrument (100),
wherein the medical instrument comprises a mag-
netic resonance imaging system (102) for acquiring
magnetic resonance thermometry data (193) from a
subject (118) within an imaging zone (108), wherein
the medical instrument further comprises a high in-
tensity focused ultrasound system (122) comprising
an ultrasonic transducer (126), wherein the ultrason-
ic transducer comprises multiple ultrasonic trans-
ducer elements, the ultrasonic transducer being con-
figured for simultaneously heating multiple sonica-
tion volumes within the imaging zone, wherein the
medical instrument further comprises a display,
wherein execution of the machine executable in-
structions cause the processor to:

receive (300) sonication commands (188) con-
figured for controlling the ultrasonic transducer
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to sonicate the multiple sonication volumes,
wherein the sonication commands are config-
ured for controlling at least the relative power
supplied to each of the multiple ultrasonic trans-
ducer elements;

receive (302) an acoustic power setting (190),
wherein the relative power of the electrical volt-
age supplied to each of the multiple ultrasonic
transducer elements is scaled using the acous-
tic power setting; and

control (304) the high intensity focused ultra-
sound system with the sonication commands to
sonicate the multiple sonication volumes;
wherein execution of the machine executable
instructions repeatedly cause the processor to
perform the following during sonication of the
multiple sonication volumes:

control (306) the magnetic resonance im-
aging system with thermometry pulse se-
quence commands to acquire the magnetic
resonance thermometry data, wherein the
thermometry pulse sequence commands
are configured for acquiring the magnetic
resonance thermometry data according to
a magnetic resonance imaging thermome-
try protocol;

reconstruct (308) a thermal map (194) of
the imaging zone using the magnetic reso-
nance thermometry data;

display (310) the thermal map on the dis-
play;

receive (312) a pause command (196)
which causes the processor to pause the
sonication of the multiple sonication vol-
umes;

receive (314) a resume command (196)
which causes the processor to resume the
sonication of the multiple sonication vol-
umes; and

receive (316) a change power command
(197) which causes the processor to
change (320) the relative power of the elec-
trical voltage supplied to each of the multiple
ultrasonic transducer elements proportion-
ally by avalue specified inthe change power
command, wherein an increase of the rela-
tive power of the electrical voltage supplied
to each of the multiple ultrasonic transduc-
ers elements above a predetermined value
is only performed if (320) the sonication of
the multiple sonication volumes is paused.

13. The computer program product of claim 12, wherein
execution of the machine executable instructions fur-
ther cause the processor to render a graphical user
interface (176) on the display, and wherein the
graphical user interface comprises a power adjust-
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14.

ment control(202) configured for generating the
change power command.

The computer program product of claim 12 or 13,
wherein the graphical user interface further compris-
es at least one button (206) for generating the pause
command and/or the resume command.
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