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extracted radio frequency parameter, and a remediation module
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onance excitation responsive to the evaluation (iii) indicating a
potentially unsafe condition.
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MAGNETIC RESONANCE SAFETY MONITORING SYSTEMS AND METHODS

FIELD OF THE INVENTION

The following relates to the magnetic resonance arts. The following finds
illustrative application to magnetic resonance imaging and spectroscopy, and is described
with particular reference thereto. However, the following will find application in other

magnetic resonance applications as well.

BACKGROUND OF THE INVENTION

Magnetic resonance imaging and spectroscopy are known techniques for
diagnosing, monitoring, researching, or otherwise characterizing various types of conditions
in humans, animals (e.g., pets or clinical research subjects), cadavers, archacological
subjects, and so forth. In such cases, the subject is typically of substantial value, and the
magnetic resonance techniques are advantageous as they are deemed to be unlikely to cause
injury or damage to the subject.

While magnetic resonance is indeed a generally safe and non-damaging
technique, problems can arise if the subject includes or is associated with an electrically
conductive object, component, or other element. In such a case, radio frequency excitation
used in magnetic resonance can couple with the electrically conductive element so as to
cause heating, local electrical discharge, or other adverse effect that can injure or damage
the subject. For example, in interventional magnetic resonance, a catheter or other
interventional instrument is inserted into a human or animal subject. If the interventional
instrument includes metal wires or other conductive components, these can couple with the
radio frequency signal output by the transmit coil during magnetic resonance excitation.
Likewise, implanted pacemaker wires, orthopedic implants, sensors, or other electrically
conductive foreign objects disposed in or on a human or animal subject can cause problems.
In forensic magnetic resonance entailing examination of a cadaver, archacological artifact,
or the like, the makeup of the subject may be unknown prior to examination, and an
unexpected electrically conductive component hidden inside of a cadaver, Egyptian mummy
or the like can cause substantial damage due to heating or other effects of the radio

frequency coupling.
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The likelihood of damage is enhanced dramatically if the electrically
conductive element has a natural resonance frequency at or near the magnetic resonance
frequency. In such cases, coupling of the electrically conductive element with the radio
frequency signal used in magnetic resonance excitation is dramatically enhanced by natural
resonance. The natural resonance frequency of an element can be affected by a wide range
of factors. For example, the natural resonance frequency of an interventional instrument can
change in response to how the physician holds the instrument, or in response to contact
between the instrument and the subject as the interventional instrument is inserted into and
moved within the subject, or so forth. In sum, there are numerous situations in which a
known or unknown celectrically conductive object can unexpectedly couple with the
magnetic resonance excitation, possibly in a naturally resonant fashion, so as to lead to

excessive heating or other damage to the subject.

SUMMARY OF THE INVENTION

In accordance with certain illustrative embodiments shown and described as
examples herein, a magnetic resonance safety method is disclosed, comprising: receiving a
radio frequency signal during magnetic resonance excitation; extracting a radio frequency
parameter from the received radio frequency signal; evaluating subject safety based on the
extracted radio frequency parameter; and remediating the magnetic resonance excitation
responsive to the evaluating indicating a potentially unsafe condition.

In accordance with certain illustrative embodiments shown and described as
examples herein, a computer readable medium is disclosed that is programmed with a
program that controls a processor to perform the method set forth in the preceding
paragraph.

In accordance with certain illustrative embodiments shown and described as
examples herein, a magnetic resonance safety monitor is disclosed, comprising: an analyzer
configured to (i) receive a radio frequency signal during magnetic resonance excitation, (ii)
extract a radio frequency parameter from the received radio frequency signal, and (iii)
evaluate subject safety based on the extracted radio frequency parameter; and a remediation
module configured to perform a remediation of the magnetic resonance excitation
responsive to the evaluation (iii) indicating a potentially unsafe condition.

In accordance with certain illustrative embodiments shown and described as
examples herein, a magnetic resonance scanner is disclosed, comprising: a magnet

generating a static (Bg) magnetic field; a magnetic field gradient system configured to
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superimpose selected magnetic field gradients on the static magnetic field; a radio frequency
system configured to excite and detect magnetic resonance; and a magnetic resonance safety
monitor as set forth in the immediately preceding paragraph.

One advantage resides in improved safety during interventional procedures
monitored by magnetic resonance imaging.

Another advantage resides in improved safety during magnetic resonance
procedures.

Another advantage resides in reduced risk of damage to artifacts examined
by a magnetic resonance procedure.

Still further advantages of the present invention will be appreciated to those

of ordinary skill in the art upon reading and understand the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS:

These and other aspects will be described in detail hereinafter, by way of
example, on the basis of the following embodiments, with reference to the accompanying
drawings, wherein:

FIGURE 1 diagrammatically shows a magnetic resonance scanner system
usable to perform an interventional procedure monitored by magnetic resonance imaging, and
including a safety monitor to detect a potentially unsafe condition caused by coupling of
radio frequency excitation with objects or elements in the examination region;

FIGURE 2 diagrammatically shows timing aspects of an interventional
magnetic resonance procedure carried out using the system of FIGURE 1;

FIGURE 3 plots results of a phantom study evidencing effectiveness of the
safety monitor of FIGURE 1. The left-hand-side plot shows correlation of temperature
measurements at a catheter device tip with radio frequency signal strength monitored by an
internal pick-up coil (PUC). The right-hand-side plot shows data of the left-hand-side plot
after correction for typical power reflection due to detuning of the RF transmit coil; and

FIGURE 4 plots results of a volunteer study evidencing effectiveness of the
safety monitor of FIGURE 1. The left-hand-side plot plots coupling of the radio frequency
signal used in magnetic resonance excitation to a safe catheter and to an unsafe catheter as a
function of insertion depth into a volunteer subject. The right-hand-side plot plots tuning and
detuning of the unsafe catheter device at the region labeled "D" in the left-hand-side plot

caused by intermittently touching the handle of the unsafe catheter device.
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DETAILED DESCRIPTION OF EMBODIMENTS:

With reference to FIGURE 1, a magnetic resonance scanner 10 includes a
main magnet 12 generating a static (Bg) magnetic field in an examination region 14 in which
is disposed a subject, such as an illustrated human subject 16, for imaging, spectroscopic
analysis, or another magnetic resonance procedure. The illustrated magnetic resonance
scanner 10 is a horizontal bore type scanner shown in cross section to reveal selected
components; however, other types of magnetic resonance scanners can be used.

The magnetic resonance scanner 10 also includes a magnetic field gradient
system 18, which may for example include magnetic field gradient coils configured to
superimpose selected magnetic field gradients on the static (Bg) magnetic field to perform
various tasks such as spatially restricting magnetic resonance excitation, spatially encoding
magnetic resonance frequency and/or phase, spoiling magnetic resonance, or so forth.
Optionally, the magnetic resonance scanner may include other elements not shown in
FIGURE 1, such as a bore liner, active coil or passive ferromagnetic shims, or so forth. The
subject 16 is suitably prepared for a magnetic resonance procedure by being placed on a
movable subject support 20 which is then inserted along with the supported subject into the
illustrated position for performing the magnetic resonance procedure. For example, the
subject support 20 may be a pallet or table that is initially disposed on a couch 22 adjacent
the magnetic resonance scanner 10, the subject is placed onto the support 20 and then
slidably transferred from the couch 22 into the bore of the magnetic resonance scanner 10.

The magnetic resonance scanner further includes a radio frequency transmit
coil 24 that is used to transmit a radio frequency signal at a magnetic resonance frequency in
order to perform magnetic resonance excitation. The illustrated radio frequency transmit coil
24 is a whole body quadrature birdcage coil; however, other types of radio frequency
transmit coil can be used such as a whole-body transverse electromagnetic (TEM) coil, or a
local radio frequency transmit coil such as a head coil, etc. The same radio frequency
transmit coil 24, or a different magnetic resonance receive coil 26 is used to measure a
magnetic resonance signal generated by the applied radio frequency excitation in a subject in
the examination region 14. The illustrated magnetic resonance receive coil 26 is a surface
loop coil (seen on edge in FIGURE 1); however, other types of receive coils can be used such
as an array of surface coils, a limb coil, a head coil, or so forth. The illustrated magnetic
resonance scanner 10 also includes two illustrative monitoring loop coils 28, 30. The loop
coil 28 is mounted on or near the bore of the scanner 10 for use in selected or monitoring

tasks. The monitoring loop coil 30 is a loop coil arranged on or near the subject 16 with its
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loop transverse to the loop of the magnetic resonance receive loop coil 26. Although the
monitoring coils 28, 30 are loop coils, it is also contemplated to use other types of radio
frequency coils as receive coils.

As used herein, it is to be appreciated that the term "coil" is intended to
encompass coil arrays, SENSE coils, and other multiple receiver elements that are used to
excite or measure magnetic resonance. The various radio frequency coils 24, 26, 28, 30 are
operated by a magnetic resonance radio frequency controller 32, which may include for
example a single channel, quadrature, or multi-channel radio frequency transmitter, a single
channel or multi-channel digital receiver, suitable radio frequency switching circuitry for
performing operations such as detuning the magnetic resonance receive coil 26 during
magnetic resonance excitation, multiplexing connections with various coils 24, 26, 28, 30, or
so forth.

During an illustrative interventional magnetic resonance procedure, the
magnetic resonance radio frequency controller 32 energizes the radio frequency transmit coil
24 so as to generate a radio frequency signal at the magnetic resonance frequency that excites
magnetic resonance in the subject or in a portion of the subject selected by a suitable
application of a spatially selective magnetic field gradient by the magnetic field gradient
system 18. Optionally, other magnetic field gradients are applied by the gradient system 18
during or after the magnetic resonance excitation to spatially encode or otherwise manipulate
the magnetic resonance. If the illustrated magnetic resonance receive coil 26 is provided, it is
typically detuned from the magnetic resonance frequency during magnetic resonance
excitation to avoid overloading the receive coil 26. During a receive phase, the radio
frequency transmit coil 24 or the dedicated magnetic resonance receive coil 26 is tuned to
measure the magnetic resonance signal. The measured magnetic resonance signal is stored,
processed (for example, by an image reconstruction algorithm in the case of a magnetic
resonance imaging procedure), and the image or other results displayed, stored, or otherwise
utilized. In the illustrative example of FIGURE 1, a computer 34 is programmed or otherwise
configured to perform such data processing, storage, and display tasks. In an interventional
procedure, an interventional instrument 36 is inserted into the subject 16 to perform a desired
interventional operation such as a biopsy extraction, installation of a catheter based
temporary pacemaker, installation of a prosthetic device, performance of a vascular
angioplasty procedure, or so forth.

The applying of the radio frequency excitation presents the possibility of

compromising subject safety (in the case of a human or animal subject) or the possibility of
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damaging the subject (in the case of an archacological artifact or other inanimate subject).
This can occur if the radio frequency excitation couples with an electrically conductive object
in the examination region 14. For example, if the radio frequency excitation couples with the
interventional instrument 36 then an electrical current will flow at the excitation frequency in
the interventional instrument 36. Such induced electrical current can produce localized
heating, electrostatic discharge, or other adverse effects that can cause injury or damage to
the subject. In embodiments in which the interventional instrument 36 includes one or more
wires or other elongated conductors, such electrical current is likely to flow substantially
parallel with or along the elongated conductors. For the illustrative interventional instrument
36, such electrical current produces circumferential magnetic field loops Beouple €ncircling the
interventional instrument 36 as diagrammatically shown in FIGURE 1. It will be noted that
the illustrative monitoring loop coil 30 is positioned to receive a substantial flux from the
magnetic field loops Beouple S0 that the monitoring loop coil 30 is inductively well-coupled
with the magnetic field loops Beouple. In other procedures, the radio frequency excitation may
unsafely couple with another conductive element or object in the examination region 14, such
as with an electronic pacemaker, a metallic prosthetic implant, or so forth.

To detect such a potentially unsafe condition, a safety monitor 40 is provided
to monitor the magnetic resonance excitation. The safety monitor 40 can monitor various
radio frequency parameters of the applied radio frequency excitation. For example, the bore
mounted monitoring loop coil 28, or the monitoring loop coil 30 mounted on or near the
subject, can be used as a pickup coil to detect a signal that is input to a power analyzer 42 to
generate a signal indicative of the instantancous radio frequency power generated by the
radio frequency transmit coil 24 during the radio frequency excitation. Rather than being
coupled to one of the dedicated monitoring coils 28, 30, the power analyzer 42 can be
connected with the magnetic resonance receive coil 26. In this latter arrangement, the
magnetic resonance receive coil 26 is typically detuned from the magnetic resonance
frequency during the application of the radio frequency excitation, however, even in the
detuned state, the magnetic resonance receive coil 26 typically detects a residual radio
frequency signal responsive to the radio frequency excitation.

Additionally or alternatively, the safety monitor 40 can include or incorporate
a network analyzer 44 operatively connected with the radio frequency transmit coil 24 to
determine reflection, transmission, or other characteristics of the radio frequency excitation.
In some embodiments, the network analyzer 44 outputs one or more s-parameters

characterizing the radio frequency excitation, such as reflected power, e.g. an S11 parameter,
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transmitted power, ¢.g. an S21 parameter, or so forth. An s-parameter analyzer 46 processes
the s-parameters to determine desired information about the radio frequency excitation. For
example, the network analyzer 44 optionally measures an S11 parameter and the s-parameter
analyzer 46 determines frequency of the radio frequency excitation signal based on the S11
parameter. As another example, the network analyzer 44 optionally measures an S21
parameter and the s-parameter analyzer 46 determines phase of the radio frequency excitation
signal based on the S21 parameter.

The monitored radio frequency parameters are compared with a safety
criterion by a comparator 50. For example, a rapid decrease in the coupled power indicated
by the power analyzer 42 could be indicative of power loss to a resonant circuit within the
examination region 14, such as a resonant circuit defined by the interventional instrument 36.
An abrupt shift in the frequency or phase of the radio frequency excitation could similarly
indicate unsafe coupling with a resonant circuit in the examination region 14. Optionally, the
safety criterion is a subject specific safety criterion determined based on a subject calibration
52. If the comparator 50 identifies an unsafe condition based on the comparison, it suitably
activates a remediation module 54 which performs a suitable remediation such as terminating
the magnetic resonance procedure including any magnetic resonance excitation, or adjusting
the magnetic resonance excitation to suppress or eliminate the unsafe condition, or so forth.
For example, if the remediation involves aborting the magnetic resonance procedure, then the
remediation module 54 may suitably comprise a signal generator outputting an "abort" signal
to the magnetic resonance radio frequency controller 32, which causes the magnetic
resonance radio frequency controller 32 to terminate radio frequency excitation.

With continuing reference to FIGURE 1 and with further reference to
FIGURE 2, the use of the safety monitor 40 and magnetic resonance scanner 10 to monitor
an illustrative interventional procedure session is described. The session is initiated by a
subject loading operation 60 during which the subject 16 is loaded into the examination
region 14 of the magnetic resonance scanner 10. This is followed by a planning scans
operation 62 during which the interventional procedure is planned. The planning scans
typically entail acquiring proton images of the subject prior to insertion of the interventional
instrument 36. The physician or other medical personnel display the acquired planning
images on the computer 34 and determine relevant parameters, features, or other aspects such
as the target tumor for a biopsy, the location of a vascular stenosis that is to be treated by an
angioplasty procedure, locations of critical neighboring organs that should be avoided during

the interventional procedure, and so forth. The planning images can also be used to optimize
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magnetic resonance imaging parameters for the subject of the interventional procedure, so as
to ensure good image contrast and other favorable imaging characteristics.

Concurrently with the planning scans operation 62, a safety monitoring
calibration data collection operation 64 is optionally performed to generate the subject
calibration 52. The calibration data collection operation 64 may, for example, determine the
average and standard deviation or other variational parameter descriptive of the power
detected by the power analyzer 42 in the absence of insertion of the interventional instrument
36. This provides a baseline power level for comparison with power levels detected for radio
frequency excitations performed during the interventional procedure. Similarly, the
calibration data collection operation 64 may determine the frequency and phase values and
deviations or variations descriptive of the frequency and phase of the radio frequency
excitation, so as to provide a baseline for frequency and phase comparison during the
interventional procedure. Advantageously, the calibration data collection operation 64 is
optionally performed in conjunction with the planning images acquisition, that is, the radio
frequency excitations used in acquiring planning images can be treated as calibration radio
frequency excitations for the safety monitor 40, and a reference radio frequency parameter or
parameters generated by the calibration radio frequency excitations can be measured and
analyzed by the safety monitor 40 to generate the subject calibration 52.

Once the interventional procedure planning and optional safety monitoring
calibration data collection operations 62, 64 are completed, an interventional procedure and
magnetic resonance imaging operation 66 commences, during which the interventional
procedure is performed while being monitored by magnetic resonance imaging performed by
the magnetic resonance scanner 10. For example, the interventional procedure may entail
inserting the interventional instrument 36 into the subject 16 along an insertion trajectory
determined a priori out using the planning images. The concurrent magnetic resonance
imaging provides the physician or other medical personnel with visual feedback on the
precise position of the interventional instrument 36 in the subject 16. Thus, the physician or
other medical personnel can "see" using the magnetic resonance images when the tip of the
interventional instrument 36 enters the tumor to be biopsied, or can "see" when the tip
reaches the stenosis to be widened by angioplasty, or so forth. Once the biopsy sampling,
angioplasty, or other interventional task is completed, the physician or other medical
personnel can withdraw the interventional instrument 36 from the subject, again using the

magnetic resonance imaging to monitor the withdrawal.



10

15

20

25

30

WO 2009/081379 PCT/IB2008/055482
9

Concurrently with the interventional procedure and magnetic resonance
imaging operation 66, a safety monitoring operation 68 is performed by the safety monitor
40. This entails monitoring the radio frequency parameter or parameters (e.g., detected
power, frequency, and/or phase) during each application of a radio frequency excitation in
the examination region 14, and evaluating subject safety based on the monitoring. If the
safety monitor 40 detects a potentially unsafe condition, it sends a remediation signal 70 to
the interventional procedure and magnetic resonance imaging operation 66. In some
embodiments, the remediation signal 70 is directed to the magnetic resonance radio
frequency controller 32 to cause an abrupt termination of radio frequency excitation
operations. Alternatively, the remediation signal 70 may cause the magnetic resonance radio
frequency controller 32 to adjust the radio frequency excitations by lowering the power,
adjusting the frequency or phase, or otherwise adjusting the radio frequency excitations to
suppress or eliminate the potentially unsafe condition. As yet another additional or alternative
response, the remediation signal 70 may be directed to the computer 34 or other display
device in order to provide a visual alarm to the physician or other medical personnel
indicating the potentially unsafe condition. Such alarm is optionally also accompanied by an
audio alarm, flashing light, or other attention signal.

Once the interventional procedure and magnetic resonance imaging operation
66 is complete, the subject is suitably unloaded from the magnetic resonance scanner 10 in a
subject unloading operation 72.

With reference to FIGURES 3 and 4, some illustrative experiments evidencing
the effectiveness of the disclosed safety monitoring systems and methods are described.
FIGURE 3 plots results of a phantom study. The left-hand-side plot shows correlation of
temperature measurements at a catheter device tip with radio frequency signal strength
monitored by an internal pick-up coil (PUC). The right-hand-side plot shows data of the left-
hand-side plot after correction for typical power reflection due to detuning of the RF transmit
coil. FIGURE 4 plots results of a volunteer study. The left-hand-side plot plots coupling of
the radio frequency signal used in magnetic resonance excitation to a safe catheter and to an
unsafe catheter as a function of insertion depth into a volunteer subject. The right-hand-side
plot plots tuning and detuning of the unsafe catheter device at the region labeled "D" in the
left-hand-side plot caused by intermittently touching the handle of the unsafe catheter device.

The data shown in FIGURES 3 and 4 were acquired using a 3 Tesla Philips
Achieva magnetic resonance scanner (available from Philips Medical Systems, Best, The

Netherlands). A safe catheter and an unsafe catheter were used to demonstrate the capability
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of the safety monitor 40 to automatically detect dangerous radio frequency coupling between
the radio frequency excitation and the unsafe catheter during imaging. In the phantom
experiment of FIGURE 3, the catheters were advanced into a tubular vessel phantom during
real-time imaging (Cartesian SSFP, TR= 9ms, TE = 3.5ms, 0=65°, matrix 172x172, whole
body SAR < 0.9W/kg.). A pickup coil mounted near the bore wall (similar, for example, to
the monitoring coil 28 of FIGURE 1) generated the signals labeled "PUC signal [%]" scaled
on the right-hand-side plot of FIGURE 3. Simultancous fiber-optic temperature
measurements were acquired using a thermometry system from LumaSense Technologies,
Santa Clara, CA, USA. The temperature and PUC signals were recorded at 22 different
positions as plotted in FIGURE 3.

In the volunteer experiment, the results of which are summarized in FIGURE
4, a volunteer was placed inside the scanner, and the vessel phantom was placed along the
arms and on top of the volunteer's breast. Safe and unsafe catheters were advanced during
imaging of the volunteer. The volunteer was requested to perform normal respiration and
minor movements to imitate a normal compliance level.

Referring to FIGURE 3, substantial correlation is visible between temperature
measurements and PUC signals at the selected catheter positions. In the left-hand-side plot,
power reflections due to detuning of the radio frequency transmit coil 24 were not accounted
for. The PUC signal variation results both from power dissipation in the unsafe catheter and
also from power reflections. Accordingly, the power signal decrease seen in FIGURE 3 with
increasing catheter insertion is a conservative measure for potential radio frequency coupling.
The right-hand-side plot plots the same data as the left-hand-side plot, except that an
estimated typical power reflection behavior is accounted for. The correlation is seen to be
even stronger when the power reflection behavior is approximately accounted for.

Referring to FIGURE 4, left-hand-side plot, measurements were performed
with the volunteer loading the body coil. The unsafe situation presented by use of an unsafe
catheter is unambiguously detected. The variation of the PUC signals due to respiration was
3.6% (not shown) compared to up to a 95% decrease in the PUC signal due to radio
frequency coupling between the radio frequency excitation and the unsafe catheter. On the
other hand, the safe catheter correctly shows no substantial PUC signal decrease. In the safety
monitor 40, the power analyzer 42 suitably determines the "100%" level for a given subject
during the safety monitoring calibration data collection operation 64, and thereafter compares
the power indicated by the power analyzer 42 with this "100%" level. A potentially unsafe

condition is suitably defined by a selected percentage decrease of the power signal with
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respect to the "100%" level. For example if the power level decreases below 80% of the
"100%" level this might be taken to indicate a potentially unsafe condition, thus causing the
safety monitor 40 to activate the remediation module 54.

The right-hand-side plot of FIGURE 4 shows the effect on the PUC signal of
repeatedly touching the hand-piece of the unsafe catheter while the catheter is in the position
"D" indicated in the left-hand-side plot, i.e. inserted to an insertion depth of about 62 cm
where the PUC signal is at about 40% of the "100%" level. The effect of the touching is to
change the natural resonance frequency of the unsafe catheter, and this change in resonance
frequency is unambiguously seen in the right-hand-side plot of FIGURE 4 as a modulation of
the order of 20-30% of the "100%" level of the PUC signal. The ability to detect this
detuning due to manual handling of the unsafe catheter is of value, because in an
interventional procedure the interventional instrument may be tuned well away from the
magnetic resonance frequency until the interventional instrument is handled, inserted into the
subject, or otherwise manipulated or utilized in a way that changes the natural resonant
frequency of the interventional instrument to a value coinciding with the magnetic resonance
frequency.

The results of FIGURES 3 and 4 were obtained using a pickup coil mounted
on the bore wall, similar to the illustrative monitoring loop coil 28 of FIGURE 1. The ability
of such a relatively remote coil to detect the unsafe catheter condition, as shown in FIGURES
3 and 4, demonstrates the general effectiveness of the disclosed safety monitoring. However,
to provide higher sensitivity to an unsafe condition, it is contemplated to arrange the pickup
coil to be in a relatively better position to couple with magnetic field changes induced by an
unsafe condition. As shown in FIGURE 1, for example, the pickup coil 30 is arranged with
its plane transverse to the magnetic flux loops of the coupling field Beoupie that is expected to
be generated by any unsafe induced current flowing along the direction of elongation of the
interventional instrument 36. Accordingly, it is expected that the pickup coil 30 may be more
sensitive to an unsafe coupling condition relating to the interventional instrument 36 as
compared with the bore-wall-mounted monitoring coil 20. In some embodiments, the safety
monitor 40 may monitor a plurality of coils, with any one coil detecting a potentially unsafe
condition being sufficient for the comparator 50 to trigger the remediation module 54.

On the other hand, in view of the high sensitivity to an unsafe condition
indicated by the experiments summarized in FIGURES 3 and 4, it is also contemplated to use
the magnetic resonance receive coil 26 as the pickup coil (or as one of the pickup coils) for

the safety monitor 40. The magnetic resonance receive coil 26 is typically detuned during the
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radio frequency excitation phase of magnetic resonance imaging or another magnetic
resonance procedure. However, because the radio frequency excitation is typically orders of
magnitude stronger than the magnetic resonance signal to be detected, and in further view of
the high sensitivity indicated by FIGURES 3 and 4, it is contemplated that the magnetic
resonance receive coil 26, even in a detuned state, will provide sufficient residual signal to
enable detection of a power decrease during radio frequency excitation indicating a
potentially unsafe condition. An advantage of using the magnetic resonance receive coil 26
for the safety monitoring is that the magnetic resonance receive coil 26 is already available
and typically located close to the interventional instrument during an interventional
procedure.

Although described with some illustrative reference to interventional magnetic
resonance imaging and interventional procedures employing interventional instruments, the
safety monitoring apparatuses and methods disclosed herein are readily applied to other
magnetic resonance procedures and to non—human, animal or inanimate subjects. During
imaging of an archacological artifact, for example, the safety monitor 40 can detect a
reduction in the radio frequency excitation power, or a shift in the frequency or phase of the
radio frequency excitation, that may be indicative of a potentially unsafe condition in which
the radio frequency excitation is coupling with a metallic or other electrically conductive
object, element, or feature of the archacological artifact. The safety monitor 40 can then
cause the remediation module 54 to abort the magnetic resonance procedure before damage is
done to the archacological artifact.

The invention has been described with reference to the preferred
embodiments. Modifications and alterations may occur to others upon reading and
understanding the preceding detailed description. It is intended that the invention be
construed as including all such modifications and alterations insofar as they come within the
scope of the appended claims or the equivalents thereof. In the claims, any reference signs
placed between parentheses shall not be construed as limiting the claim. The word
"comprising” does not exclude the presence of elements or steps other than those listed in a
claim. The word "a" or "an" preceding an clement does not exclude the presence of a
plurality of such elements. The disclosed method can be implemented by means of hardware
comprising several distinct elements, and by means of a suitably programmed computer. In
the system claims enumerating several means, several of these means can be embodied by

one and the same item of computer readable software or hardware. The mere fact that certain
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measures are recited in mutually different dependent claims does not indicate that a

combination of these measures cannot be used to advantage.
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CLAIMS
1. A magnetic resonance method comprising:
receiving a radio frequency signal during magnetic resonance excitation;
extracting a radio frequency parameter from the received radio frequency
signal; and
evaluating subject safety based on the extracted radio frequency parameter.
2. The magnetic resonance method as set forth in claim 1, further comprising:

remediating the magnetic resonance excitation responsive to the evaluating

indicating a potentially unsafe condition.

3. The magnetic resonance method as set forth in claim 2, wherein the
remediating comprises at least one of automatically terminating or adjusting magnetic
resonance excitation responsive to the evaluating indicating a potentially unsafe condition
and providing a visual alarm responsive to the evaluating indicating a potentially unsafe

condition.

4. A magnetic resonance method as set forth in claim 2, further comprising:
exciting magnetic resonance by applying a radio frequency excitation in an
examination region (14); and
measuring a magnetic resonance signal generated by the applied radio

frequency excitation in a subject (16) in the examination region.

5. The magnetic resonance method as set forth in claim 4, further comprising:
disposing an interventional instrument (36) in the examination region (14);
and
performing an interventional procedure using the interventional instrument,
the performing of magnetic resonance excitation and measuring being repeated during the

interventional procedure to track the interventional instrument.

6. The magnetic resonance method as set forth in claim 5, wherein the

remediating comprises:
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automatically terminating the repeated performing of magnetic resonance

excitation responsive to the evaluating indicating a potentially unsafe condition.

7. The magnetic resonance method as set forth in claim 5, further comprising:
applying a calibration radio frequency excitation in the examination region
prior to the disposing of the interventional instrument (36) in the examination region (14);
and
monitoring a reference radio frequency parameter during the applying of the
calibration radio frequency excitation, the evaluating including comparing the extracted radio

frequency parameter with the reference radio frequency parameter.

8. The magnetic resonance method as set forth in claim 1, wherein the receiving
comprises receiving the radio frequency signal from a pickup coil (26, 28, 30) during
magnetic resonance excitation, the pickup coil being a magnetic resonance receive coil (26)
used to receive magnetic resonance signals and being different from a radio frequency
transmit coil (24) used to generate the magnetic resonance excitation, wherein the receiving
further comprises:

detuning the magnetic resonance receive coil during magnetic resonance
excitation; and

receiving the radio frequency signal during magnetic resonance excitation

using the detuned magnetic resonance receive coil.

9. The magnetic resonance method as set forth in claim 8, wherein the extracting
comprises monitoring a radio frequency signal strength received by the pick up coil, and the
evaluating comprises comparing the monitored radio frequency signal strength with a

reference radio frequency signal strength.

10. The magnetic resonance method as set forth in claim 9, wherein the receiving
comprises monitoring a radio frequency excitation signal output by a radio frequency
transmit coil (24) used to generate the magnetic resonance excitation and wherein the
extracting comprises extracting one of a resonance frequency of the radio frequency
excitation signal, a phase of the radio frequency excitation signal and, one or more s-

parameters of the radio frequency excitation signal.
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11. A magnetic resonance safety monitor (40) comprising:

an analyzer (42, 44, 46, 50) configured to (i) receive a radio frequency signal
during magnetic resonance excitation, (ii) extract a radio frequency parameter from the
received radio frequency signal, and (iii) evaluate subject safety based on the extracted radio
frequency parameter; and

a remediation module (54) configured to perform a remediation of the
magnetic resonance excitation responsive to the evaluation (iii) indicating a potentially

unsafe condition.

12. The magnetic resonance safety monitor (40) as set forth in claim 11, wherein
the analyzer (42, 44, 46, 50) comprises:

a power analyzer (42) configured to receive a radio frequency signal from a
pickup coil (26, 28, 30) arranged to generate a signal responsive to the magnetic resonance

excitation.

13. The magnetic resonance safety monitor (40) as set forth in claim 12, further
comprising:

said pickup coil comprising at least one of (i) a magnetic resonance receive
coil (26) that is detuned during the magnetic resonance excitation, (ii) a coil (30) arranged
respective to an elongate interventional instrument (36) such that the coil inductively couples
with any electrical current flowing along the elongate interventional instrument, and (iii) a

coil (28) mounted on or near a scanner bore wall.

14. The magnetic resonance safety monitor (40) as set forth in claim 12, wherein
the analyzer (42, 44, 46, 50) comprises:

a network analyzer (44) configured to measure one or more s-parameters of a
radio frequency transmit coil (24) during the magnetic resonance excitation; and

an s-parameter analyzer (46) configured to determine at least one of a
frequency and a phase of a radio frequency excitation signal output by the radio frequency

transmit coil during the magnetic resonance excitation.

15. A magnetic resonance scanner comprising:

a magnet (12) generating a static (By) magnetic field;
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a magnetic field gradient system (18) configured to superimpose selected
magnetic field gradients on the static magnetic field;

aradio frequency system (24, 26, 32) configured to excite and detect magnetic
resonance; and

a magnetic resonance safety monitor (40) as set forth in claim 11.
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