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CORRECTING ARTIFACTS CAUSED BY MOTION OF A MEDICAL DEVICE AND/OR PATIENT
MOTION IN MAGNETIC RESONANCE THERMOMETRY

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims priority to and the benefit of co-pending U.S. Patent

Application No. 12/615,780, filed on November 10, 2009, the entire disclosure of which is

hereby incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to magnetic resonance (MR) imaging, and

more particularly, to techniques for correcting measurement artifacts in MR thermometry.

BACKGROUND OF THE INVENTION

[0003] MR imaging of internal body tissues may be used for numerous medical procedures,

including diagnosis and surgery. In general terms, MR imaging starts by placing a subject in a

relatively uniform, static magnetic field. The static magnetic field causes hydrogen nuclei

spins to align and precess about the general direction of the magnetic field. Radio frequency

(RF) magnetic field pulses are then superimposed on the static magnetic field to cause some of

the aligned spins to alternate between a temporary high-energy non-aligned state and the

aligned state, thereby inducing an RF response signal, called the MR echo or MR response

signal. It is known that different tissues in the subject produce different MR response signals,

and this property can be used to create contrast in an MR image. One or more RF receivers

detect the duration and strength of the MR response signals, and such data are then processed to

generate tomographic or three-dimensional images.

[0004] MR imaging can also be used effectively during a medical procedure to assist in

locating and guiding medical instruments. For example, a medical procedure can be performed

on a patient using medical instruments while the patient is in an MRI machine. The medical

instruments may be for insertion into a patient or they may be used externally but still have a

therapeutic or diagnostic effect. For instance, the medical instrument can be an ultrasonic

device, which is disposed outside a patient's body and focuses ultrasonic energy to ablate or



necrose tissue or other material on or within the patient's body. The MRI machine preferably

produces images at a high rate so that the location of the instrument (or the focus of its effects)

relative to the patient may be monitored in real-time (or substantially in real-time). The MRI

machine can be used for both imaging the targeted body tissue and locating the instrument,

such that the tissue image and the overlaid instrument image can help track an absolute location

of the instrument as well as its location relative to the patient's body tissue.

[0005] MR imaging can further provide a non-invasive means of quantitatively monitoring

in vivo temperatures. This is particularly useful in the above-mentioned MR-guided focused

ultrasound (MRgFUS) treatment or other MR-guided thermal therapy where temperature of a

treatment area should be continuously monitored in order to assess the progress of treatment

and correct for local differences in heat conduction and energy absorption. The monitoring

(e.g., measurement and/or mapping) of temperature with MR imaging is generally referred to as

MR thermometry or MR thermal imaging.

[0006] Among the various methods available for MR thermometry, the proton-resonance

frequency (PRF) shift method is often preferred due to its excellent linearity with respect to

temperature change, near-independence from tissue type, and high sensitivity. The PRF shift

method is based on the phenomenon that the MR resonance frequency of protons in water

molecules changes linearly with temperature. Since the frequency change is small, only

-0.01 ppm/°C for bulk water and approximately -0.0096 to -0.013 ppm/°C in tissue, the phase

shift is typically detected with a phase-sensitive imaging method in which the imaging is

performed twice: first to acquire a baseline phase image prior to a temperature change and then

to acquire a second image after the temperature change, thereby capturing a small phase change

that is proportional to the change in temperature.

[0007] A phase image, for example, may be computed from an MR image, and a

temperature-difference map relative to the baseline image may be obtained by (i) determining,

on a pixel-by-pixel basis, phase differences between the phase image corresponding to the

baseline and the phase image corresponding to a subsequently obtained MR image, and (ii)

converting the phase differences into temperature differences based on the PRF temperature

dependence while taking into account imaging parameters such as the strength of the static

magnetic field and echo time (ΤΈ). It should be appreciated that, although a subtraction step

may be involved, the determination of the phase differences involves more than a simple

subtraction of scalars.



[0008] Unfortunately, changes in phase images do not arise uniquely from temperature

changes. Various non-temperature-related factors, such as changes in a local magnetic field

due to nearby moving objects, magnetic susceptibility changes in a patient's body due to

breathing or other movements, and magnet or shim drifts can all lead to confounding phase

shifts that may render a phase-sensitive temperature measurement invalid. For example, during

some MR-guided thermal treatment procedures, one or more treatment devices need to be re¬

positioned and/or re-oriented in or near the MR imaging area. Since the treatment devices

typically include metal components, their movements could perturb local magnetic fields and

thereby significantly change the phase background. Non-metal objects and their movements

may also perturb local magnetic fields. The patient's breathing or turning motions, for

example, could have similar effects. In fact, the changes in magnetic field associated with

patient motion and/or nearby objects can be severe enough to render temperature measurements

made using the above-mentioned phase-sensitive approach useless.

[0009] Further measurement artifacts may arise from "phase wrapping when significant

temperature changes are monitored over a long time period, such as during a lengthy treatment

procedure. In existing PRF-based temperature measurements, each phase image is compared

directly with an initial baseline reference to determine the amount of phase shift. However, if

the accumulated phase shift has exceeded π in any part of a recently acquired phase image — a

condition referred to as "phase wrapping — the true magnitude of phase shift will not be

captured by simply subtracting the baseline reference image from the recently acquired phase

image.

[0010] In view of the foregoing, it may be understood that there are significant problems

and shortcomings associated with current PRF techniques.

SUMMARY

[0011] Embodiments of the present invention provide for the correction of measurement

artifacts in MR thermometry. In particular, during a reference-acquisition phase, phase images

are obtained to correspond with positions and/or orientations of a treatment device — e.g., an

ultrasonic transducer — that will occur during treatment; an MRgFUS treatment session, for

example, may involve multiple sonications each performed with the transducer at a different

physical location relative to the patient. A library of reference phase images is therefore

acquired at different points along the path, at least at locations (and, desirably, reflecting



transducer orientations) where sonications are to be performed during treatment. These

reference images reflect the different phase backgrounds for various possible treatment-device

positionings during treatment. As actual treatment proceeds, transducer movements are

predicted, and one reference phase image is selected from the library of reference phase images

to serve as the baseline image for temperature-measurement purposes. To avoid measurement

artifacts that arise from phase wrapping, the phase shift associated with each phase image is

calculated incrementally, that is, by accumulating phase increments from each pair of

consecutive phase images.

[0012] In one particular exemplary embodiment, a method of performing PRF-based MR

temperature measurement may involve acquiring a plurality of reference phase images of an

MR imaging region, where each of the reference images corresponds to a phase background

resulting from a different arrangement of one or more devices in or near the MR imaging

region. The method may also comprise the steps of acquiring a first phase image of the MR

imaging region subsequent to the acquisition of the plurality of reference phase images;

selecting, from the plurality of reference phase images, a first reference phase image most

closely corresponding to the first phase image; and calculating a first phase shift based at least

in part on a difference between the first phase image and the first reference phase image. In

various embodiments, the further involves acquiring a second phase image of the MR imaging

region subsequent to the acquisition of the first phase image; selecting, from the plurality of

reference phase images, a second reference phase image most closely corresponding to the

second phase image; and calculating a second phase shift by summing (i) the first phase shift

and (ii) an incremental phase shift of the second phase image as compared to the first phase

image. At least one temperature change may be determined based on at least one of the first

phase shift and the second phase shift.

[0013] In another particular exemplary embodiment, a system for performing PRF-based

MR temperature measurement comprises an MRI unit and a control module in communication

with the MRI unit. The control module is configured to cause the MRI unit to (i) acquire a

plurality of reference phase images of an MR imaging region, where each of the reference

images corresponds to a phase background resulting from a different arrangement of one or

more devices in or near the MR imaging region; (ii) acquire a first phase image of the MR

imaging region subsequent to the acquisition of the plurality of reference phase images; and

(iii) acquire a second phase image of the MR imaging region subsequent to the acquisition of



the first phase image. The system may further comprise a processor module having access to

image data acquired by the MRI unit. The processor module is configured to (i) select, from

the plurality of reference phase images, a first reference phase image most closely

corresponding to the first phase image; (ii) calculate a first phase shift based at least in part on a

difference between the first phase image and the first reference phase image; (iii) select, from

the plurality of reference phase images, a second reference phase image most closely

corresponding to the second phase image; (iv) calculate a second phase shift based at least in

part on a difference between the second phase image and the second reference phase image;

and (v) determine at least one temperature change based on at least one of the first phase shift

and the second phase shift.

[0014] In yet another particular exemplary embodiment, a computer-readable medium

storing computer-executable codes for causing at least one processor to performing PRF-based

MR temperature measurement may comprise computer-executable code for causing acquisition

of a plurality of reference phase images of an MR imaging region, where each of the reference

images corresponds to a phase background resulting from a different arrangement of one or

more devices in or near the MR imaging region. The computer-readable medium may also

comprise computer-executable code for causing acquisition of a first phase image of the MR

imaging region subsequent to the acquisition of the plurality of reference phase images;

computer-executable code for causing selection, from the plurality of reference phase images, a

first reference phase image most closely corresponding to the first phase image; and computer-

executable code for causing calculation of a first phase shift based at least in part on a

difference between the first phase image and the first reference phase image. In some

embodiments, the computer-readable medium further comprises computer-executable code for

causing acquisition of a second phase image of the MR imaging region subsequent to the

acquisition of the first phase image; computer-executable code for causing selection, from the

plurality of reference phase images, a second reference phase image most closely

corresponding to the second phase image; and computer-executable code for causing

calculation of a second phase shift by summing (i) the first phase shift and (ii) an incremental

phase shift of the second phase image as compared to the first phase image. The computer-

readable medium may additionally comprise computer-executable code for causing

determination of at least one temperature change based on at least one of the first phase shift

and the second phase shift.



[0015] In still another particular exemplary embodiment, a method of performing PRF-

based MR temperature measurement may comprise the step of acquiring a plurality of

reference phase images of an MR imaging region, where each of the reference phase images

corresponds to a phase background resulting from one or more predicted anatomical

movements of at least a part of a patient's body. The method may also comprise the steps of

acquiring a first phase image of the MR imaging region subsequent to the acquisition of the

plurality of reference phase images; selecting, from the plurality of reference phase images, a

first reference phase image most closely corresponding to the first phase image; and calculating

a first phase shift based at least in part on a difference between the first phase image and the

first reference phase image. In various embodiments, the method further comprises the steps of

acquiring a second phase image of the MR imaging region subsequent to the acquisition of the

first phase image; selecting, from the plurality of reference phase images, a second reference

phase image most closely corresponding to the second phase image; and calculating a second

phase shift by summing (i) the first phase shift and (ii) an incremental phase shift of the second

phase image as compared to the first phase image. At least one temperature change may be

determined based on at least one of the first phase shift and the second phase shift.

[0016] In a further particular exemplary embodiment, a method of performing PRF-based

MR temperature measurement may comprise the step of acquiring a plurality of reference

phase images of an MR imaging region associated with a patient, where each of the reference

images correspond to a phase background resulting from a different arrangement of one or

more devices in or near the MR imaging region in combination with one or more predicted

movements of the patient. The method may also comprise the step of acquiring a first phase

image of the MR imaging region subsequent to the acquisition of the plurality of reference

phase images. The method may further comprise the step of selecting, from the plurality of

reference phase images, a first reference phase image most closely corresponding to the first

phase image. The method may additionally comprise determining at least one temperature

change based at least in part on a difference between the first phase image and the first

reference phase image.

[0017] Embodiments of related systems and computer-readable media implementing the

method are also disclosed.



[0018] The present invention will now be described in more detail with reference to

exemplary embodiments thereof as shown in the accompanying drawings. While the present

invention is described below with reference to exemplary embodiments, it should be

understood that the present invention is not limited thereto. Those of ordinary skill in the art

having access to the teachings herein will recognize additional implementations, modifications,

and embodiments, as well as other fields of use, which are within the scope of the present

invention as described herein, and with respect to which the present invention may be of

significant utility.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] In order to facilitate a fuller understanding of the present invention, reference is now

made to the accompanying drawings, in which like elements are referenced with like numerals.

These drawings should not be construed as limiting the present invention, but are intended to be

exemplary only.

[0020] Figure 1 shows an exemplary MRI system in or for which the techniques for

correcting measurement artifacts in MR thermometry in accordance with the present invention

may be implemented.

[0021] Figure 2 shows an MR imaging region and illustrates exemplary movements of

objects that may be addressed by techniques in accordance with the present invention.

[0022] Figure 3 shows a flow chart illustrating an exemplary method for correcting

measurement artifacts in MR thermometry in accordance with an embodiment of the present

invention.

[0023] Figure 4 shows a flow chart illustrating an exemplary method for correcting

measurement artifacts in MR thermometry in accordance with another embodiment of the

present invention.

[0024] Figure 5 shows a block diagram illustrating an exemplary system for correcting

measurement artifacts in MR thermometry in accordance with an embodiment of the present

invention.



DETAILED DESCRIPTION

[0025] Embodiments of the present invention improve the utility and robustness of MR

thermometry, as described below, to measure temperatures and compensate for phase shifts that

arise from factors other than temperature changes.

[0026] Figure 1 shows an exemplary MRI system in or for which the techniques for

correcting measurement artifacts in MR thermometry in accordance with the present invention

may be implemented. The illustrated MRI system 100 comprises an MRI machine 102. If an

MR-guided procedure is being performed, a medical device 103 may be disposed within the

bore of the MRI machine 102. Since the components and operation of the MRI machine are

well-known in the art, only some basic components helpful in the understanding of the system

100 and its operation will be described herein.

[0027] The MRI machine 102 typically comprises a cylindrical electromagnet 104, which

generates a static magnetic field within a bore 105 of the electromagnet 104. The

electromagnet 104 generates a substantially homogeneous magnetic field within an imaging

region 116 inside the magnet bore 105. The electromagnet 104 may be enclosed in a magnet

housing 106. A support table 108, upon which a patient 110 lies, is disposed within the magnet

bore 105. A region of interest 118 within the patient 110 may be identified and positioned

within the imaging region 116 of the MRI machine 102.

[0028] A set of cylindrical magnetic field gradient coils 112 may also be provided within

the magnet bore 105. The gradient coils 112 also surround the patient 110. The gradient coils

112 can generate magnetic field gradients of predetermined magnitudes, at predetermined

times, and in three mutually orthogonal directions within the magnet bore 105. With the field

gradients, different spatial locations can be associated with different precession frequencies,

thereby giving an MR image its spatial resolution. An RF transmitter coil 114 surrounds the

imaging region 116 and the region of interest 118. The RF transmitter coil 114 emits RF

energy in the form of a magnetic field into the imaging region 116, including into the region of

interest 118.

[0029] The RF transmitter coil 114 can also receive MR response signals emitted from the

region of interest 118. The MR response signals are amplified, conditioned and digitized into

raw data using an image-processing system 200, as is known by those of ordinary skill in the

art. The image-processing system 200 further processes the raw data using known

computational methods, including fast Fourier transform (FFT), into an array of image data.



The image data may then be displayed on a monitor 202, such as a computer CRT, LCD

display or other suitable display.

[0030] The medical device 103 (in a transducer housing 130) may also be placed in or near

the imaging region 116 of the MRI machine 102. In the example shown in Figure 1, the

medical device 103 may be an ultrasonic instrument used for ablating tissue such as fibroids or

cancerous (or non-cancerous) tissue, for breaking up occlusion within vessels, or for

performing other treatment of tissues on or within the patient 110. In fact, the medical device

103 can be any type of medical instrument including, without limitation, a needle, catheter,

guidewire, radiation transmitter, endoscope, laparoscope, or other instrument. In addition, the

medical device 103 can be configured either for placement outside the patient 110 or for

insertion into the patient body.

[0031] The imaging region 116 (including the region of interest 118) is enlarged in Figure 2,

to illustrate exemplary movements of objects that may be addressed by techniques in

accordance with the present invention.

[0032] During MR thermal imaging (or any medical procedure involving MR temperature

mapping) of the region 116, the region of interest 118, which is typically a part of a patient's

body, may change its shape and/or position due to movements of the patient's body. For

example, if the region of interest 118 is the patient's head (as shown in Figure 1), it may turn

slightly either to the left or to the right during the thermal imaging process. If the region of

interest 118 is part of the patient's abdominal area, its shape may contract or expand with the

patient's respiratory cycle. As a result, at a first moment, the region of interest 118 may show

up in an MR image with Position/Shape 1, and at a second moment, the region of interest 118

may show up in the MR image with Position/Shape 2. The changes in shape and/or position of

the region of interest 118 not only affect its registration in the MR image but can also perturb

the magnetic field Bo(t) thereby altering the phase background.

[0033] Similarly, during a medical procedure involving MR temperature mapping of the

region 116, the medical device 103 (together with its housing 130) may be re-positioned and/or

re-oriented one or more times according to a dynamic setup. The medical device 103 may first

assume an original position or Position A. Sometime during the treatment procedure, the

medical device 103 may be shifted or translated to Position B while maintaining its original

orientation. Alternatively or additionally, the medical device 103 may be moved to Position C,



which involves both translation and rotation of the medical device 103. Any of these

movements can change the magnetic field Bo(t) and therefore the phase background.

[0034] Although only one medical device 103 is shown in Figures 1 and 2, it should be

appreciated that the movements of multiple medical devices and/or other metal object(s) in or

near the imaging region 116 may cause similar measurement artifacts. Furthermore, the

movements of medical device(s) and other objects may occur in combination with movements

of the patient's body.

[0035] According to embodiments of the present invention, at least some of the above-

described movements of objects in or near the MR imaging region may be predicted or

anticipated before a thermal imaging process starts. For example, a dynamic setup of medical

device(s) is often planned well before commencement of a medical procedure. Thus, it is

known in advance and with sufficient certainty as to where each medical device will be

approximately positioned and how it will be approximately oriented relative to the MR imaging

region or the treatment area. Similarly, certain natural movements of the patient's body are

predictable, such as the regular heaving and ebbing of an abdominal region during a respiratory

cycle. Other potential movements of the patient's body could be anticipated, such as slight

turning and/or tilting of the head or sliding of the hands or arms. The predictable nature of

object movements in or near the MR imaging region can be exploited, by its self or in

combination with mathematical techniques, to help reduce measurement artifacts that might

arise from such movements, as will be explained in detail below.

[0036] Figure 3 shows a flow chart illustrating an exemplary method for correcting

measurement artifacts in MR thermometry in accordance with an embodiment of the present

invention. In step 302, a subject such as a human body, is positioned within a bore of an MRI

machine. A region of interest (ROI) in the subject may be identified for purposes of MR

temperature measurement, that is, MR thermal imaging or temperature mapping. For example,

the region of interest may be a portion of a human body, such as the head region ( 118) as

shown in Figure 1. In an MR-guided medical procedure, the region of interest may be or

include a particular portion of a human body upon which the procedure is performed. For

instance, in an MRgFUS procedure, the region of interest may include a general tissue area into

which ultrasonic energy is to be focused. One or more medical devices, for use in a treatment

or therapeutic procedure, may also be positioned in or near the MR imaging area or the region

of interest.



[0037] In step 304, movements of the patient and/or medical device(s) are predicted. For

example, if a dynamic setup of medical device(s) will be implemented in a thermal treatment

procedure, it may be determined where and how each medical device will be positioned during

each stage of the treatment procedure. If the patient's breathing motion might be significant, a

trajectory within a range of movement may be predicted for a relevant part of the patient's

body, such as a treatment region. The treatment region may follow and repeat the predicted

trajectory in substantial synchronization with the patient's respiratory cycles. If it is anticipated

that the patient might move his head, hands, or arms, the extent or range of such movements

may also be estimated.

[0038] In step 306, the predicted movements) can be replicated or approximated,

individually and/or in combination, and a library of reference phase images that result from the

predicted movement(s) or combination thereof are acquired. In other words, a "dry run of the

treatment procedure is performed in step 306, with the patient in place, to capture possible

variations of the phase background that might result from the planned movements of the

medical device(s) and/or the predicted or anticipated movements of the patient's body.

[0039] According to one embodiment of the present invention, medical device(s) may be set

up in exactly or approximately the same configurations or arrangements as they would be

during a subsequent, actual treatment procedure. For example, one or more medical devices

may be placed at or near the locations where they should be during an upcoming treatment

procedure. According to some embodiments, a medical device need not be positioned exactly

as it would be during the planned treatment, i.e., the position of the device when a phase image

is obtained need not correspond exactly to the position of the device when a reference image

was obtained. An approximate match to a reference image is satisfactory (i.e., the reference

image may be used as a baseline) as long as the difference is not clinically significant — i.e.,

sufficiently small (e.g., on the order of 1-2 degrees Celsius) as to be functionally equivalent for

treatment purposes (within a margin of error that use of the closest reference image will not

produce an adverse physiological effect).

[0040] This means that, instead of precise replication of the expected device positions

and/or orientations during the "dry run, approximate positions will suffice as long as the

resulting phase background does not differ, in a clinically significant manner, from what would

result from an identical replication. Then, for each of those configurations or arrangements, a

reference phase image may be acquired by scanning the MR imaging area.



[0041] According to another embodiment of the present invention, the patient may be

instructed to lie still and breathe naturally as he or she is expected to behave during the actual

treatment procedure. Then, at chosen moments during the patient's regular respiratory cycle

(e.g., one or more moments during the inspiration phase and one or more moments during the

expiration phase), reference phase images may be acquired to capture the movement or

deformation of a region of interest in the image as well as any resulting change in the phase

background. Similarly, the patient may be instructed to slightly move certain parts of his or her

body (e.g., turning the head or sliding a hand), and a reference phase image may be acquired

upon each of those movements or a combination thereof.

[0042] According to further embodiments of the present invention, the movements of the

patient's body may be combined with the simulated setup of the medical device(s) such that

more realistic reference phase images can be acquired. For example, a medical device may be

moved to a new position and dwell at that position for a few minutes before being moved to

another position. During those few minutes, the patient must still be breathing, and it is the

breathing motion together with the new position of the medical device that alters the phase

background. Therefore, it may be beneficial to capture multiple reference phase images

corresponding to different stages of the patient's respiratory cycle while the medical device is

in this new position. For ease of explanation, a scenario in which a reference phase image is

acquired (i.e., an arrangement or configuration of the patient and the medical device(s) which

resulted from movements) of either or both) is referred to hereinafter as "a patient-device

scenario.

[0043] As a result, a number of reference phase images have been acquired in step 306,

unlike prior PRF-based methods where only one reference phase image would be acquired.

According to embodiments of the present invention, it is preferable that these reference phase

images be acquired while the patient and/or the MR imaging area are maintained at a relatively

stable pre-treatment temperature. The multiple reference phase images may be stored in a

reference library or database, wherein each reference phase image may be tagged, annotated, or

otherwise associated with its corresponding patient-device scenario. According to one

embodiment of the present invention, the reference phase images may be computationally

processed to facilitate query and/or comparison with other phase images.



[0044] In step 308, a first phase image is acquired by scanning the MR imaging area. The

first phase image essentially captures the distribution of proton-resonance frequencies in the

MR imaging area at the time of the acquisition step 308. Phase shifts reflected in the first

phase image may include those that have been caused by non-temperature-related factors such

as patient motion and/or movements of medical device(s).

[0045] Then, in step 310, one reference phase image is selected from the library of reference

phase images which were acquired in step 306. Assuming the library of reference phase

images covers all possible patient-device scenarios, one of those reference images has to be

associated with or match the patient-device scenario in the first phase image. According to

embodiments of the present invention, a number of methods may be employed to select the

reference phase image that matches the patient-device scenario in the first phase image. For

example, the library of reference phase images may be searched, for example, by examining the

metadata of the images, to locate the reference image associated with a device setup that is the

same as or closest to the device setup at the time of the acquisition step 308. Alternatively, the

reference phase images themselves may be searched (or compared with the first phase image)

to identify an image having physical features (e.g., position and shape of a tissue area) that

closely match those in the first phase image.

[0046] The reference phase image so selected is used as a baseline reference for the first

phase image in step 312. Since the selected reference phase image closely matches the patient-

device scenario reflected in the first phase image, phase shifts may be calculated by subtracting

the selected reference phase image from the first phase image as if no movement of the patient

or the medical device(s) ever occurred between the acquisitions of those two images.

Temperature changes may then be calculated based on the phase shifts. As a result, the use of

the selected reference phase image as a baseline effectively reduces or eliminates measurement

artifacts that arise from movements of objects in or near the MR imaging area.

[0047] According to some embodiments of the present invention, steps 308, 310, and 312

may be repeated as part of an MR thermal imaging process. For example, in an MRgFUS

treatment procedure, steps 308, 310, and 312 maybe performed prior to and/or after each

sonication step to monitor temperature changes in a targeted tissue area. Since the patient's

body and/or the MRgFUS treatment device(s) may have moved during the procedure, each

iteration of steps 308, 310, and 312 may see a different reference phase image being selected

and used as a baseline for temperature measurement.



[0048] Figure 4 shows a flow chart illustrating an exemplary method for correcting

measurement artifacts in MR thermometry in accordance with another embodiment of the

present invention. In step 402, after a patient and/or medical device(s) are positioned in an MR

unit, multiple reference phase images (Ri, R2, ... R N) are acquired by scanning an MR imaging

area. The multiple reference phase images (Ri, R2, ... R N may be candidate baseline images

that correspond to different patient-device scenarios.

[0049] In step 404, a phase image (Ik) is acquired by scanning the MR imaging area,

wherein k is an integer that denotes the k- acquisition of a phase image in a continuous series.

The phase image (Ik) captures a distribution of proton-resonance frequencies in the MR

imaging area at the time of the acquisition step 404.

[0050] Then, in step 406, a reference phase image is selected from the library of multiple

reference phase images (Ri, R2, ... R N) based upon the phase image (Ik) and/or the patient-

device scenario at the time of the acquisition step 404. As mentioned earlier, the reference

phase image may be selected by matching its physical features to those of the phase image (Ik)

and/or by matching a patient-device scenario associated with the reference phase image with

the one associated with the phase image (Ik). The reference phase image so selected may be

denoted R(Ik).

[0051] Next, in step 408, it is determined whether the phase image (Ik) is the very first phase

image acquired, that is, whether k equals one. If so, then, in step 410, the phase shift associated

with the phase image (i.e., I \ ) is calculated by subtracting the corresponding reference phase

image R(I \ ) from the phase image (I \ ) —

shift (\) = ( ) - R( ).

[0052] If the phase image (Ik) is not the first phase image acquired, then, in step 412, the

phase shift associated with the phase image (Ik) is calculated based on:

(i) the phase shift associated with the previous phase image ( -\ ), denoted

shift (k- ) and

(ii) an incremental phase shift of the phase image (Ik) as compared to the previous

phase image (Ik.\), which is [Ik - R(Ik)] - - [R( ) -

Thus, the phase shift associated with the phase image (Ik) is —

shift (k) = shift (k-l) + Ik - R(Ik)] - Ik- - R( - )]

= shift (k-l) + Ik - Ik. - [R( ) - R(Ik-i)]



[0053] Steps 408, 410, and 412 together stand for the following mathematical proposition

[0054] The phase shift so calculated can then be used as the basis for determining

temperature changes in step 414. Practically, each of the phase shift components shown above

(i.e., shift (k), - ( )], and - - R(Ik-i)]) may be separately calculated as a scalar

representing a partial thermal shift, and a final temperature change may be calculated by

summing those partial thermal shifts. As mentioned above, the determination of each phase

shift component may involve more than just a subtraction of scalars. Temperature changes

relative to the reference temperature level(s) (at the time of the acquisition step 402) may be

calculated pixel by pixel, thereby generating a thermal map of the MR imaging area. The

process may loop back to step 404 where a next phase image is acquired by scanning the MR

imaging area, and steps 404 through 414 may be repeated to generate the next thermal map.

[0055] As described above in connection with Figure 4, the phase shift associated with each

phase image is calculated incrementally, that is, by accumulating phase increments from all

phase images heretofore acquired. Since each phase increment is calculated from

consecutively scanned phase images, and due to selection of scanning parameters (e.g., TE and

the time between consecutive scans), it is unlikely that the magnitude of any such phase

increment will be large enough to exceed π . Therefore, unless a large change in temperature

occurs rapidly between two consecutive scans, the measurement artifacts that arise from phase

wrapping could be eliminated with the exemplar method illustrated in Figure 4.

[0056] It should be noted that the exemplar method illustrated in Figure 4 may be adapted

for an MR thermal imaging process in which only a single reference image (instead of a library

of references) is acquired and used as the baseline. The phase shift associated with each phase

image may still be calculated incrementally, that is, based upon the phase shift associated with

a previous phase image and the incremental phase change since the previous phase image.

[0057] Figure 5 shows a block diagram illustrating an exemplary system 500 for correcting

measurement artifacts in MR thermometry in accordance with an embodiment of the present

invention. The system 500 comprises an MRI unit 502 having an imaging region 501 . A

patient's body or a portion thereof may be positioned in the imaging region 501 and a region of

interest 503 may be identified. The MRI unit 502 may be configured for thermal imaging of



the imaging region 501 and/or the region of interest 503 based on the PRF shift method. The

system 500 may also comprise one or more medical devices 508 which are positioned in or

near the MR imaging region 501 or the region of interest 503. A control module 504 in

communication with the MRI unit 502 coordinates phase image acquisitions by the MRI unit

502. The control module 504 may further detect and/or control the placement of the medical

device(s) 508. The image acquisition data from the MRI unit 502, as well as data indicating the

patient-device scenarios, may be recorded in a storage device 507 and processed by a processor

module 506 to implement the above-described techniques of correcting measurement artifacts

in thermal imaging of the region of interest 503.

[0058] For example, according to one embodiment of the present invention, the control

module 504 may cause the medical device(s) 508 to be positioned in or near the MR imaging

region 501 according to a predetermined configuration for a treatment procedure. The control

module 504 may also cause the MRI unit 502 to acquire a reference phase image of the MR

imaging region 501 for each patient-device scenario, thereby accumulating a library of

reference phase images. The library of reference phase images may be processed by the

processor module 506 and stored in the storage device 507. Next, the control module 504 may

cause the MRI unit 502 to acquire a first phase image of the MR imaging region. Then, based

on the first phase image and/or a patient-device scenario concurrent with the first phase image,

the processor module 506 may select a first reference phase image from the library of reference

phase images. A first phase shift may be calculated either directly (by subtracting the first

reference phase image from the first phase image) or incrementally according to the exemplary

method illustrated in Figure 4. Finally, the processor module 506 may calculate a distribution

of temperature changes in the MR imaging region 501 or the region of interest 503 based on the

first phase shift. The process may be repeated, for example, by acquiring a second phase

image, selecting a second reference phase image, and then calculating a second phase shift, so

on and so forth.

[0059] It should be noted that, although portions of the system 500 have been illustrated as

discrete components in Figure 5, some of these components (e.g., control module 504,

processor module 506, and storage device 507) may be combined with one another and/or

implemented as integral part(s) of the MRI unit 502. Other variations exist for configuring the

system 500 as can be appreciated by those skilled in the art.



[0060] While the foregoing description includes many details and specificities, it is to be

understood that these have been included for purposes of explanation only, and are not to be

interpreted as limitations of the present invention. It will be apparent to those skilled in the art

that other modifications to the embodiments described above can be made without departing

from the spirit and scope of the invention. Accordingly, such modifications are considered

within the scope of the invention as intended to be encompassed by the following claims and

their legal equivalents.

[0061] What is claimed is:



CLAIMS

1. A method of performing proton resonance frequency (PR ) based magnetic resonance

(MR) temperature measurement, the method comprising the steps of:

acquiring a plurality of reference phase images of an MR imaging region, each of the

reference images corresponding to a phase background resulting from a different arrangement

of one or more devices in or near the MR imaging region;

acquiring a first phase image of the MR imaging region subsequent to the acquisition of

the plurality of reference phase images;

selecting, from the plurality of reference phase images, a first reference phase image

most closely corresponding to the first phase image;

calculating a first phase shift based at least in part on a difference between the first

phase image and the first reference phase image;

acquiring a second phase image of the MR imaging region subsequent to the acquisition

of the first phase image ;

selecting, from the plurality of reference phase images, a second reference phase image

most closely corresponding to the second phase image;

calculating a second phase shift by summing (i) the first phase shift and (ii) an

incremental phase shift of the second phase image as compared to the first phase image; and

determining at least one temperature change based on at least one of the first phase shift

and the second phase shift.

2. The method of claim 1, wherein the plurality of reference phase images correspond to

predicted positionings of at least one treatment device.

3. The method of claim 2, wherein the treatment device comprises an MR guided focused

ultrasound (MRgFUS) transducer.

4. The method of claim 1, further comprising:

generating a temperature map of the MR imaging region based at least in part on the

first phase image and on the differences.



5. The method of claim 1, further comprising:

calculating a movement compensation map based on differences between the first

reference phase image and the second reference phase image.

6. The method of claim 1, wherein the incremental phase shift is calculated at least by

subtracting (i) a first difference between the first phase image and the first reference phase

image from (ii) a second difference between the second phase image and the second reference

phase image.

7. The method of claim 1, further comprising:

comparing the first phase image with the plurality of reference phase images to find

matching physical features.

8. The method of claim 1, further comprising:

acquiring a third phase image of the MR imaging region subsequent to the acquisition

of the second phase image;

selecting, from the plurality of reference phase images, a third reference phase image

most closely corresponding to the second phase image; and

calculating a third phase shift by summing (i) the second phase shift and (ii) an

incremental phase shift of the third phase image as compared to the second phase image.

9. A system for performing proton resonance frequency (PRF) based magnetic resonance

(MR) temperature measurement, the system comprising:

an MRI unit;

a control module in communication with the MRI unit, and configured to cause the MRI

unit to:

acquire a plurality of reference phase images of an MR imaging region, each of

the reference images corresponding to a phase background resulting from a different

arrangement of one or more devices in or near the MR imaging region,

acquire a first phase image of the MR imaging region subsequent to the

acquisition of the plurality of reference phase images, and

acquire a second phase image of the MR imaging region subsequent to the

acquisition of the first phase image; and

a processor module having access to image data acquired by the MRI unit, and

configured to:



select, from the plurality of reference phase images, a first reference phase

image most closely corresponding to the first phase image,

calculate a first phase shift based at least in part on a difference between the first

phase image and the first reference phase image,

select, from the plurality of reference phase images, a second reference phase

image most closely corresponding to the second phase image,

calculate a second phase shift based at least in part on a difference between the

second phase image and the second reference phase image, and

determine at least one temperature change based on at least one of the first phase

shift and the second phase shift.

10. A computer-readable medium storing computer-executable codes for causing at least

one processor to performing proton resonance frequency (PRF) based magnetic resonance

(MR) temperature measurement, the computer-readable medium comprising:

computer-executable code for causing acquisition of a plurality of reference phase

images of an MR imaging region, each of the reference images corresponding to a phase

background resulting from a different arrangement of one or more devices in or near the MR

imaging region;

computer-executable code for causing acquisition of a first phase image of the MR

imaging region subsequent to the acquisition of the plurality of reference phase images;

computer-executable code for causing selection, from the plurality of reference phase

images, a first reference phase image most closely corresponding to the first phase image;

computer-executable code for causing calculation of a first phase shift based at least in

part on a difference between the first phase image and the first reference phase image;

computer-executable code for causing acquisition of a second phase image of the MR

imaging region subsequent to the acquisition of the first phase image;

computer-executable code for causing selection, from the plurality of reference phase

images, a second reference phase image most closely corresponding to the second phase image;

computer-executable code for causing calculation of a second phase shift by summing

(i) the first phase shift and (ii) an incremental phase shift of the second phase image as

compared to the first phase image; and

computer-executable code for causing determination of at least one temperature change

based on at least one of the first phase shift and the second phase shift.



11. A method of performing proton resonance frequency (PR ) based magnetic resonance

(MR) temperature measurement, the method comprising the steps of:

acquiring a plurality of reference phase images of an MR imaging region, each of the

reference phase images corresponding to a phase background resulting from one or more

predicted anatomical movements of at least a part of a patient's body;

acquiring a first phase image of the MR imaging region subsequent to the acquisition of

the plurality of reference phase images;

selecting, from the plurality of reference phase images, a first reference phase image

most closely corresponding to the first phase image;

calculating a first phase shift based at least in part on a difference between the first

phase image and the first reference phase image;

acquiring a second phase image of the MR imaging region subsequent to the acquisition

of the first phase image ;

selecting, from the plurality of reference phase images, a second reference phase image

most closely corresponding to the second phase image;

calculating a second phase shift by summing (i) the first phase shift and (ii) an

incremental phase shift of the second phase image as compared to the first phase image; and

determining at least one temperature change based on at least one of the first phase shift

and the second phase shift.

12. The method of claim 11, further comprising:

predicting a trajectory for the one or more predicted anatomical movements.

13. The method of claim 12, wherein the predicted trajectory is associated with the patient's

respiratory cycles.

14. The method of claim 11, further comprising:

acquiring a third phase image of the MR imaging region subsequent to the acquisition

of the second phase image;

selecting, from the plurality of reference phase images, a third reference phase image

most closely corresponding to the second phase image; and

calculating a third phase shift by summing (i) the second phase shift and (ii) an

incremental phase shift of the third phase image as compared to the second phase image.



15. A system for performing proton resonance frequency (PRF) based magnetic resonance

(MR) temperature measurement, the system comprising:

an MRI unit;

a control module in communication with the MRI unit, and configured to cause the MRI

unit to:

acquire a plurality of reference phase images of an MR imaging region, each of

the reference images corresponding to a phase background resulting from one or more

predicted anatomical movements of at least a part of a patient's body,

acquire a first phase image of the MR imaging region subsequent to the

acquisition of the plurality of reference phase images, and

acquire a second phase image of the MR imaging region subsequent to the

acquisition of the first phase image; and

a processor module having access to image data acquired by the MRI unit, and

configured to:

select, from the plurality of reference phase images, a first reference phase

image most closely corresponding to the first phase image,

calculate a first phase shift based at least in part on a difference between the first

phase image and the first reference phase image,

select, from the plurality of reference phase images, a second reference phase

image most closely corresponding to the second phase image,

calculate a second phase shift by summing (i) the first phase shift and (ii) an

incremental phase shift of the second phase image as compared to the first phase image,

and

determine at least one temperature change based on at least one of the first phase

shift and the second phase shift.

16. A computer-readable medium storing computer-executable codes for causing at least

one processor to performing proton resonance frequency (PRF) based magnetic resonance

(MR) temperature measurement, the computer-readable medium comprising:

computer-executable code for causing acquisition of a plurality of reference phase

images of an MR imaging region, each of the reference images corresponding to a phase

background resulting from one or more predicted anatomical movements of at least a part of a

patient's body;



computer-executable code for causing acquisition of a first phase image of the MR

imaging region subsequent to the acquisition of the plurality of reference phase images;

computer-executable code for causing selection, from the plurality of reference phase

images, a first reference phase image most closely corresponding to the first phase image;

computer-executable code for causing calculation of a first phase shift based at least in

part on a difference between the first phase image and the first reference phase image;

computer-executable code for causing acquisition of a second phase image of the MR

imaging region subsequent to the acquisition of the first phase image;

computer-executable code for causing selection, from the plurality of reference phase

images, a second reference phase image most closely corresponding to the second phase image;

computer-executable code for causing a calculation of a second phase shift by summing

(i) the first phase shift and (ii) an incremental phase shift of the second phase image as

compared to the first phase image; and

computer-executable code for causing determination of at least one temperature change

based on at least one of the first phase shift and the second phase shift.

17. A method of performing proton resonance frequency (PRF) based magnetic resonance

(MR) temperature measurement, the method comprising the steps of:

acquiring a plurality of reference phase images of an MR imaging region associated

with a patient, each of the reference images corresponding to a phase background resulting

from a different arrangement of one or more devices in or near the MR imaging region in

combination with one or more predicted movements of the patient;

acquiring a first phase image of the MR imaging region subsequent to the acquisition of

the plurality of reference phase images;

selecting, from the plurality of reference phase images, a first reference phase image

most closely corresponding to the first phase image; and

determining at least one temperature change based at least in part on a difference

between the first phase image and the first reference phase image.
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