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Accelerated magnetic resonance thermometry

TECHNICAL FIELD

The invention relates to magnetic resonance imaging, in particular the

measurement of temperatures using magnetic resonance imaging.

BACKGROUND OF THE INVENTION

In recent years magnetic resonance thermometry has been coupled with

various means of heating or cooling tissue for therapy. Measuring the effect of the tissue

heating or cooling allows the guiding of the therapy and also the ability to assess the effect of

a therapeutic treatment on a subject.

In high-intensity focused ultrasound (HIFU) therapy, reliable real-time

temperature monitoring using e.g. Magnetic Resonance Imaging (MRI) is necessary to ensure

a sufficient thermal necrosis to the target while avoiding excessive heating and damage of

surrounding healthy tissues. To achieve sufficient temporal and spatial resolution, fast

imaging is required preferably with a high spatial resolution while maintaining a sufficient

SNR for reconstruction of reliable temperature measurements.

In Rieke and Pauly, "MR Thermometry," J . Magn. Reson. Imaging, vol 27,

(2008), pp. 376-390, the basic techniques of magnetic resonance thermometry are reviewed.

This article also briefly discusses the combination of T l and Proton Resonant Frequency

(PRF) MR thermometry techniques.

SUMMARY OF THE INVENTION

The invention relates to a medical apparatus, a method, and a computer

program product in the independent claims. Embodiments are given in the dependent claims.

There are several different methods to measure temperature by utilizing

magnetic resonance imaging. The proton resonance frequency (PRF) based temperature

mapping method is commonly used because of its possibility to produce rapidly and precisely

continuous temperature maps with high signal to noise ratio from the object or tissue in

interest. The weakness of the method is that it does not give absolute temperature, but the

temperature change relative to a certain, supposedly known initial state. Another method, the



proton spectroscopic (PS) temperature imaging method, produces temperature maps with

absolute temperature scale, but the method is too slow to be used in continuous imaging for

most applications. Embodiment s of the invention may combine the two methods, Proton

frequency based temperature mapping and proton spectroscopic imaging temperature

mapping methods, in such a way that the spectroscopic imaging is used for obtaining an

initial guess and/or sanity checks during/before/after measuring temperature maps with the

PRF method.

Water proton resonance frequency based temperature mapping method is

based on the property of the water proton nuclei that the local magnetic field experienced by

the nuclei depends linearly on the temperature at least in the temperature range 20-80°C. This

causes the phase of the nuclei to depend linearly on their temperature on the RF-spoiled

gradient echo images. The formula used for calculation is:

(Τ)-φ(Τ ))/( γΤΕΒο),

where φ is the phase image at temperature T and T ref, is the water chemical shift in ppm *

°C 1 , γ is the proton gyromagentic ratio, T E is the echo time and Bo is the main magnetic

field. The method is almost independent of tissue composition.

Proton spectroscopic imaging based temperature mapping method can produce

temperature maps on absolute scale. The method relies on the same physical principles of

water proton resonance shift temperature dependence as the PRF method, but the acquisition

method is different: the frequency shift is calculated from the magnetic resonance spectra.

The shift is calculated from the position difference of the water and a reference proton peak.

Protons in lipids may for example be used as reference, as their resonance frequency is

known to be almost independent of temperature, while the water proton peak has linear

dependence on temperature. This can be done in the voxels, where both tissue types are

present. If water and lipids do not exist in the same voxel, one may try to use some other

tissue type than lipids as reference. If not successful, there may be some voxels where the

reference peaks, and therefore the temperature data, are not available. Interpolation and/or

temperature filtering may be used to help these situations, since body temperature is normally

not expected to change rapidly spatially with the highly localized temperature rise typically

caused by thermal therapy being an obvious exception. The utilization of reference peaks

makes the method relatively independent of field drifts or inter-scan motion. Because the

scanning takes a time of at least on the order of one minute with current methods, the PS

method is susceptible to intra-scan motion or temperature change during scanning. In a case

where temperature is constant or temperature variation is small both in time and space, the



method is able to produce useful information. For example, with the Magnetic Resonance

Guided High Intensity Focused Ultrasound (MR-HIFU), the PS method can be used to

provide the actual body temperature distribution before start of MR-HIFU treatment as

opposed to using a spatially homogeneous starting temperature taken as the body core

temperature measured with a thermometer probe, which is current practice. Alternatively, the

PS method can be used as a sanity check for cumulated temperature between treatment

heatings outside treatment area.

An alternative method to the conventional proton spectroscopic imaging in

obtaining absolute scale temperature maps is to use dual- or multi-echo sequences, for

example fast field echo (FFE) sequences. The PRF shift of water protons is obtained by

comparing their echo to a reference tissue echo, which is expected to remain at unchanged

position with temperature. For example, a least squares fit can be made on the echo data to

obtain reliable estimates. The method can be considerably faster than the conventional

spectroscopic method, but can suffer from echoes from other sources than water and

reference tissue in the same voxel. This method could also be combined with the PRF method

in the same use as the Proton spectroscopic method described above.

Both methods, the PRF and PS method suffer from different weaknesses.

Combining the two methods, the weaknesses could be mitigated and more reliable

temperature measurements could be performed.

Proton resonance frequency based method is used for example in medical

applications of magnetic resonance imaging. One example is the Magnetic Resonance

Guided High Intensity Focused Ultrasound therapy to determine the temperature of the tissue

under interest. The PRF method is well suited for continuous imaging, but has the drawback

that it does not give the absolute temperature, but only a temperature relative to the initial

state. If, for example, the initial state differs from the expected initial state, or other changes

affecting the phase of the investigated protons occur during the measurement or between the

measurements, there can be large errors in the temperatures obtained with the method and the

estimate of the induced thermal damage. On the other hand, the PS method produces absolute

scale temperature maps but it is too slow for continuous imaging. Also, changes can occur in

temperature during the long acquisition time. Therefore, the method is not suitable for using

alone in the MR-HIFU therapy. If the two methods, PRF and PS methods, are combined in

such a way that the PRF method is used for continuous measurement during MR-HIFU

sonication and the PS method is used for measuring for example the initial state and/or



checks in between or after the PRF measurements made during sonication, the temperature

measurement method could be made more reliable.

The usage of two different temperature mapping methods (PRF and PS

methods) in combination to take advantage of the good properties of each and to overcome

problems concerning each method.

Both methods, PRF and PS based methods, are already established

temperature measurement methods on their own. One example of possible usage the

innovation is with MR-HIFU therapy. The PRF method is used as standard temperature

mapping tool in that application. The temperature is measured at about 3s intervals and the

ultrasound heating of about 30s is repeated in about 3 minutes intervals. In a first

approximation it may be assumed that the initial temperature in the human body is constant

everywhere. It may also be assumed that the temperature of tissue outside the heating area

returns to the initial state in the waiting time between successive ultrasound heatings. These

two assumptions are, however, never entirely correct. The temperature distribution in the

initial state and in between or during heating events (outside the heating area) can be directly

measured by using PS method and the resulting temperature maps can be used as an initial

state for the next PRF temperature measurement.

Any application that uses the PRF method for temperature measurement, for

example of human or animal tissue or any other material, can be combined with the PS

method to allow initial estimates or sanity checks to be performed before/during/after the

PRF measurement. For example, PRF temperature mapping is used in Magnetic Resonance

Guided High Intensity Focused Ultrasound therapy for monitoring the temperature of the

target and surrounding tissue before, during and after ultrasound ablation. The PS method

could be utilized to obtain a more accurate estimate for the initial temperature map of the

tissue and the PRF method can then be used to track temperature changes to the measured

initial state. Also, checks can be made with the PS method during or after heating the tissue

with ultrasound. The combination can be automatic or the temperature maps can be provided

to the user for visual analysis without any further computed processing.

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. 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.



MR thermometry 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 which contains information which may

be used for magnetic resonance thermometry. Magnetic resonance thermometry functions by

measuring changes in temperature sensitive parameters. Examples of parameters that may be

measured during magnetic resonance thermometry are: the proton resonance frequency shift,

the diffusion coefficient, or changes in the T l 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 resonant frequency.

The proton density depends linearly on the equilibrium magnetization. It is therefore possible

to determine temperature changes using proton density weighted images.

The relaxation times Tl, T2, and T2-star (sometimes written as T2*) are also

temperature dependent. The reconstruction of Tl, T2, and T2-star weighted images can

therefore be used to construct thermal or temperature maps.

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.

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

resonant 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 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 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.

Spectroscopic magnetic resonance 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 which contains

information which is descriptive of multiple resonance peaks.



An 'ultrasound window' as used herein encompasses 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).

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 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 Versatile

Disks (DVD), for example CD-ROM, CD-RW, CD-R, DVD-ROM, DVD-RW, or DVD-R

disks. The term computer 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 memory' or 'memory' is an example of a computer-readable

storage medium. Computer memory is any memory which is directly accessible to a

processor. Examples of computer memory include, but are not limited to: RAM memory,

registers, and register files.

'Computer storage' or 'storage' is an example of a computer-readable storage

medium. Computer storage is any non-volatile computer-readable storage medium. Examples

of computer storage include, but are not limited to: a hard disk drive, a USB thumb drive, a

floppy drive, a smart card, a DVD, a CD-ROM, and a solid state hard drive. In some

embodiments computer storage may also be computer memory or vice versa.

A 'computing device' as used herein encompasses to any device comprising a

processor. A 'processor' as used herein encompasses an electronic component which is able

to execute a program or machine executable instruction. 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

interpreted to possibly refer to a collection or network of computing devices each comprising

a processor or processors. Many programs have their instructions performed by multiple

processors that may be within the same computing device or which may even be distributed

across multiple computing devices.

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 information or data from an operator.

A 'hardware interface' as used herein encompasses a 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, Bluetooth

connection, Wireless local area network connection, TCP/IP connection, Ethernet

connection, control voltage interface, MIDI interface, analog input interface, and digital input

interface.

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) displays,

Electroluminescent display (ELD), Plasma display panels (PDP), Liquid crystal display

(LCD), Organic light-emitting diode displays (OLED), a projector, and Head-mounted

display.

In one aspect the invention provides for a medical apparatus comprising a

magnetic resonance imaging system for acquiring magnetic resonance data. The medical

apparatus further comprises a processor for controlling the medical apparatus. The medical

apparatus further comprises a memory containing machine-readable instructions for

execution by the processor. Execution of the machine-readable instructions causes the

processor to acquire spectroscopic magnetic resonance data. Spectroscopic magnetic

resonance data as used herein encompasses magnetic resonance data which comprises

information about more than one resonance peak.

Execution of the instructions further cause the processor to calculate a

calibration thermal map using the spectroscopic magnetic resonance data. If a voxel contains

certain types of tissue for instance adipose or fatty tissue then a spectroscopic method may be

used to determine the absolute temperature within that voxel. However, the acquisition of

spectroscopic magnetic resonance data for an entire slice or volume is time consuming.

Execution of the machine-readable instructions further cause the processor to acquire

baseline magnetic resonance thermometry data. The baseline magnetic resonance

thermometry data is simply a label for magnetic resonance thermometry data which is used as

a reference to the calibration thermal map. The techniques which were previously outlined as

being useful for determining temperature using magnetic resonance thermometry operate by

noting the change in various parameters or parameter. The baseline magnetic resonance

thermometry data may therefore be used as a reference measurement against the calibration

thermal map.

Execution of the instructions further cause the processor to repeatedly acquire

magnetic resonance thermometry data. Execution of the machine executable instructions

further cause the processor to also repeatedly calculate a temperature map using the magnetic

resonance thermometry data, the calibration thermal map, and the baseline magnetic

resonance thermometry data.

This embodiment is advantageous because it combines the accuracy of

performing spectroscopic measurements to determine the absolute temperature with the speed

of other temperature measurement techniques. For instance the proton resonance frequency



shift method of measuring temperature is extremely fast. However, it only measures a

relative change in temperature. The claimed apparatus first takes an accurate spectroscopic

measurement of the absolute temperature and then uses another relative technique to rapidly

acquire and construct a temperature map.

In another embodiment the medical apparatus further comprises a temperature

treatment system for treating a target volume of a subject. During acquisition of the magnetic

resonance thermometry data execution of the instructions further cause the processor to

generate temperature treatment system commands in accordance with the temperature map.

In some embodiments a treatment plan may also be used to generate the temperature

treatment system commands. The temperature treatment system commands cause the

temperature treatment system to treat the target zone. For instance the temperature treatment

system commands may be commands or instructions for operating the temperature treatment

system. The temperature map may be used to determine which regions of a subject are being

heated by the temperature treatment system. By using the temperature map to generate the

temperature treatment system commands a feedback and control loop is in essence created. A

treatment plan as used herein encompasses a description or instructions for performing a

therapy. In this case a treatment plan would be for the heating of the target volume of the

subject. The medical apparatus may for instance have a software module which takes as input

the temperature map and/or a treatment plan and then is able to generate commands for

controlling the temperature treatment system. Execution of the machine-executable

instructions further cause the processor to send the temperature treatment system commands

to the temperature treatment system. By sending the temperature treatment system commands

to the temperature treatment system this in effect causes the temperature treatment system to

treat the target volume.

In another embodiment execution of the instructions further cause the

processor to generate pause commands which cause the temperature treatment system to

pause treatment of the target zone for a predetermined period of time. For instance a high-

intensity focused ultrasound system may heat for a period of time and then wait for a period

of time before continuing to heat. This may be necessary to allow the skin and other healthy

tissue between the target and transducer to cool down. The pause commands as used herein

are again commands which are capable of controlling the temperature treatment system. The

pause commands specifically cause the temperature treatment system to pause or halt the

temperature treatment of the target volume. Execution of the machine-readable instructions

further cause the processor to send the pause commands to the temperature treatment system.



Execution of the machine executable instructions further cause the processor to re-acquire the

spectroscopic magnetic resonance data during the predetermined period of time.

Execution of the instructions further cause the processor to re-calculate the

calibration thermal map using the spectroscopic magnetic resonance data. Execution of the

instructions further cause the processor to re-acquire the baseline magnetic resonance

thermometry data. This embodiment is particularly advantageous because over an extended

period of time the temperature map may become increasingly inaccurate. Essentially

anything which affects the magnetic resonance measurements may do this. For instance there

may be B o drift in the magnetic field, the gradient fields may heat and may change the

magnetic field that they generate, and there may also be other components which heat or

change during the process which cause a change in the magnetic resonance thermometry data

that is unrelated to a temperature change within the subject. This embodiment is particularly

advantageous when performing PRF thermometry over multiple consecutive heating events,

e.g., measuring the temperature change induced by all heating events from the first till the

current. This cumulative thermometry requires correction methods to be used to remove the

effect of mechanically moving the heat applicator between the heating events as is needed in

for example HIFU therapy. This motion of the applicator typically causes susceptibility

changes and consequently PRF thermometry artifacts if not compensated. Such compensation

is typically imperfect and may over time lead to substantial additional temperature artifacts.

While the temperature treatment system is paused during the predetermined

period of time the magnetic resonance imaging system is used to re-acquire the spectroscopic

magnetic resonance data and baseline magnetic resonance thermometry data such that a new

calibration thermal map may be created. This is particularly beneficial when a therapy

performed with the medical apparatus is of a long duration.

In another embodiment the temperature treatment system is a high-intensity

focused ultrasound system.

In another embodiment the temperature treatment system is a radio-frequency

tissue treating system. For instance a radio-frequency antenna may be used to heat the target

volume using radio-frequency energy. Typically an additional antenna is used or placed in

the vicinity of the subject to generate the radio-frequency energy that heats the target zone.

In another embodiment the temperature treatment system is a microwave

applicator. A microwave applicator is adapted for directing microwave energy at the target

zone. This may cause an increase in temperature of the target zone.



In another embodiment the temperature treatment system is a cryo-ablator. A

cryo-ablator is adapted for cooling the target zone or a portion of the target zone to

temperatures which cause the ablation of tissue.

In another embodiment the temperature treatment system is a laser. The laser

may be used to selectively ablate tissue.

In another embodiment the temperature treatment system commands are

generated in accordance with a treatment plan.

In another embodiment the temperature treatment system commands are

generated in accordance with the temperature map.

In another embodiment the temperature treatment system commands are

generated in accordance with both the treatment plan and the temperature map.

In another embodiment execution of the machine-readable instructions further

cause the processor to identify voxels of the calibration thermal map which lack

spectroscopic thermal magnetic resonance data for calculating the thermal map. Execution of

the instructions further causes the processor to extrapolate the thermal map into the identified

voxels. In order to use a spectroscopic method to absolutely calibrate the temperature within

a voxel the presence of certain types of tissue need to be there. For instance if there is fatty or

adipose tissue measurements can be made of both the water and protons tied to fat or oil

molecules in order to determine the temperature absolutely. Within some voxels however

there may not be tissue which is able to be used for the calibration. A normal solution to this

would be to simply assume that all the voxels have the same starting temperature. This

assumption is incorrect when the temperature within the subject is non-uniform, which it

always is to at least some degree. For instance, if the subject had just undergone heating then

it would be expected that the temperature within the subject would be very non-uniform. This

is a particularly advantageous embodiment because it allows the construction of a calibration

thermal map when the temperature within the subject is non-uniform.

In another embodiment the thermal map is extrapolated and/or refined using a

thermal model of the subject. For instance there may be different tissue types within the

subject. By knowing the properties of these various tissue types a thermal model can be used

which may be able to accurately reconstruct the temperature in the identified voxels. In some

embodiments an interpolation may first be performed to use as a seed value for the model.

Using a model to refine a temperature estimate made by interpolation may be useful to

eliminate unphysical temperature changes from one voxel to the next.



In another embodiment execution of the machine executable instructions

further causes the processor to construct the thermal model using the spectroscopic magnetic

resonance data. For instance the data acquired with the spectroscopic magnetic resonance

data may be sufficient to determine the tissue type in each voxel. This may be used to

construct the thermal model.

When a thermal model is used to calculate the temperature it for instance may

be a finite difference type model or it may also be something similar to a lumped elements

model. Essentially the heat flow across a boundary between each individual voxel can be

modeled.

In another embodiment the medical apparatus further comprises a temperature

treatment system for treating a target volume of a subject. Execution of the machine-

executable instructions further causes the processor to treat the target volume during

acquisition of the magnetic resonance thermometry data. Treatment of the target model is

modeled by the thermal model. For instance the temperature treatment system may cause a

known amount of heat to be added or withdrawn from particular voxels. This may be used in

conjunction with the thermal model to more accurately determine the temperature within the

identified voxels.

In another embodiment the thermal map is extrapolated by interpolating the

temperature in the identified voxels. In this embodiment instead of using a complex model

the temperature map is simply performed by interpolating the temperature in the identified

voxels. This may be useful in a situation where a more complex thermal model is not

available or is not able to be constructed. This however would still be more accurate than

assuming that the temperature within the subject is uniform. Performing an interpolation may

also be beneficial when the interpolated values are used as an initial value or seed value for a

model calculation.

In another embodiment the magnetic resonance thermometry data comprises

proton density data.

In another embodiment the magnetic resonance thermometry data comprises

Tl relaxation time data.

In another embodiment the magnetic resonance thermometry data comprises

T2 relaxation time data.

In another embodiment the magnetic resonance thermometry data comprises

T2-star relaxation time data.



In another embodiment the magnetic resonance thermometry data comprises

diffusion coefficient data.

In another embodiment the magnetic resonance thermometry data comprises

proton-resonance frequency shift data.

In another embodiment the magnetic resonance thermometry data comprises

combinations of the aforementioned possibilities of what the magnetic resonance

thermometry data could be.

In another embodiment the spectroscopic magnetic resonance data is

descriptive of the proton-resonance frequency shift of multiple resonance peaks. The multiple

resonance peaks are used to be able to identify the temperature absolutely. Some proton-

resonance frequency shifts are not very sensitive to temperature and others are extremely

sensitive. By comparing two peaks with a different temperature sensitivity the absolute

temperature within a voxel may be calculated or determined.

In another aspect the invention provides for a method of operating a medical

apparatus. Likewise the invention also provides for a computer-implemented method of

operating a medical apparatus. The apparatus comprises a medical resonance imaging system

for acquiring magnetic resonance data. The method comprises the step of acquiring

spectroscopic magnetic resonance data. The method further comprises the step of calculating

a calibration thermal map using the spectroscopic magnetic resonance data. The method

further comprises the step of acquiring baseline magnetic resonance thermometry data. The

method further comprises the step of repeatedly acquiring magnetic resonance thermometry

data. The method further comprises repeatedly performing the step of calculating a

temperature map using the magnetic resonance thermometry data. The method further

comprises repeatedly calculating a temperature map using the magnetic resonance

thermometry data, the calibration thermal map, and the baseline magnetic resonance

thermometry data.

In another aspect the invention provides for a computer program product

comprising machine-executable instructions for controlling a medical apparatus. For instance

the computer program product may be stored on a computer-readable storage medium. The

medical apparatus comprises a magnetic resonance imaging system for acquiring magnetic

resonance data. The medical apparatus further comprises a processor for executing the

instructions. Execution of the instructions causes the processor to acquire spectroscopic

magnetic resonance data. Execution of the instructions further causes the processor to

calculate a calibration thermal map using the spectroscopic magnetic resonance data.



Execution of the instructions further causes the processor to acquire baseline magnetic

resonance thermometry data. Execution of the instructions further causes the processor to

repeatedly acquire magnetic resonance thermometry data. Execution of the machine-

executable instructions further cause the processor to calculate a temperature map using the

magnetic resonance thermometry data, the calibration thermal map, and the baseline

magnetic resonance thermometry data.

BRIEF DESCRIPTION OF THE DRAWINGS

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 shows a flow diagram which illustrates a method according to an

embodiment of the invention;

Fig. 2 shows a flow diagram which illustrates a method according to a further

embodiment of the invention;

Fig. 3 shows an embodiment of a medical apparatus according to an

embodiment of the invention;

Fig. 4 shows an embodiment of a medical apparatus according to a further

embodiment of the invention;

Fig. 5 shows an embodiment of a medical apparatus according to a further

embodiment of the invention;

Fig. 6 shows an embodiment of a medical apparatus according to a further

embodiment of the invention;

Fig. 7 . shows a graph which is used to illustrate a method of extrapolating the

temperature in voxels in a calibration thermal map;

Fig. 8 is a graph which is used to illustrate a further method of extrapolating

the temperature in voxels in a calibration thermal map; and

Fig. 9 is a graph which is used to illustrate a further method of extrapolating

the temperature in voxels in a calibration thermal map.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Like numbered elements in these figures are either equivalent elements

perform the same function. Elements which have been discussed previously will not

necessarily be discussed in later figures if the function is equivalent.



Fig. 1 shows a flow diagram which illustrates a method according to an

embodiment of the invention. First in step 100 spectroscopic magnetic resonance data is

acquired using a magnetic resonance imaging system. In step 102 a calibration thermal map

is calculated using the spectroscopic magnetic resonance data. In step 104 baseline magnetic

resonance thermometry data is acquired using the magnetic resonance imaging system. The

baseline magnetic resonance thermometry data may be used to create a baseline set of

measurements for comparison to the calibration thermal map. Next in step 106 magnetic

resonance thermometry data is acquired using the magnetic resonance imaging system. In

step 108 a temperature map is calculated using the magnetic resonance thermometry data, the

baseline magnetic resonance thermometry data, and the calibration thermal map. Steps 106-

108 are repeated a number of times. The method shown in Fig. 1 allows accurate temperature

maps to be acquired and calculated. The calibration thermal map is constructed using

spectroscopic magnetic resonance data and is thus calibrated for absolute temperature. A

more rapid method may be then used to calculate the temperature maps which are then

related to the calibration thermal map by the magnetic resonance thermometry data.

Fig. 2 shows a flow diagram which illustrates a method according to a further

embodiment of the invention. In step 200 the method starts. Next in step 202 spectroscopic

magnetic resonance data is acquired using a magnetic resonance imaging system. Next in

step 204 a calibration thermal map is calculated using spectroscopic magnetic resonance data.

In step 206 baseline magnetic resonance thermometry data is acquired using magnetic

resonance imaging system. Next in step 208 temperature treatment system commands are

generated. At this point the temperature treatment commands may be generated using a

treatment plan. Next in step 210 the temperature treatment commands are sent to the

temperature treatment system. This causes the temperature treatment system to treat a target

zone of a subject. Next in step 212 magnetic resonance thermometry data is acquired using a

magnetic resonance imaging system. Next in step 214 a temperature map is calculated using

the magnetic resonance thermometry data, the baseline magnetic resonance thermometry

data, and the calibration thermal map. Steps 208, 210, 212 and 214 may be repeated a number

of times. Steps 208 and 210 may not be repeated during every iteration. That is to say the

generating the temperature treatment system commands and sending them to the temperature

treatment system may or may not be performed with every loop of steps 208-214.

After a temperature map has been calculated then the temperature treatment

system commands may be generated using the temperature map and/or information from the

treatment plan. Calculating the temperature map and then generating the temperature



treatment system commands using the temperature map forms a feedback loop where the

magnetic resonance imaging system is used to monitor the temperature of the subject and

adjust the treatment of the target zone accordingly. Periodically pause commands are

generated after a predetermined period of time, this is box 216. After the pause commands

have been generated then the pause commands are sent to the temperature treatment system

218 and this causes the system to pause. During the pause the method restarts the step 202

where the spectroscopic magnetic resonance data is acquired again using the magnetic

resonance imaging system, then step 204 is performed again as is step 206. This has the

effect of creating a new calibration thermal map with a baseline magnetic resonance

thermometry data. This is in a sense periodically re-calibrating the measurements. This has a

great benefit during long therapy sessions. The method is then repeated iteratively until the

method ends in step 220. Steps 216 and 218 are not necessarily repeated before the method

ends at step 220.

Fig. 3 shows an embodiment of a medical apparatus 300 according to an

embodiment of the invention. The medical apparatus 300 comprises a magnetic resonance

imaging system 302. The magnetic resonance imaging system comprises a magnet 304. The

magnet 304 is a cylindrical type superconducting magnet with a bore 306 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 magnet is similar to a standard cylindrical magnet, 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 306 of the cylindrical magnet there is an imaging

zone 308 where the magnetic field is strong and uniform enough to perform magnetic

resonance imaging.

Within the bore 306 of the magnet there is also a set of magnetic field gradient

coils 310 which are used for acquisition of magnetic resonance data to spatially encode

magnetic spins within the imaging zone 308 of the magnet304. The magnetic field gradient

coils are connected to a magnetic field gradient coil power supply 312. The magnetic field



gradient coils 310 are 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 312 supplies current to the magnetic field

gradient coils 310. The current supplied to the magnetic field coils is controlled as a function

of time and may be ramped or pulsed.

Adjacent to the imaging zone 308 is a radio-frequency coil 314 for

manipulating the orientations of magnetic spins within the imaging zone 308 and for

receiving radio transmissions from spins also within the imaging zone. The radio-frequency

coil may contain multiple coil elements. The radio-frequency coil may also be referred to as a

channel or an antenna. The radio-frequency coil 314 is connected to a radio frequency

transceiver 316. The radio-frequency coil 314 and radio frequency transceiver 316 may be

replaced by separate transmit and receive coils and a separate transmitter and receiver. It is

understood that the radio-frequency coil 314 and the radio-frequency transceiver 316 are

representative. The radio-frequency coil 314 is intended to also represent a dedicated transmit

antenna and a dedicated receive antenna. Likewise the transceiver 316 may also represent a

separate transmitter and receivers.

A subject 318 is shown as reposing on a subject support 320 and is located

partially within the imaging zone 308. The magnetic field gradient coil power supply 312 and

the transceiver 316 are connected to a hardware interface 324 of a computer system 322. The

computer system 322 also comprises a processor 326 which is connected to the hardware

interface 324. The hardware interface 324 enables the processor 326 to send and receive

messages from the rest of the medical apparatus 300. The processor 326 controls the medical

apparatus 300 via the hardware interface 324. The computer system 322 is also shown as

comprising a user interface 328, computer storage 330, and computer memory 332. All of

these three are shown as being connected to the processor 326.

The computer storage 330 is shown as containing spectroscopic magnetic

resonance data 334 acquired using the magnetic resonance imaging system 302. The

computer storage 330 is further shown as containing a calibration thermal map 336. The

calibration thermal map 336 was constructed using the spectroscopic magnetic resonance

data 334. The computer storage 330 is further shown as containing baseline magnetic

resonance thermometry data. The computer storage 330 is further shown as containing

magnetic resonance thermometry data 340 also acquired using the magnetic resonance

imaging system 302. The computer storage 330 is further shown as containing a



spectroscopic pulse sequence 342. The spectroscopic pulse sequence 342 was used for

acquiring the spectroscopic magnetic resonance data 334.

The computer storage 330 is further shown as containing magnetic resonance

thermometry pulse sequence 344. The magnetic resonance thermometry pulse sequence 344

was used for acquiring the baseline magnetic resonance thermometry data 338 and the

magnetic resonance thermometry data 340. The computer storage 330 is further shown as

containing a proton density pulse sequence 346. The proton density pulse sequence 346 was

used to acquire magnetic resonance data 348 which is also shown as being contained within

the computer storage 330. The computer storage 330 is further shown as containing a

magnetic resonance image 350 which was reconstructed from the magnetic resonance data

348. The magnetic resonance image 350 may be displayed and/or registered to the calibration

thermal map 336 and a temperature map 351. The temperature map 351 is shown as being

within the computer storage 330. The temperature map 351 was constructed using the

calibration thermal map 336, the baseline magnetic resonance thermometry data 338 and the

magnetic resonance thermometry data 340.

The computer memory 332 is shown as containing machine executable

instructions 352, 354, 356 and 358 for operating the medical apparatus 300. Specifically the

computer memory 332 is shown as containing a control module 352. The control module 352

contains machine executable instructions for controlling the operation and function of the

medical apparatus 300. For instance the control module 352 may use any of the pulse

sequences 342, 344, 346 to generate commands which allow the processor 326 to acquire

magnetic resonance data and/or thermometry data using the magnetic resonance imaging

system 302. The computer memory 332 is further shown as containing a calibration thermal

map module 354. The calibration thermal map module 354 contains computer executable

code which enables the processor 326 to calculate the calibration thermal map 336 using the

spectroscopic magnetic resonance data 334. The computer memory 332 is shown as further

containing a temperature map module 356. The temperature map module 356 contains

computer executable code which allows the processor 326 to calculate the temperature map

351 using the calibration thermal map 336, the baseline magnetic resonance thermometry

data 338, and the magnetic resonance thermometry data 340. The memory 332 is further

shown as containing an image reconstruction module 358. The image reconstruction module

contains computer executable code which enables the processor 326 to reconstruct the

magnetic resonance image 350 from the magnetic resonance data 348.



Fig. 4 illustrates a medical apparatus 400 according to a further embodiment of

the invention. In addition to the components, the embodiment shown in Fig. 4 comprises a

temperature treatment system which is a high-intensity focused ultrasound system 402. The

high-intensity focused ultrasound system comprises a fluid-filled chamber 404. Within the

fluid-filled chamber 404 is an ultrasound transducer 406. Although it is not shown in this

figure the ultrasound transducer 406 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 point 418 electronically by controlling the phase and/or amplitude of

alternating electrical current supplied to each of the ultrasound transducer elements.

The ultrasound transducer 406 is connected to a mechanism 408 which allows

the ultrasound transducer 406 to be repositioned mechanically. The mechanism 408 is

connected to a mechanical actuator 410 which is adapted for actuating the mechanism 408.

The mechanical actuator 410 also represents a power supply for supplying electrical power to

the ultrasound transducer 406. 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 410 is located outside of the bore 304 of

the magnet 302.

The ultrasound transducer 406 generates ultrasound which is shown as

following the path 412. The ultrasound 412 goes through the fluid-filled chamber 408 and

through an ultrasound window 414. In this embodiment the ultrasound then passes through a

gel pad 416. The gel pad is not necessarily present in all embodiments but in this

embodiment there is a recess in the subject support 314 for receiving a gel pad 416. The gel

pad 416 helps couple ultrasonic power between the transducer 406 and the subject 312. After

passing through the gel pad 416 the ultrasound 412 passes through the subject 312 and is

focused to a sonication point 418. The sonication point 418 is being focused within a target

zone 420. The sonication point 418 may be moved through a combination of mechanically

positioning the ultrasonic transducer 406 and electronically steering the position of the

sonication point 418 to treat the entire target zone 420.

The high-intensity focused ultrasound system 402 is shown as being also

connected to the hardware interference 324 of the computer system 322. The computer

system 322 and the contents of its storage 330 and memory 332 are equivalent to that as

shown in Fig. 3 .

The computer storage 330 is further shown as containing a treatment plan 444.

A treatment plan as used herein is either descriptive of or contains instructions for treating a



target zone 420 of a subject 318. The computer storage 330 is further shown as containing

temperature treatment system commands. The temperature treatment system commands 448

contain instructions that when sent to the high-intensity focused ultrasound system 402 cause

it to heat the target zone 420. The computer storage 330 is further shown as containing pause

commands 450. The pause commands 450 cause the temperature treatment system 402 to

cease temperature treatment of the target zone 420 for a period of time. The computer storage

330 is further shown as containing identified voxels 458. The identified voxels 458 are

voxels which lack spectroscopic magnetic resonance data for calibrating the thermal map.

The computer storage 330 is further shown as containing a thermal model 460. The thermal

model 460 may be used in some embodiments to calculate the temperature within the

identified voxels 458.

The computer memory 332 is further shown as containing a temperature

treatment system control module 470. The temperature treatment system control module 470

is adapted for generating the temperature treatment system commands 448 and the pause

commands 450. The temperature treatment system control module 470 may use the treatment

plan 444 and/or the temperature map 351 to generate the temperature treatment system

commands 448 and/or the pause commands 450. The computer memory 332 is further shown

as containing a voxel identification module. The voxel identification module contains

computer-executable code which allows the processor 326 to identify the identified voxels

458 in the spectroscopic magnetic resonance data 334. The computer memory 332 is further

shown as containing a temperature extrapolation module 474. The temperature extrapolation

module contains computer-executable code for extrapolating the temperature within the

identified voxels 458. In some embodiments a thermal model 460 may be used. In other

models the temperature in the identified voxels 458 are simply interpolated.

Fig. 5 shows a medical apparatus 500 according to a further embodiment of

the invention. The embodiment shown in Fig. 5 is similar to that shown in Figs. 3 and 4 . The

computer system 324 of Fig. 5 is equivalent to the computer system 324 shown in Figs. 3 and

4 also. The contents of the computer storage 328 and the computer memory 330 are also

equivalent to the computer storage 330 and the computer memory 332 as shown in Figs. 3

and 4 . In the embodiment shown in Fig. 5 a radio-frequency tissue heating system 501 is used

as the temperature treatment system. The radio-frequency temperature treatment system 501

comprises an antenna 502 and a radio-frequency transmitter 504. The antenna 502 is in the

vicinity of target zone 420. Radio-frequency energy generated by the transmitter 504 and

radiated by the antenna 502 is used to selectively heat the target zone 420. In this



embodiment the radio-frequency transmitter 504 is shown as being connected to the hardware

interface 324. The processor 326 and the contents of the computer storage 330 and the

computer memory 332 are used to control the radio-frequency transmitter 504 in a manner

equivalent to the way the high-intensity focused ultrasound system 402 of Fig. 4 is controlled

by the processor 326.

Fig. 6 shows a medical apparatus 600 according to a further embodiment of

the invention. In this embodiment a thermal treatment system 601 is shown. There is an

applicator 602 which has been inserted into the subject 312. Near the tip of the applicator 602

is the treatment zone 420. The thermal treatment system 602 here is representative and may

be either a microwave applicator, a cryo-ablator, or a laser. The applicator 602 may be

adapted for supplying microwave energy for delivering a cryogenic substance to the subject

312 or may be adapted for focusing laser light into the target zone 420. Likewise the supply

system 604 may be a microwave power supply, a supply system with a cryogenic or cooling

fluid, or it may be a laser power supply. The thermal treatment system 601 is shown as being

connected to the hardware interface 324 of the computer system 322. The contents of the

computer storage 330 and the computer memory 332 are equivalent to the embodiments

shown in Figs. 3, 4 and 5 . The instructions and computer code contained therein allow the

processor 326 to control the thermal treatment system 601 in a manner equivalent to the

embodiments shown in Figs. 4 and 5 .

Fig. 7 is a graph which is used to illustrate a method of extrapolating the

temperature in voxels in a calibration thermal map 700. The calibration thermal map is

divided into two types of voxels in this illustration. The voxels 702 with single hash marks

are voxels which have spectroscopic temperature data. The empty voxels 704 are voxels

which do not have spectroscopic temperature data. Not all voxels are labeled. Voxels 706 and

709 are both voxels with temperature data. Voxel 708 which is located between voxels 706

and 709 does not have temperature data. The simplest method of extrapolating temperature to

voxels such as voxel 708 would be to perform a simple extrapolation. In this example voxel

708 could simply be the average temperature between voxels 706 and 709. Likewise voxels

710 and 704 could also have their temperature calculated in this manner. Then the remaining

voxels which do not have a temperature sign could also be calculated by interpolating the

temperature within.

Fig. 8 illustrates a more complicated method of determining the temperature of

voxels within a calibration thermal map 800. In the example shown in Fig. 8 there are now

three types of tissue. Voxel 802 is representative of a first tissue type, a single hashing is



used. Voxel 802 is the first tissue type and voxels of this type have temperature data. Voxel

804 is representative of the second tissue type. The voxels of the second tissue type are

indicated with double hashing and have temperature data also. Voxel 806 is representative of

voxels of a third tissue type. For the voxels in 806 there is no temperature data which was

acquired using the spectroscopic magnetic resonance data.

The temperatures of the voxels of the third tissue type 806 could be

interpolated as they were in Fig. 7 . However in this case the thermodynamic properties of the

three tissue types 802, 804, 806 are quite different. For instance the third tissue type could be

mostly fluid whereas the first tissue type may be adipose tissue and the second tissue type

may be glandular tissue. The heat transfer of these three tissue types may therefore be quite

different. In the example shown in Fig. 8 voxels on the boundary 806, 808 and 810 could

again have their boundaries closed by using simple rules such as extrapolation or only

examining heat transfer from their adjacent neighbors. The remaining voxels, instead of

being interpolated could be solved for by assuming a steady state temperature within Fig. 8

and solving for the heat flow between the various voxels. This could be for instance

performed by constructing a thermal model using a finite difference scheme and repeatedly

calculating it until it converges to a solution. If there is a small number of voxels also a

thermal lumped elements method could be used for calculating the values of the temperature

in the voxels of the third tissue type 806.

Fig. 9 shows an even yet more complicated example of how a calibration

thermal map could be calculated using a model. The example shown in Fig. 9 is identical

with Fig. 8 except four voxels labeled 902 are also heated using a temperature treatment

system according to an embodiment of the invention. The voxels in Fig. 9 were heated a

known amount and known location during the acquisition of the spectroscopic magnetic

resonance data. Hence a known amount of heat was added to each of these voxels 902 a finite

difference scheme may be used to calculate the heat flow from these voxels into the

surrounding voxels, it may be used to more accurately calculate the temperature in the voxels

with the third tissue type 806.

While the invention has been illustrated and described in detail in the drawings

and foregoing description, such illustration and description are to be considered illustrative or

exemplary and not restrictive; the invention is not limited to the disclosed embodiments.

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 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

300 medical apparatus

302 magnetic resonance imaging system

304 magnet

306 bore of magnet

308 imaging zone

310 magnetic field gradient coils

312 magnetic field gradient coils power supply

314 radio-frequency coil

316 transceiver

318 subject

320 subject support

322 computer system

324 hardware interface

326 processor

328 user interface

330 computer storage

332 computer memory

334 spectroscopic magnetic resonance data

336 calibration thermal map

338 baseline magnetic resonance thermometry data

340 magnetic resonance thermometry data

342 spectroscopic pulse sequence

344 magnetic resonance thermometry pulse sequence

346 proton density pulse sequence

348 magnetic resonance data

350 magnetic resonance image

351 temperature map

352 control module

354 calibration thermal map module

356 temperature map module

358 image reconstruction module

400 medical apparatus

402 high intensity focused ultrasound system



404 fluid filled chamber

406 ultrasound transducer

408 mechanism

410 mechanical actuator/power supply

412 path of ultrasound

414 ultrasound window

416 gel pad

418 sonication point

420 target zone

444 treatment plan

448 temperature treatment system commands

450 pause commands

458 identified voxels

460 thermal model

470 temperature treatment system control module

472 voxel identification module

474 temperature extrapolation module

500 medical apparatus

501 radio-frequency tissue heating system

502 antenna

504 radio-frequency transmitter

600 medical apparatus

601 thermal treatment system

602 applicator

604 supply system

700 calibration thermal map

702 voxel with temperature data

704 voxel without temperature data

706 voxel with temperature data

708 voxel without temperature data

709 voxel with temperature data

800 calibration thermal map

802 voxel first tissue type (with temperature data)

804 voxel second tissue type (with temperature data)



806 voxel third tissue type (no temperature data)

808 voxel third tissue type

810 voxel third tissue type

900 calibration thermal map



CLAIMS:

1. A medical apparatus (300, 400, 500, 600) comprising:

a magnetic resonance imaging system (302) for acquiring magnetic resonance

data (334, 338, 340, 348);

a processor (326) for controlling the medical apparatus; and

- a memory (332) storing machine readable instructions (352, 354, 356, 358,

470, 472, 474) for execution by the processor, wherein execution of the instructions cause the

processor to acquire (100, 202) spectroscopic magnetic resonance data (334); wherein

execution of the instructions further cause the processor to calculate (102, 204) a calibration

thermal map (336) using the spectroscopic magnetic resonance data; wherein execution of the

instructions further causes the processor to acquire (104, 206) baseline magnetic resonance

thermometry data (338); wherein execution of the instructions further causes the processor to

repeatedly:

- acquire (106, 212) magnetic resonance thermometry data (340);

- calculate (108, 214) a temperature map (351) using the magnetic resonance

thermometry data, the calibration thermal map, and the baseline magnetic

resonance thermometry data.

2 . The medical apparatus of claim 1, wherein the medical apparatus further

comprises a temperature treatment system (402, 501, 601) for treating a target volume (420)

of a subject (3 18), wherein during acquisition of the magnetic resonance thermometry data

execution of the instructions further causes the processor to:

generate (208) temperature treatment system commands (448) in accordance

with the temperature map; wherein the temperature treatment system commands cause the

temperature treatment system to treat the target zone; and

- send (210) the temperature treatment system commands to the temperature

treatment system.

3 . The medical apparatus of claim 2, wherein execution of the instructions

further causes the processor to:



generate (216) pause commands (450) which cause the temperature treatment

system to pause treatment of the target zone for a predetermined period of time;

send (218) the pause commands to the temperature treatment system;

re-acquire (202) the spectroscopic magnetic resonance data during the

predetermined period of time;

re-calculate (204) the calibration thermal map using the spectroscopic

magnetic resonance data; and

re-acquire (206) the baseline magnetic resonance thermometry data.

4 . The medical apparatus of any one of claim 2 or 3, wherein the temperature

treatment system is any one of the following: a high intensity focused ultrasound system

(402), a radio-frequency tissue treating system (501), microwave applicator (601), a cryo-

ablator (601), and a laser (601).

5 . The medical apparatus of any one of claim 2 through 4, wherein the

temperature treatment system commands are generated in accordance with any one of the

following: a treatment plan (444), the temperature map, and combinations thereof.

6 . The medical apparatus of any one of the preceding claims, wherein execution

of the instructions further cause the processor to identify voxels of the calibration thermal

map which lack spectroscopic thermal magnetic resonance data (704, 708, 710, 806, 808,

810,) for calculating the thermal map, wherein execution of the instructions further causes the

processor to extrapolate the thermal map into the identified voxels.

7 . The medical apparatus of claim 6, wherein the thermal map is extrapolated

and/or refined using a thermal model (460) of the subject.

8. The medical apparatus of claim 7, wherein execution of the instructions

further causes the processor to construct the thermal model using the spectroscopic magnetic

resonance data.

9 . The medical apparatus of claim 7 or 8, wherein the medical apparatus further

comprises a temperature treatment system (402, 501, 601) for treating a target volume (420)

of a subject (318), wherein execution of the instructions further causes the processor to treat



the target volume during acquisition of the magnetic resonance thermometry data, and

wherein the treatment of the target volume is modeled by the thermal model.

10. The medical apparatus of any one of claims 6 through 9, wherein the thermal

map is extrapolated by interpolating the temperature in the identified voxels.

11. The medical apparatus of any one of the preceding claims, wherein the

magnetic resonance thermometry data comprises any one of the following: proton density

data, Tl relaxation time data, T2 relaxation time data, T2-star relaxation time data, diffusion

coefficient data, proton resonance frequency shift data, and combinations thereof.

12. The medical apparatus of any one of the preceding claims, wherein

spectroscopic magnetic resonance data is descriptive of the proton-resonance frequency shift

of multiple resonance peaks.

13. A method of operating a medical apparatus (300, 400, 500, 600), wherein the

apparatus comprises a magnetic resonance imaging system (302) for acquiring magnetic

resonance data (334, 338, 340, 348), wherein the method comprises the step of acquiring

(100, 202) spectroscopic magnetic resonance data (334), wherein the method further

comprises the step of calculating (102, 204) a calibration thermal map (336) using the

spectroscopic magnetic resonance data, wherein the method further comprises the step of

acquiring (104, 206) baseline magnetic resonance thermometry data (338), and wherein the

method further comprises repeatedly performing the steps of:

acquiring (106, 212) magnetic resonance thermometry data (340);

- calculating (108, 214) a temperature map (351) using the magnetic resonance

thermometry data, the calibration thermal map, and the baseline magnetic resonance

thermometry data.

14. A computer program product comprising machine executable instructions for

controlling a medical apparatus (300, 400, 500, 600), wherein the medical apparatus

comprises a magnetic resonance imaging system (302) for acquiring magnetic resonance data

(334, 338, 340, 348), wherein the medical apparatus further comprises a processor (326) for

executing the instructions, wherein execution of the instructions cause the processor to

acquire (100, 202) spectroscopic magnetic resonance data (334); wherein execution of the



instructions further cause the processor to calculate (102, 204) a calibration thermal map

(336) using the spectroscopic magnetic resonance data, wherein execution of the instructions

further causes the processor to acquire (104, 206) baseline magnetic resonance thermometry

data (338), and wherein execution of the instructions further causes the processor to

repeatedly:

acquire (106, 212) magnetic resonance thermometry data (340);

calculate (108, 214) a temperature map (351) using the magnetic resonance

thermometry data, the calibration thermal map, and the baseline magnetic resonance

thermometry data.
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