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SYSTEM AND METHOD FOR PROVIDING MAGNETIC RESONANCE
TEMPERATURE MEASUREMENT FOR RADIATIVE HEATING APPLICATIONS
CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application relates to and claims priority from U.S. Patent Application Nos.
61/098,878, filed on November 27, 2013, and 61/909,824, filed on November 27, 2013 the entire

disclosures of which are incorporated herein by reference.

FIELD OF THE DISCLOSURE

[0002] Exemplary embodiments of the present disclosure relate generally to temperature
sensing, and specifically to an exemplary system, method and computer-accessible medium for
facilitating a temperature measurement in microwave and other heating applications (e.g.,
radiative, conductive or convective). Further exemplary embodiments of the present disclosure
relate to an exemplary system, method and computer-accessible medium systems and methods
for facilitating a temperature measurement and/or temperature mapping in radiative heating
environments, including, but not limited to, microwave ovens and other thermal and/or radiative

heating systems.

BACKGROUND INFORMATION

[0003] Heating technologies can include both radiative, conductive and convective
processes. Radiative heating processes can include, but are not limited to, heating by infrared
(“IR”) or thermal radiation and heating by absorption of microwave radiation. IR radiation can
range in frequency from about 300 GHz in the far infrared up to about 400 THz in the near
infrared. Microwave radiation can range in frequency from about 300 MHz in the meter
wavelength range, corresponding generally to the upper frequency limit of the radio spectrum, to
about 300 GHz in the millimeter wave range, corresponding generally to the lower frequency
limit of the far infrared spectrum. Microwave oven technology, for example, can typically
utilize electromagnetic (“EM”) radiation, or waves with frequencies, at or in the range of about
915 MHz to about 2450 MHz (e.g., 2.45 GHz), which can be absorbed by many materials and

can be used for heating foods and other substances. (See, ¢.g., Reference 1).
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[0004] When utilizing microwave and other heating technologies (e.g., ovens), an object or
body can be heated for a set time or duration, and direct temperature monitoring of the heated
object itself may not be conducted. In some examples, a microwave or oven-compatible
temperature probe can be inserted into an object for interior temperature measurements, but both
microwave and thermal radiation processes can heat materials non-uniformly, and a single
thermometer or probe measuring the temperature at a single point in space may not provide a
suitable temperature measurement for all applications, particularly where there can be substantial
temperature sensitivity. Monitoring of a global radio frequency (“RF”’) power deposition can be
an aspect of patient safety in magnetic resonance (“MR”) techniques, including magnetic
resonance imagining (“MRI”), and in other applications where patients, users, or other persons or
bodies can be exposed to radio frequency radiation. For example, global RF power deposition
can be estimated in phantom targets and subjects in vivo, for single and multiple transmit MRI
systems. (See, e.g., Reference 1). Generally, these RF power monitoring systems measure the
forward (e.g., input) and reflected power, and calculate a net injected or deposited RF power into
the patient, or other body, based on these factors.

[0005] In practice, however, losses can occur in one or more of the transmit chain
electronics, coil structure, and radiated energy, such that estimates based on the forward power
input may not represent the actual dose or RF energy absorbed. Other factors can also reduce the
accuracy of the estimated amount of power that can be deposited within the target object, such as
variable coupling of the target body to the RF coil.

[0006] Thus, there can be a need for an exemplary system, method and computer-accessible
medium for providing magnetic resonance temperature measurement for heating applications,

which can overcome at least some of the problems described herein above.

SUMMARY OF EXEMPLARY EMBODIMENTS

[0007] To that end, the exemplary system, method and computer-accessible medium,
according to an exemplary embodiment of the present disclosure, can facilitate applications of
MR techniques to temperature measurement and/or temperature mapping in heating
environments, including, but not limited to, microwave, conductive and convective heating

Systems.
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[0008] Exemplary embodiments of the present disclosure can be provided for applying
exemplary MR techniques to RF power deposition, including bulk RF power deposition
measurements with free induction decay acquisition. In some of these exemplary embodiments,
a body can be exposed to RF energy, or RF radiation, to induce spin resonance in a magnetic
field, and temperature changes in the body can be estimated or measured by acquiring free
induction decay signals, and by determining the temperature change by comparing the signals.
[0009] The exemplary system, method and computer-accessible medium, according to an
exemplary embodiment of the present disclosure can facilitate RF power deposition
measurements with free induction decay acquisition, including frequency shift measurements
related to target heating. According to at least some of these exemplary embodiments, images of
the body can be generated with a magnetic resonance imaging system. In additional exemplary
embodiments of the present disclosure, one or both of the RF energy exposure and the magnetic
field strength, or magnitude, can be controlled based on the change in temperature, and/or based
on an RF dose and/or specific absorption rate based on the change in temperature.

[0010] An exemplary embodiment of the present disclosure can be, for example, an
apparatus, which can include a radiative heating arrangement including a radiation source which
can be configured to generate a radiation(s) for absorption by an object(s), a magnetic resonance
(MR) arrangement including an arrangement(s) which can be configured to transmit and receive
radio frequency (RF) energy to and from the object(s), and a computer arrangement which can be
configured to determine information regarding the object(s) based on the RF energy received
from the object(s). The RF frequency energy received from the object(s) can include an MR
spectrum. The information can be determined based on a first moment of the MR spectrum. The
information can include a temperature(s) of the object(s) or a change(s) in the temperature(s) of
the object(s)

[0011] In some exemplary embodiments of the present disclosure, an image(s) of the
object(s) can be generated based on the received RF energy. The image(s) can represent an
interior of the object(s). The image(s) can include a temperature map of the interior of the
object(s). The MR apparatus can be provided within the housing. The MR apparatus can
include a field source configured to generate a magnetic field within the object(s). The RF
energy transmitted to the object(s) can have a characteristic(s) for facilitating a MR therein based

on the magnetic field. A controller can be configured to control the radiative heating
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arrangement based on the information. The controller can be configured to increase or decrease
a power output or a duty cycle of the radiative heating arrangement based on the information.
[0012] In some exemplary embodiments of the present disclosure, the radiative heating
arrangement can include a microwave generator configured to generate a microwave radiation
for absorption by the object(s). A structure can define a cavity configured to hold the object(s),
which can be a Faraday cage. The radiation(s) can be microwave radiation, thermal radiation or
infrared radiation. A field source can include a pair of Helmholtz coils disposed about a cavity
configured to hold the object(s), where the pair of Helmholtz coils can be configured to generate
a magnetic field inside the object(s) within the cavity. A gradient coil(s) can be configured for
special localization of the RF energy received from the object(s).

[0013] A further exemplary embodiment can include an exemplary system, method and
computer accessible medium for determining a temperature change(s) in structure(s), which can
include, for example, receiving information related to first and second free induction decay
signals provided from the structure(s), where each of the first and second free induction signals
can be based on a radio frequency (RF) energy transmitted to the structure(s), determining the
temperature change(s) in the structure(s) based on the information. Further information related
to first and second RF frequency spectra that characterize the first and second free induction
decay signals, respectively, can be generated. A respective first moment of each of the first and
second RF frequency spectra can also be generated. The temperature change can be determined
based on a difference between the first moment of the first RF spectrum and the first moment of
the second RF spectrum. The temperature change can be determined by scaling the temperature
change substantially linearly by a difference between the first moment of the first RF spectra and
the second moment of the second RF spectra.

[0014] In some exemplary embodiments of the present disclosure, The temperature
change(s) can be determined by dividing the difference by a proton shift coefficient and a
Larmor frequency characteristic of the structure(s) in a magnetic field. A magnitude of the
magnetic field or a magnitude of the RF energy to which the structure(s) is exposed can be
controlled based on the temperature change(s). A thermal dose(s) applied to the structure(s)
based on the temperature change(s) can be determined. A magnitude of a magnetic field or a
magnitude of the RF energy to which the structure(s) can be exposed can be controlled based on

the thermal dose; the thermal dose can include a specific absorption rate (SAR) of the RF energy
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by the structure(s).

[0015] In some exemplary embodiments of the present disclosure, further RF energy can be
received from the structure(s) that can be based on the RF energy, and an image of an interior of
the structure(s) can be generated based on the further RF energy. The image can include a map
of the temperature change(s) in an interior of the structure(s). A specific absorption rate (SAR)
of the RF energy can be estimated based on the temperature change(s). A magnitude of a
magnetic field to which the structure(s) can be exposed can be controlled based on the SAR. A
magnitude of the RF energy can be controlled based on the SAR.

[0016] In some exemplary embodiments of the present disclosure, exposure of the
structure(s) to the RF energy can be terminated based on the SAR. The SAR can be estimated by
scaling the temperature change(s) by a specific heat of the structure(s) divided by an exposure
time of the structure(s) to the RF energy. The image can include a map of the specific absorption
rate in an interior of the structure(s). The exposure of the structure(s) to the RF energy in a
magnetic field can be controlled, and a frequency of the RF energy for resonant spin interactions
with the structure(s) can be selected based on a magnitude of the magnetic field.

[0017] These and other objects, features and advantages of the present disclosure will
become apparent upon reading the following detailed description of exemplary embodiments of
the present disclosure, when taken in conjunction with the accompanying exemplary drawings

and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The foregoing and other objects of the present disclosure will be apparent upon
consideration of the following detailed description, taken in conjunction with the accompanying
exemplary drawings and numbered paragraphs showing illustrative embodiments of the present
disclosure, in which:

[0019] Figure 1A is a perspective view of a representative heating system with a magnetic
resonance (“MR”) thermal sensing system according to an exemplary embodiment of the present
disclosure;

[0020] Figure 1B is a side view of the representative heating system and MR thermal sensing

system according to an exemplary embodiment of the present disclosure;
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[0021] Figure 1C is a top view of the representative heating system and MR thermal sensing
system according to an exemplary embodiment of the present disclosure;

[0022] Figure 1D is an exemplary diagram of an exemplary cooling system according to an
exemplary embodiment of the present disclosure;

[0023] Figure 2 is a block diagram of a representative MR thermal measurement system
provided in a heating apparatus according to an exemplary embodiment of the present disclosure;
[0024] Figure 3A is a perspective view illustrating a temperature change in a representative
volume of an object, generated by a radiative heating apparatus and imaged by an MR system,
according to an exemplary embodiment of the present disclosure;

[0025] Figure 3B is a side view illustrating the temperature change in a representative slice
of the exemplary object, generated by a radiative heating apparatus and imaged by an MR
system, according to an exemplary embodiment of the present disclosure;

[0026] Figure 3C is a top view illustrating magnetic flux density in a representative vertical
slice taken across a cavity within a heating apparatus according to an exemplary embodiment of
the present disclosure;

[0027] Figure 3D is top view illustrating magnetic flux density in a representative horizontal
slice taken across the cavity within a heating apparatus according to an exemplary embodiment
of the present disclosure;

[0028] Figure 4A is an image of the temperature change in a representative slice of a sample
in a heating apparatus with an MR system according to an exemplary embodiment of the present
disclosure;

[0029] Figure 4B is an image of precession frequency in the representative slice of the
sample in a heating apparatus with an MR system according to an exemplary embodiment of the
present disclosure;

[0030] Figure 4C is an image of precession frequency shift in the representative slice of the
sample in a heating apparatus with an MR system according to an exemplary embodiment of the
present disclosure;

[0031] Figure 5 is a flow diagram of an exemplary representative method for controlling
radiative heating with an MR temperature measurement system according to an exemplary

embodiment of the present disclosure;
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[0032] Figure 6 is an illustration of an exemplary block diagram of an exemplary system in
accordance with certain exemplary embodiments of the present disclosure;

[0033] Figure 7A is a plot illustrating the frequency difference for an exemplary reference
phantom before heating according to an exemplary embodiment of the present disclosure;
[0034] Figure 7B is a plot illustrating the frequency difference for an exemplary reference
phantom after heating according to an exemplary embodiment of the present disclosure;

[0035] Figure 8A is a photograph of a top view of a loop coil for RF heating, coupled to a
phantom target, according to an exemplary embodiment of the present disclosure;

[0036] Figure 8B is a photograph of a top view of the loop coil shown in Figure 8 A
positioned on the forearm of a subject according to an exemplary embodiment of the present
disclosure;

[0037] Figure 9A is a plot of frequency shift versus trial number, illustrating the difference in
frequency, or frequency shift, due to heating of the phantom, according to an exemplary
embodiment of the present disclosure;

[0038] Figure 9B is a frequency plot of free induction decay (“FID”) acquisition signals or
spectra, illustrating the frequency shift due to RF heating of the phantom, according to an
exemplary embodiment of the present disclosure;

[0039] Figure 9C is an enlarged view of the frequency plot shown in Figure 9B, illustrating
the peak region, according to an exemplary embodiment of the present disclosure;

[0040] Figure 9D is a series of exemplary MR thermometry images of the exemplary
phantom according to an exemplary embodiment of the present disclosure;

[0041] Figure 10A is a frequency plot of FID acquisition signals or spectra, illustrating the
frequency shift due to RF heating of the in vivo subject, according to an exemplary embodiment
of the present disclosure;

[0042] Figure 10B is an enlarged view of the frequency plot in Figure 10A, showing the peak
region according to an exemplary embodiment of the present disclosure; and

[0043] Figure 10C is a series of thermometry images of the exemplary in vivo subject
according to an exemplary embodiment of the present disclosure.

[0044] Throughout the drawings, the same reference numerals and characters, unless
otherwise stated, are used to denote like features, elements, components or portions of the

illustrated embodiments. Moreover, while the present disclosure will now be described in detail
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with reference to the figures, it is done so in connection with the illustrative embodiments and is
not limited by the particular embodiments illustrated in the figures or provided in the appended

claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0045] When utilizing heating technologies, an object or a body can be heated for a set time
or duration, and temperature monitoring can be conducted. In some examples, a microwave-
compatible temperature probe can be inserted into the object being heated. However, the heating
of materials/objects can occur non-uniformly, and therefore, a single thermometer measuring the
temperature at a single point in space may not be a good method for temperature measurement.
According to an exemplary embodiment of the present disclosure, a non-invasive radiative and
microwave-compatible, or other heating compatible, system, method and computer-accessible
medium can be provided, for monitoring the temperature change during heating based on MR
techniques, for example, MRI.

[0046] Magnetic resonance thermometry (“MRT”’) mapping can be used to measure the
temperature changes in phantoms, in vivo bodies and other objects, for example, where heating
can result from the deposition of energy (e.g., radiative) in dielectric materials. (See, e.g.,
Reference 2). According to an exemplary embodiment of the present disclosure, a Helmholtz
coil, and/or another magnetic field generator, can be inserted inside a heating apparatus, and
driven with a direct current (“DC”) supply. The current applied to the coil or field generator can
generate a magnetic field distributed inside the microwave or radiative heating apparatus, which
can be substantially decoupled from the radiating heating field. For example an infrared (“IR”)
field or an alternating RF field at or in the range of about 915 MHz to about 2450 MHz in
frequency can be used.

[0047] When a dicelectric object, or body, can be exposed to the magnetic field, atoms in the
object, or the magnetic moments or spins thereof, can precess at a frequency that can be
proportional to the strength of the magnetic field. (See, e.g., Reference 2). The temperature
change induced by microwave and/or another heating apparatus can alter the precession
frequency of these atoms, as the electron shielding effect changes the effective magnetic field

that these atoms “see” or experience. (See, i.d.).
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[0048] In some exemplary embodiments of the present disclosure, for example as illustrated
in Figures 1A—1C, a Helmholtz coil 105 can be inserted into the housing 110 of a microwave
oven or other radiative heating apparatus. The housing 110 can be formed of, and/or provided
substantially as, a Faraday cage or Faraday “box,” or can otherwise provide electromagnetic
shielding, for example, with a substantially continuous metal or conductive housing or liner
configured to shield the interior of the heating apparatus from external electric fields and
electromagnetic radiation, and to reduce leakage or electromagnetic radiation to the outside (e.g.,
a copper housing 115). Depending on the radiation frequency of interest, the Faraday structure
can also be discontinuous, with discontinuities sized to prevent or discourage passage of
radiation therethrough, for example, with a plurality of holes or apertures sized substantially
below the characteristic wavelength of radiation having the frequency of interest.

[0049] The top and bottom coils 105(e.g., Helmholtz or other field-generating structures) can
create a static magnetic field inside the heating apparatus, including within any tissue-like object,
body, or sample, for example a food item or another object or material represented by a sphere
(e.g., a dielectric sample 120). An MR coil 125 can also be provided, and tuned to a resonant
frequency which can depend on the strength of the magnetic field generated by the Helmholtz
coils, or other field generator. The MR coil can typically be connected to an RF amplifier when
exciting the spins in the object, and to a receive chain when measuring signals from the object.
The MR coil 125 can be used for thermal sensing via MR imaging techniques, as described
herein. It can also be possible to include gradient coils within the apparatus, so that improved
spatial localization of the MR signal can be obtained.

[0050] As shown in Figure 1A, the heating apparatus can include a radiation generator and/or
a radiation source 130 such as, for example, a microwave waveguide in combination with a
klystron or magnetron system, or an infrared radiation generator such as a heated coil or other
thermal radiation or thermal energy source. The radiation source can be configured to generate
radiation for an absorption by an object within the housing 110 of the heating apparatus, for
example, a food item inside an oven areca defined within the housing, or an another material
disposed within a cavity defined inside the housing. Radiative heating can be generated by a
direct absorption of a radiative, conductive or convective energy in the body to be heated.

[0051] In the exemplary embodiments shown in Figures 1A—1C, the microwave or other

heating apparatuses can be shiclded from external RF, IR, and microwave EM radiation, or other
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sources of heating, in order to substantially minimize interference from electromagnetic
radiation or waves from outside the housing, which can alter or affect the MR measurements
described herein. The shielding can also contain the radiation within the heating apparatus, and
can prevent and/or reduce a deposition of the microwave energy on or into subjects and other
objects disposed outside the microwave, or other radiative heating apparatus. As shown in
Figure 1B, a display 135 can be used to display information about the exemplary system (e.g.,
temperature of object 120).

[0052] The exemplary system, method and computer-accessible medium, according to an
exemplary embodiment of the present disclosures can be used in apparatuses that can generate
heat by means of radiation, convection and conduction. In exemplary cases where the MRI
system cannot be shielded from the radiation source (e.g., as in conventional ovens), or when the
heated object can heat the magnet electronics, a water-cooling system can be introduced to the
magnet system, where the transport of water by means of forced convection can dissipate heat
from the magnet system. (See e.g., Figure 1D). This can facilitate utilization of NMR/MRI
technology at high ambient operating temperatures such as in ovens. For example, cold water
can enter into a water control unit 140, and can be used to cool RF and gradient coils 150, and
Helmholtz coils 155. The resulting hot water can exit through pipes 160.

[0053] The flow of the water into the exemplary system can be controlled using a sensing
circuit where a microcontroller can be connected to a magnetic field hall-effect and temperature
sensors located on the RF, gradient and magnet coils. Information provided by these sensors can
control a water control unit that can regulate the flow and temperature of the water flowing into
the MR system by means of a feedback mechanism. In case the temperature increases above a
certain threshold, shutdown of the magnet system can take place.

[0054] Figure 2 illustrates an exemplary flow diagram/system according to an exemplary
embodiment of the present disclosure, where the MR temperature probing or thermal sensing,
system can be connected to the microwave heating circuitry, or other radiative heating control
system, for example, an oven controller. The MR thermal sensing system can also be configured
to provide temperature signals. or other feedback describing a temperature or temperatures inside
the object to be heated, and/or a change or difference in such temperatures.

[0055] The temperature data, or feedback, can be used by the heating circuitry or control

system in order to improve heating and temperature accuracy for heating of objects such as food
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and other materials. For example, the exemplary MR thermal sensor and heating apparatus
described herein can also be applied to thermal bonding of different materials, for polymer
processing or other applications in which a temperature-dependent phase change or other thermal
effect can be desired, or in which a particular temperature is desired to be maintained for a
preselected time.

[0056] Referring to Figure 2, DC power supply 2035, for example, a low noise DC power
supply with low drift can be used to drive Helmholtz coils or other field generator 210,
generating a magnetic field inside the heating apparatus. For example, in some exemplary
embodiments of the present disclosure, the field can be between about 0.01 T (e.g., 0.01 tesla)
and about 1 T. Alternatively, a larger or smaller field magnitude can be generated with
alternative magnetic designs, for example, up to about 5-10 T, or below about 0.01 T.

[0057] A computer system 215 executing software code stored in firmware or on a non-
volatile computer-readable storage medium, according to an exemplary embodiment of the
present disclosure, can be utilized to detect and measure current in the coils (e.g., using current
director 220), and can calculate the corresponding magnetic field and center frequency needed
for excitation of MR effects inside the sample or object to be heated. A series of RF pulses can
also be applied via one or more RF amplifiers 240, one or more coils (e.g., RF or MR coils 255),
and through an RF frequency filter 260, in order to calculate and control a reference voltage or
current level used needed to excite or induce MR effects in the object (e.g., block 235).

[0058] The signal can be fed or otherwise provided into a low noise preamp 265 before being
used for reconstruction. At certain exemplary intervals (e.g., every few seconds, or at other time
intervals) an image of the object can be acquired (e.g., using computer 270), for example during
a heating process. Software 275 can configure a computer to cause or be used for reconstruction
and storage of the temperature information. A suitable transmit-receive or TR switch 250 can be
utilized to provide for safe operation of the MR receiver and pre-amp electronics. When the TR
switch can be biased, a small signal can be transmitted through the (e.g., low noise preamps) to
the receivers, for example, on a shielded reconstruction processor or computer system disposed
inside the microwave or other radiative heating apparatus. Such exemplary MR excitation and
image acquisition can be conducted at intervals during the heating process, for example, every

few seconds, as described above, or on demand from a user, for example.
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Exemplary Contrast And Pulse Sequences

[0059] Food quality can depend on a multitude of chemical processes including PH,
concentration of metabolites, and T1 and T2 relaxation rates. In addition to temperature
information acquired using the system, method and computer-accessible medium other quantities
can be measured. For example, T1 was shown to be highly correlated with temperature change.
T1 relaxation has been shown to be particularly sensitive to freeze-thawing of various meat
samples, exhibiting a significant decrease in T1 upon freezing, and linked to meat tenderness.
Bulk T2 values of water protons can be used to determine the heat-induced changes in the
structure, and moisture content of fresh chicken or beef, which had been cooked. These bulk
quantities can be measured by exploitation of spin echo, inversion recovery, and other sequences
commonly utilized in conventional MR systems.

[0060] The exemplary images illustrated in Figures 3A—-3D show exemplary temperature
change (see e.g., Figures 3A and 3B) generated by a microwave and/or radiative heating
apparatus and the norm of the magnetic field flux density (see ¢.g., Figures 3C and 3D)
generated in the heating apparatus. Based on the exemplary images, a sufficiently high magnetic
field magnitude can be provided in order to image the sample, according to an exemplary
embodiment of the present disclosure.

[0061] The exemplary images illustrated in Figures 4A—4C show the temperature change,
frequency of spin precession, and frequency shift due to heating, respectively, at an interior slice
or other region of interest within an object undergoing a heating process, for example, a water
sample, a food item or another material. For example, according to an exemplary embodiment of
the present disclosure, the frequency of precession can be shifted once the temperature can be
changed. This shift can be traceable using exemplary MR techniques by measuring the first
moment of the frequency shift. Alternatively, or in addition, if imaging gradient coils are
included in the system, imaging can be conducted, and the phase difference between image
acquisitions can be utilized, for example, to demonstrate or exploit a substantially linear
relationship in the frequency shift with respect to the temperature change.

[0062] Figure 5 is an exemplary flow diagram of an exemplary method which illustrates
heating panning or thermal control, according to an exemplary embodiment of the present
disclosure. In this exemplary method and process, any one or more of the following steps and/or

procedures can be performed, in any order or combination.
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[0063] The object to be heated can be inserted into a microwave oven or other heating
apparatus at procedure 505. At procedure 510, a center frequency and transmit power
adjustments can be obtained using an exemplary MR system, for example an MR imaging
system and/or an MR thermal measurement system coupled to the heating apparatus, as
described herein. Microwave, or other heating of the object, can be performed, for example with
a radiation source having a certain duty cycle and power level (e.g., selected or predetermined) at
procedure 515. MR measurements of the object can be taken at intervals (e.g. every few
seconds), or on demand, at procedure 520. The first moment of a first acquired MR spectrum
can be mapped, or generated, for example, by a processor in communication with the exemplary
MR system and the exemplary heating apparatus control system, as described herein. The
moment can be defined in an analytical sense, based on an integral over the spectrum weighted
by intensity. Alternatively, a higher order moment, or different averaging function, can be used.
For example, an algebraic mean or peak (e.g., mode) function, or other statistical or analytic
function describing the spectral distribution can be used.

[0064] The temperature of the object, or a change therein, can be determined based on the
moment, or other function, of the first spectrum, and the first moment or other function can be
determined for a second MR spectrum taken at a time interval after the first spectrum. The
temperature of the object undergoing the heating process can be determined based on the
function of the second spectrum. Alternatively, a change in the temperature of the object can be
estimated or defined, based on a difference between the moments, or other functions, of the first
and second spectra. At procedure 525, the heating rate of the object can be determined based on
the temperature and/or the change in temperature. The heating rate can also be displayed on a
display and/or monitored by the processor, for example in order control the heating process
based on a desired or preselected change in temperature of the object, over a given time interval
or period. At procedure 530, if the heating rate can be sufficient, or can fall within a preselected
(e.g., desired) range, no action can be taken. Alternatively or in addition, if heating occurs too
fast or too slow an adjustment of the power level and/or duty cycle can be made via the oven
controller. For example, if the determined heating rate can be too low, or falls below a selected,
or predetermined, range, the power level and/or the duty cycle of the radiation source can be
increased. If the determined heating rate can be too high, or falls above the predetermined or

selected range, the power level and/or duty cycle can be decreased.
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[0065] A check can also be performed to determine whether the desired or preselected
temperature, temperature range, T1 or T2 has been reached. If the desired or preselected
temperature range can be reached, for example indicting that a given food item has a desired
temperature or indicating that a material has reached a phase transition temperate (e.g., for
melting or other thermodynamic transition, for a selected period of time), the microwave or other
heating process (e.g., radiative) can be stopped or paused, for example, using the processor to
direct the oven or heating controller. If the desired temperature or other conditions are not met,
the processor and controller can direct the heating process to continue. The duty cycle and
power output of the radiation source can also be adjusted based on the measured temperature,
temperature change, or heating rate, as described herein.

[0066] The exemplary system, method and computer-accessible medium, according to an
exemplary embodiment of the present disclosure, can include software and hardware
configurations, which can be used to monitor temperature, T1 and T2 when heating objects.
Since knowledge of the internal temperature of the object can be known using the exemplary
system, method and computer-accessible medium, the temporal course of heating can be planned
or controlled, and “heating curves” or other desired temperature functions can be defined or
input (e.g., uploaded) to the processor or computer system, such that the object can be heated in a
preselected or desired manner.

[0067] In addition, tracking and planning of the heating and heat planning and control may
not be limited to the particular microwave frequencies or other radiation frequencies defined and
described herein, and the exemplary system, method and computer-accessible medium,
according to an exemplary embodiment of the present disclosure, can be employed in
combination with other heat generation devices. Furthermore, other magnetic field generating
geometries can be used, for example, using a number of solenoid coils, permanent magnets or
other field generating devices, as configured to generate, increase or decrease the magnetic field
within the heating apparatus, cavity or other volume of interest.

[0068] Figure 6 shows a representative block diagram illustrating an exemplary embodiment
of a system 600 according to the present disclosure. For example, any exemplary method or
procedure in accordance with the present disclosure described herein can be performed by a
processing arrangement 610 and/or a computing arrangement 610. Such processing/computing

arrangement 610 can be, for example, entirely or a part of, or include, but not limited to, a
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computer/processor that can include, for example, one or more microprocessors, and use
instructions stored on a computer-accessible medium (e.g., RAM, ROM, hard drive, or other
storage device).

[0069] As shown in Figure 6, for example, a computer-accessible medium 620 (e.g., as
described herein, a storage device such as a hard disk, floppy disk, memory stick, CD-ROM,
RAM, ROM, etc., or a collection thereof) can be provided (e.g., in communication with the
processing arrangement 610). The computer-accessible medium 620 can be a non-transitory
computer readable storage medium, and can contain executable instructions 630 thereon,
wherein the instructions can be executable on a computer processor or other processing
arrangement 610 to perform any of the exemplary methods and processes described herein. In
addition, or alternatively, a storage arrangement 640 can be provided separately from the
computer-accessible medium 620, which can provide the instructions to the processing
arrangement 610 so as to configure the processing arrangement to execute certain exemplary
procedures, processes and methods, as described herein, for example.

[0070] Further, the exemplary processing arrangement 610 can be provided with, or can
include an input/output arrangement 650, which can include, for example, a wired network, a
wireless network, the internet, an intranet, a data collection probe, a sensor, etc. The
input/output arrangement 650 can be configured to couple computer system 600 in
communication with an apparatus 670 (e.g., a heating apparatus, an RF or IR radiation system, or
an MR imaging system), configured to expose an object 680 (¢.g., a body) to RF or IR radiation
for heating or other purposes, as described herein. In additional examples and embodiments,
apparatus 670 can take the form of a different RF system, for example an open-cavity magnetic
resonance imaging system, in which object 680 can be exposed to a magnetic field and RF
radiation for imaging purposes and in which heating occurs due to absorption of the RF imaging
field.

[0071] As shown in Figure 6, the exemplary processing arrangement 610 (e.g., a computing
arrangement) can further be provided with and/or include exemplary memory 660, which can be,
for example, cache, RAM, ROM, flash memory, etc. Further, the exemplary processing
arrangement 610 can be in communication with an exemplary display arrangement which,
according to certain exemplary embodiments of the present disclosure, can be a touch-screen

configured for inputting information to the processing arrangement, in addition to outputting
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information from the processing arrangement, for example. Further, the exemplary display
and/or storage arrangement 640 can be used to display and/or store data in a user-accessible
format and/or user-readable format. The exemplary processing/computing arrangement 610
shown in Figure 6 can execute the exemplary procedures described herein, as well as those
shown in the drawings.

[0072] Exemplary methods and systems for measuring the RF energy deposited into a
phantom or, other body, according to exemplary embodiments of the present disclosure are
described herein, using, for example, the frequency distributions observed from single or isolated
signal pulses, rather than by monitoring power. For example, two or more FID response signals
can be acquired with a selected acquisition period on the order of a few seconds each, either
before or after RF energy can be delivered to the phantom target or subject patient.

[0073] The exemplary FID signals can be processed by a Fourier transform, or other
technique, to produce spectral data, (e.g. signal intensity as a function of frequency). A first
moment, or other averaging function, can be calculated or otherwise determined for each FID
signal, with respect to frequency. According to an exemplary embodiment of the present
disclosure, the difference between the first moments of successive FID signals can correspond to
an average temperature change (e.g., A7), which can depend on the total energy deposited in the
target, in the exposure time between the first and second FID measurements (e.g., the integral of
the power deposition or dose over time).

[0074] Exemplary results can be determined in a similar manner for both phantom targets
and in-vivo subjects, or other bodies. For example, the rate of temperature change can be

estimated of or determined according to, for example:

dT
pCE =V (kVT) + [PviooaW biood (T — Teore)] + Qm + SARp,

(1)
where p, C, and & can be the tissue density (¢.g., in kg/m’), heat capacity (e.g., J/kgK or J/kg/C),
and thermal conductivity (e.g., in W/m/K or W/m/C), respectively.

[0075] The first term in the exemplary Equation 1 can depend upon the temperature gradient
and tissue density, and the exemplary second (e.g., perfusion) term can depend upon difference
between local temperature 7" and core temperature 7o, multiplied by the blood density paivod,

volumetric flow rate w and specific heat capacity cpios. The third term Q,, can be the heat
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generated from metabolic processes, for example, as determined over an exposure time between
the first and second FID acquisitions.

[0076] The last exemplary term in Equation 1 can include the specific absorption rate
(“SAR”) (e.g., in W/kg), which can be a driving force or factor in determining the temperature
rise. The specific absorption rate can be defined as, for example:

o|E|?

SAR = :
2p

where |E|* can be the square magnitude, or square modulus, of the induced electric field strength
|E| (e.g., in V/m), and o can be the electrical conductivity (e.g., in Siemens per meter or S/m).
[0077] When the heating time or duration of exposure can be relatively short, Equation 1 can
be simplified to express the SAR as, for example:

SAR=CZ, )
where Af can be the RF heating time interval, and AT can be the change in local temperature 7,
measured before and after RF energy deposition.
[0078] In exemplary MR applications, A7 can be measured or monitored using a proton
resonance frequency (“PRF”) shift method (see, e.g., Reference 23), which relates (e.g., linearly)
the temperature change AT to the frequency of nuclear precession. As a result, the first moment
of the absolute value of the FID signal spectrum can be used to quantify or estimate the average
temperature change A7, as determined before and after energy can be deposited in the target

body by the RF coil. Thus, for example:

Bw Bw
L f_é_wf(x)FIDl'x'dx f_é_wf(x)FIDZ'x'dx
ATaUg = @ — ﬁ . 3)
f_é_wf(x)FIDrdx f_é_wf(x)FIDz'dx
73 73

[0079] The subscripts FID1 and FID2 can represent free induction decay acquisitions before
and after SAR exposure, respectively, and function f{x) can represent the signal amplitude of the
corresponding spectrum at each frequency point x. The proton frequency shift coefficient o can
typically be about 0.01 PPM/K (e.g., in parts per million per kelvin or degree Celsius) (see, ¢.g.,
Reference 32), which can be multiplied by the Larmor frequency w. The integrals can be
performed over the bandwidth interval £BW/2, where BW can be the bandwidth of the spectrum.
[0080] Equation 3 can be applied when the thermal dose can be applied for a short duration
of time, and the effect of temperature on the PRF can be larger than that due to other (e.g., non-
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thermal) effects such as By drift. Once the average temperature change AT can be measured via
FID acquisitions FID1 and FID2, the thermal dose can be estimated or calculated based on, for

example:

Tavg
Y9 At

where C,,, can be the average heat capacity of the target, and A7,,, can be the corresponding

SAR = C,

average temperature change, as defined over a particular body, sample or region of interest

(“ROI”) .

Exemplary Utilization of Small Reference Phantoms

[0081] Mapping of absolute temperature change can be highly desirable when mapping
temperature of objects being heated. Referenceless thermometry can be used for these
exemplary applications. However, given spectral blurring, the application of Referenceless
thermometry can be difficult. As aresult, it can be highly desirable to introduce a small phantom
that can be placed inside the hardware apparatus. The phantom can exhibit no variation in
frequency as result of heating, or a clearly defined frequency shift with temperature, where the
difference between the frequencies of the phantom and the object being heated can provide

absolute temperature information of the object.

Exemplary Methods

[0082] For verification of the exemplary system, method and computer-accessible medium, a
gelatin phantom was used to emulate the electrical properties of human tissue by combining
about 500 ml of water with about 115.4 g of gelatin, about 1 g of salt (¢.g., NaCl), and about 0.5
g of benzoic acid (e.g., CsHO,). The electrical conductivity and relative permittivity of the
phantom target were about 1 S/m and about 71, respectively, as measured using, for example, a
dielectric probe or sensor (e.g., an Agilent 85070E dielectric probe kit, available from Agilent
Technologies of Santa Clara, California, or another suitable device).

[0083] The gelatin mixture, or gel, was placed inside a bottle measuring about 7 cm in
diameter and about 16.5 cm in height, with thermal properties measured using a thermal property
sensor or probe (e.g., a KD2 Pro thermal properties analyzer, available from Decagon Devices of

Pullman, Washington, or another suitable device). Based on these measurements, the thermal
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diffusivity, thermal conductivity, heat capacity and density of the phantom target were

about 0.146 m?/s, about 0.572 W/m/K, about 3460 J/kg/K and about 1064 kg/m’, respectively.
(See ¢.g., Figures 7A and 7B)

[0084] Ann exemplary loop coil configured for heating was placed on top of the phantom
(see e.g., Figure 8A), inside a 28 element QED knee coil array (e.g., as available from Quality
Electrodynamics of Mayfield Village, Ohio, or another suitable device). The loop coil was tuned
to a frequency of about 275 MHz, and placed inside the RF coil in a 7 T MRI system (e.g., as
available from Siemens Medical Solutions or Erlangen, Germany, or using another suitable MR
imaging system).

[0085] A series of ten FID signals were acquired about thirty seconds apart, after which the
loop coil was connected to an RF amplifier delivering about 74.7 W of continuous power for
about 1 minute (e.g., a Kalmus LA200UELP or similar amplifier available from AR Modular RF
— formerly AR Kalmus — of Bothell, Washington, or another suitable device). After about one
minute of heating the sample, nine more FID signals were acquired, for example over an
acquisition period of about 2 seconds each, with flip angle (“FA”’) = 90°, matrix size = 4096, and
bandwidth BW of about 2000 Hz.

[0086] Before and after the heating process, a 2D interleaved spoiled gradient echo (“GRE”)
image was acquired in order to validate the frequency shifts quantified using the FID signals, for
example with echo time TE of about 15 ms, repetition time TR of about 208 ms,

volume characteristics 2.5%2.5x5 mm’, flip angle = 25°, and matrix size 64x64x12, with an
acquisition time of about 13.3 s. The first moment of the spectra corresponding to the FID
signals was then calculated, and a AT map was reconstructed from the GRE images.

[0087] Exemplary In vivo Analysis: For an exemplary in vivo analysis, a loop coil was

placed on the forearm of a subject (see ¢.g., Figure 8B), inside a single channel birdcage coil in
the 7 T scanner used for phantom testing, as described above. A single FID was acquired with
the same parameters as above, followed by a GRE with TE of about 10 ms, TR of about 290 ms,
volume 2.5%2.5%5 mm’, FA = 25°, matrix size 64x64x16 and an acquisition time of about 18.6
s. The loop coil was then driven with about 36.3 W of power for about 1 minute, after which
second FID and GRE were acquired, with the same parameters. The difference in the first
moments of the two FID signals was then calculated, and a AT measurement or mapping was

reconstructed using the PRF method.
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Exemplary Results

[0088] Figures 9A-9D show graphs of exemplary results of the phantom experiments,
including the average temperature difference AT reconstructed by subtracting the first moment of
the FID spectrum before heating (e.g., element 905) and after heating (e.g., clement 910). (See
e.g., Figure 9A). The difference between the FID and volume-averaged MR thermometry based
measurement was about 6%, while the standard deviation of the difference in the first moments
was 0.17 Hz, when no RF heating was applied. Such exemplary result can be substantially
smaller than the difference between the first moments before and after heating, which was about
2.41 Hz. The change in the FID first moment as a result of RF power deposition is shown in
Figures 9B and 9C, with an FID based average temperature change A7 = 0.81 °C. This
compares to AT = 0.86 °C for the MR thermometry based average, as shown in Figure 9D.
[0089] Figures 10A—10C show images of exemplary results of the exemplary in vivo
analysis, again comparing MR thermometry and FID based results for pre heating (e.g., element
1005) and post heating (e.g., element 1010). For example, Figures 10A and 10B show that the
FID-based measurement can yield an average temperature change of A7 =0.37 °C, as compared
to an MR thermometry based result of A7 = 0.46 °C, for a difference in AT of about 20%. (See
e.g., Figure 10C).

Exemplary Conclusion

[0090] Exemplary method, system and computer-readable medium for measuring average
power deposition can be provided, according to the exemplary embodiments of the present
disclose, with exemplary results validated in phantom targets and in vivo testing. The exemplary
use of FID acquisition to quantify thermal dose can facilitate one or more measurements of small
AT, for example, insomuch as the frequency shift caused by thermal dosing (e.g., RF heating)
can generally be higher than the shift due to the innate B, changes that can occur during
scanning.

[0091] For example, where the thermal dose can be applied over a short duration of time,
heat diffusion can be small, and Equation 2 described above can remain valid for expressing the
SAR. The exemplary system, method and computer-accessible medium, according to an

exemplary embodiment of the present disclosure, can also facilitate a measurement of the global
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RF energy coupling into a patient, or other subject, in which the signals can arise substantially or
predominantly from resonant water interactions, and when the receive coil can have relatively
uniform distribution over the heated region.

[0092] The foregoing merely illustrates the principles of the present disclosure. Various
modifications and alterations to the described embodiments will be apparent to those skilled in
the art in view of the teachings herein. It will thus be appreciated that those skilled in the art will
be able to devise numerous systems, arrangements, and methods which, although not explicitly
shown or described herein, embody the principles of the present disclosure and are thus within
the spirit and scope of the present disclosure. In addition, all publications and references referred
to herein are hereby incorporated herein by reference in their entireties. It should be understood
that the exemplary procedures described herein can be stored on any computer-accessible
medium, including, for example, a hard drive, RAM, ROM, removable discs, CD-ROM, memory
sticks, etc., included in, for example, a stationary, mobile, cloud or virtual type of system, and
executed by, for example, a processing arrangement which can be or include one or more

hardware processors, including, for example, a microprocessor, mini, macro, mainframe, etc.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:

a radiative heating arrangement including a radiation source which is configured to
generate at least one radiation for absorption by at least one object;

a magnetic resonance (MR) arrangement including at least one coil arrangement which is
configured to transmit and receive radio frequency (RF) energy to and from the at least one
object; and

a computer arrangement which is configured to determine information regarding the at

least one object based on the RF energy received from the at least one object.

2. The apparatus of claim 1, wherein the RF frequency energy received from the at least one

object includes an MR spectrum.

3. The apparatus of claim 2, wherein the computer arrangement is further configured to

determine the information based on a first moment of the MR spectrum.

4. The apparatus of claim 1, wherein the information includes at least one of at least one
temperature of the at least one object or at least one change in the at least one temperature of the

at least one object

5. The apparatus of claim 1, wherein the computer arrangement is further configured to generate

at least one image of the at least one object based on the received RF energy.

6. The apparatus of claim 5, wherein the at least one image represents an interior of the at least

one object.

7. The apparatus of claim 6, wherein the at least one image includes a temperature map of the

interior of the at least one object.

8. The apparatus of claim 1, further comprising a housing, and wherein the MR apparatus is

provided within the housing.
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9. The apparatus of claim 1, wherein the MR apparatus includes a field source configured to

generate a magnetic field within the at least one object.

10. The apparatus of claim 9, wherein the RF energy transmitted to the at least one object has at

least one characteristic for facilitating a MR therein based on the magnetic field.

11. The apparatus of claim 1, further comprising a controller configured to control the radiative

heating arrangement based on the information.

12. The apparatus of claim 11, wherein the controller is configured to at least one of increase or
decrease at least one of a power output or a duty cycle of the radiative heating arrangement based

on the information.

13. The apparatus of claim 1, wherein the radiative heating arrangement includes a microwave

generator configured to generate a microwave radiation for absorption by the at least one object.

14. The apparatus of claim 13, further comprising a structure defining a cavity configured to

hold the at least one object.

15. The apparatus of claim 14, wherein the structure is a Faraday cage.

16. The apparatus of claim 1, wherein the at least one radiation is at least one of microwave

radiation, thermal radiation or infrared radiation.

17. The apparatus of claim 1, further comprising a field source including a pair of Helmholtz
coils disposed about a cavity configured to hold the at least one object, wherein the pair of
Helmbholtz coils are configured to generate a magnetic field inside the at least one object within

the cavity.
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18. The apparatus of claim 17, further comprising at least one gradient coil configured for

special localization of the RF energy received from the at least one object.

19. A non-transitory computer-accessible medium having stored thereon computer-executable
instructions for determining at least one temperature change in at least one structure, wherein,
when a computer arrangement executes the instructions, the computer arrangement is configured
to perform procedures comprising:

receiving information related to first and second free induction decay signals provided
from the at least one structure, wherein each of the first and second free induction signals is
based on a radio frequency (RF) energy transmitted to the at least one structure; and

determining the at least one temperature change in the at least one structure based on the

information.

20. The computer-accessible medium of claim 19, wherein the computer arrangement is further
configured to generate further information related to first and second RF frequency spectra that

characterize the first and second free induction decay signals, respectively.

21. The computer-accessible medium of claim 20, wherein the computer arrangement is further
configured generate a respective first moment of each of the first and second RF frequency

Spectra.

22. The computer-accessible medium of claim 21, wherein the computer arrangement is further
configured to determine the temperature change based on a difference between the first moment

of the first RF spectrum and the first moment of the second RF spectrum.

23. The computer-accessible medium of claim 22, wherein the computer arrangement is further
configured to determine the temperature change by scaling the temperature change substantially
linearly by a difference between the first moment of the first RF spectra and the second moment

of the second RF spectra.
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24. The computer-accessible medium of claim 23, wherein the computer arrangement is further
configured to determine the at least one temperature change by dividing the difference by a
proton shift coefficient and a Larmor frequency characteristic of the at least one structure in a

magnetic field.

25. The computer-accessible medium of claim 24, wherein the computer arrangement is further
configured to control at least one of a magnitude of the magnetic field or a magnitude of the RF
energy to which the at least one structure is exposed based on the at least one temperature

change.

26. The computer-accessible medium of claim 19, wherein the computer arrangement is further
configured to estimate a thermal dose applied to the at least one structure based on the at least

one temperature change.

27. The computer-accessible medium of claim 26, wherein the computer arrangement is further
configured to control at least one of a magnitude of a magnetic field or a magnitude of the RF

energy to which the at least one structure is exposed based on the thermal dose.

28. The computer-accessible medium of claim 26, wherein the thermal dose includes a specific

absorption rate (SAR) of the RF energy by the at least one structure.

29. The computer-accessible medium of claim 19, wherein the computer arrangement is further
configured to:

receive further RF energy from the at least one structure that is based on the RF energy;
and

generate an image of an interior of the at least one structure based on the further RF

energy.

30. The computer-accessible medium of claim 29, wherein the image includes a map of the at

least one temperature change in an interior of the at least one structure.
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31. The computer-accessible medium of claim 19, wherein the computer arrangement is further
configured to estimate a specific absorption rate (SAR) of the RF energy based on the at least

one temperature change.

32. The computer-accessible medium of claim 31, wherein the computer arrangement is further
configured to control a magnitude of a magnetic field to which the at least one structure is

exposed based on the SAR.

33. The computer-accessible medium of claim 31, wherein the computer arrangement is further

configured to control a magnitude of the RF energy based on the SAR.

34. The computer-accessible medium of claim 31, wherein the computer arrangement is further

configured to terminate exposure of the at least one structure to the RF energy based on the SAR.

35. The computer-accessible medium of claim 31, wherein the computer arrangement is further
configured to estimate the SAR by scaling the at least one temperature change by a specific heat
of the at least one structure divided by an exposure time of the at least one structure to the RF

energy.

36. The computer-accessible medium of claim 29, wherein the image includes a map of the

specific absorption rate in an interior of the at least one structure.

37. The computer-accessible medium of claim 19, wherein the computer arrangement is further
configured to expose the at least one structure to the RF energy in a magnetic field, and select a
frequency of the RF energy for resonant spin interactions with the at least one structure based on

a magnitude of the magnetic field.

38. The computer-accessible medium of claim 37, wherein the structure includes at least one of

at least one anatomical structure, at least one body, at least one patient or at least one phantom.
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39. A system for determining at least one temperature change in at least one structure,
comprising:
a computer arrangement configured to:
receive information related to first and second free induction decay signals
provided from the at least one structure, wherein each of the first and second free
induction signals is based on a radio frequency (RF) energy transmitted to the at least one
structure; and
determine the at least one temperature change in the at least one structure based

on the information.

40. The system of claim 39, wherein the computer arrangement is further configured to generate
further information related to first and second RF frequency spectra that characterize the first and

second free induction decay signals, respectively.

41. The system of claim 40, wherein the computer arrangement is further configured generate a

respective first moment of each of the first and second RF frequency spectra.

42. The system of claim 41, wherein the computer arrangement is further configured to
determine the temperature change based on a difference between the first moment of the first RF

spectrum and the first moment of the second RF spectrum.

43. The system of claim 42, wherein the computer arrangement is further configured to
determine the temperature change by scaling the temperature change substantially linearly by a
difference between the first moment of the first RF spectra and the second moment of the second

RF spectra.
44. The system of claim 43, wherein the computer arrangement is further configured to

determine the at least one temperature change by dividing the difference by a proton shift

coefficient and a Larmor frequency characteristic of the at least one structure in a magnetic field.

28



WO 2015/081210 PCT/US2014/067638

45. The system of claim 44, wherein the computer arrangement is further configured to control
at least one of a magnitude of the magnetic field or a magnitude of the RF energy to which the at

least one structure is exposed based on the at least one temperature change.

46. The system of claim 39, wherein the computer arrangement is further configured to estimate

a thermal dose applied to the at least one structure based on the at least one temperature change.

47. The system of claim 46, wherein the computer arrangement is further configured to control
at least one of a magnitude of a magnetic field or a magnitude of the RF energy to which the at

least one structure is exposed based on the thermal dose.

48. The system of claim 46, wherein the thermal dose includes a specific absorption rate (SAR)

of the RF energy by the at least one structure.

49. The system of claim 39, wherein the computer arrangement is further configured to:
receive further RF energy from the at least one structure that is based on the RF energy;
and
generate an image of an interior of the at least one structure based on the further RF

energy.

50. The system of claim 49, wherein the image includes a map of the at least one temperature

change in an interior of the at least one structure.

51. The system of claim 39, wherein the computer arrangement is further configured to estimate

a specific absorption rate (SAR) of the RF energy based on the at least one temperature change.

52. The system of claim 51, wherein the computer arrangement is further configured to control a

magnitude of a magnetic field to which the at least one structure is exposed based on the SAR.

53. The system of claim 51, wherein the computer arrangement is further configured to control a

magnitude of the RF energy based on the SAR.
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54. The system of claim 51, wherein the computer arrangement is further configured to

terminate exposure of the at least one structure to the RF energy based on the SAR.

55. The system of claim 51, wherein the computer arrangement is further configured to estimate
the SAR by scaling the at least one temperature change by a specific heat of the at least one

structure divided by an exposure time of the at least one structure to the RF energy.

56. The system of claim 49, wherein the image includes a map of the specific absorption rate in

an interior of the at least one structure.

57. The system of claim 39, wherein the computer arrangement is further configured to expose
the at least one structure to the RF energy in a magnetic field, and select a frequency of the RF
energy for resonant spin interactions with the at least one structure based on a magnitude of the

magnetic field.

58. The system of claim 57, wherein the structure includes at least one of at least one anatomical

structure, at least one body, at least one patient or at least one phantom.

59. A method for determining at least one temperature change in at least one structure,
comprising:

receiving information related to first and second free induction decay signals provided
from the at least one structure, wherein each of the first and second free induction signals is
based on a radio frequency (RF) energy transmitted to the at least one structure; and

using a computer hardware arrangement, determining the at least one temperature change

in the at least one structure based on the information.

60. The method of claim 59, further comprising generating further information related to first
and second RF frequency spectra that characterize the first and second free induction decay

signals, respectively.
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61. The method of claim 60, further comprising generating a respective first moment of each of

the first and second RF frequency spectra.

62. The method of claim 61, further comprising determining the temperature change based on a
difference between the first moment of the first RF spectrum and the first moment of the second

RF spectrum.

63. The method of claim 62, further comprising determining the temperature change by scaling
the temperature change substantially linearly by a difference between the first moment of the

first RF spectra and the second moment of the second RF spectra.

64. The method of claim 63, further comprising determining the at least one temperature change
by dividing the difference by a proton shift coefficient and a Larmor frequency characteristic of

the at least one structure in a magnetic field.

65. The method of claim 64, further comprising controlling at least one of a magnitude of the
magnetic field or a magnitude of the RF energy to which the at least one structure is exposed

based on the at least one temperature change.

66. The method of claim 59, further comprising estimating a thermal dose applied to the at least

one structure based on the at least one temperature change.

67. The method of claim 66, further comprising controlling at least one of a magnitude of a
magnetic field or a magnitude of the RF energy to which the at least one structure is exposed

based on the thermal dose.

68. The method of claim 66, wherein the thermal dose includes a specific absorption rate (SAR)
of the RF energy by the at least one structure.

69. The method of claim 59, further comprising:
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receiving further RF energy from the at least one structure that is based on the RF energy;
and
generating an image of an interior of the at least one structure based on the further RF

energy.

70. The method of claim 69, wherein the image includes a map of the at least one temperature

change in an interior of the at least one structure.

71. The method of claim 59, further comprising estimating a specific absorption rate (SAR) of

the RF energy based on the at least one temperature change.

72. The method of claim 71, further comprising controlling a magnitude of a magnetic field to

which the at least one structure is exposed based on the SAR.

73. The method of claim 71, wherein further comprising controlling a magnitude of the RF

energy based on the SAR.

74. The method of claim 71, further comprising terminating exposure of the at least one

structure to the RF energy based on the SAR.

75. The method of claim 71, further comprising estimating the SAR by scaling the at least one
temperature change by a specific heat of the at least one structure divided by an exposure time of

the at least one structure to the RF energy.

76. The method of claim 69, wherein the image includes a map of the specific absorption rate in

an interior of the at least one structure.
77. The method of claim 59, further comprising exposing the at least one structure to the RF

energy in a magnetic field, and select a frequency of the RF energy for resonant spin interactions

with the at least one structure based on a magnitude of the magnetic field.
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78. The method of claim 77, wherein the structure includes at least one of at least one

anatomical structure, at least one body, at least one patient or at least one phantom.
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