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Changes in magnetic resonan®R) signals during interstitial microwave heating are reported,

and correlated with simultaneously acquired temperature readings from three fiber-optic probes
implanted in a polyacrylamide gel phantom. The heating by a MR-compatible microwave antenna
did not interfere with simultaneous MR image data acquisition. MR phase-difference images were
obtained using a fast two-dimensional-gradient echo sequence. From these images the temperature-
sensitive resonant frequency of the nuclei was found to decrease approximately by 0.008 ppm/

°C. The method and results presented here demonstrate that noninvasive MR-temperature imaging
can be performed simultaneously with interstitial microwave thermal treatmenl.99%7 American
Association of Physicists in Medicings0094-24087)00502-9
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[. INTRODUCTION changes, when near real-time performance is desirable. Some
recentin vivo and ex vivoanimal studies have investigated

The use of magnetic resonance imagiiMRI) to monitor  the utility of a number of MRI pulse sequences for tempera-
and guide minimally invasive therapeutic interventions isture monitoring®2*

currently under active investigatidn® The noninvasive na- In this paper, we report on the use of a commercially

ture of MRI coupled with its ability to produce three- available 2D fast spoiled gradient-echo sequei®RGR to
dimensional3D) anatomical images in any orientation with monitor temperature changes during interstitial microwave
good spatial resolution makes it a potentially attractive moheating of a polyacrylamide gel. We have employed'tHe
dality for this purpose. Recent work in this area has focusegroton resonance-shift method for correlating MR signal
on thermal therapy, an experimental treatment of malignanehanges with temperature changes in the heated gel. Briefly,
cies and other diseases. The goal of thermal therapy is tthe NMR frequency of pure water protons decreases by ap-
raise the diseased tissue temperature to a sufficiently higbroximately 0.01 ppm/°C as a result of the exchange be-
level for a sufficiently long time to cause localized cell deathtween hydrogen-bonded and unbonded water, and stretching
while ensuring that the corresponding “thermal dose” toand bending of hydrogen bonds among water molecil&s.
surrounding healthy tissues does not produce dam#ge. The thermally induced changes in the electronic configura-
other active and related research area is thermal dose monien of the hydrogen bonds result in increased average mag-
toring during thermal therapyThis is because the cytotoxic netic shielding of the protons, which decrease the local mag-
effect of heat is strongly dependent on the time—temperatureetic field experienced by the protons and, consequently,
history of a given tissue volunfe. their NMR frequency. The proton resonance frequency shift
Whether the therapy involves high temperatures and shoit found to be a linear function of temperature for water in
times as in thermal coagulation therapy60 °C, several the liquid stateé®
minutes, or low temperatures and long times as in conven-
tional hyperthermid~43 °C, tens of minutgsit is desirable
to chara_lcterlze _the spatial and temporql tissue temperature |Af|=(0.01ppm/°Gf,AT. (1)
distributions during the therapy to predict the extent of the
resultant thermal damage to tissue. If the temperature distri-
butions are obtained and updated during the Fhermal_ trea_\kt a field strength of 1.5 T(used in many clinical MRI
ment, they may be used to guide the treatment in real time in .

. scannerg the Larmor frequencyf,, of water protons is 64
order to match the thermal damage zone to the intended taMHz ielding a thermal coefficientAf/AT, of approxi-
get volume. 'I y_o 64gH °C ' bp

Traditionally, temperature monitoring during thermal mately —0. Z

. o - Shifts in the resonant frequency of water protons can be
therapy has been achieved using interstitial thermOCOUpleﬁﬁeasured using a gradient-echo MR imaging pulse sequence
thermistors, or fiber-optic probés® Unfortunately, these

measurements, although accurate, possess two serious shv¥—iCh detects changes in the phase of the proton's NMR
' 9 : P ignal. After waiting an echo timéTE) of several millisec-

; X . : : i

lcoocgllir;gesé. ‘fmytr?ﬂi gl\é%z;/:é 32?;23%?; Onl;‘llj)étabzpiittfr'g’opds, the measured phase difference in the NMR signal of

lated or extrapolated to predict temperatures throughout th ure waterA¢, from a temperature change AfT is

treatment volume. Accurate 3D transient thermal modeling is

thus a formidable task. In addition to the usual complexity of

solving the heat conduction equation in an irregularly shaped |A|=(0.64Hz/°QTEAT. 2

volume, the effects of tissue heterogeneity, blood flow, and

possible changes in tissue properties during the treatment

must be included. Even if a suitable model is developed, th&ince the MR imaging sequence spatially resolves the MR

accuracy of the data and the length of time required for comsignals, the calculated phase changes are also spatially re-

putation makes real-time temperature guidance difficultsolved. Consequently, the above equation can be inverted to

Clearly, anoninvasive volumetrignaging technique that can derive a temperature mapof the imaging volume,

“map” temperature directly rather than calculate it from AT(r).1%-23

point measurements is desirable. MRI is currently being in- Several noninvasive or minimally invasive ways to ad-

vestigated for this purpose. minister heat into a target volume have been reported. Many
The use of MRI to monitor temperature changessivo  use electromagnetic energy, such @s visible to near-

was first suggested over a decade Hd.Since then, the infrared light via an interstitial optical fibéf;?® (ii) micro-

temperature sensitivity of various MR parameters has beewave via an interstitial antenffaor external applicator

investigated?~22These and other studies have used MR im-arrays=° and (iii ) radio frequency via interstitial or external

aging sequences optimized to measure the temperaturapplicators-*3! It is also possible to deliver thermal energy

induced changes in thi# nucleus relaxation time&f1 and  using ultrasound applicators, both extefAal and

T2) and resonance frequency shift, as well as molecular difinterstitial>*3* Each method has its advantages and disad-

fusion. Unfortunately, standard diagnostic imaging se-vantages with respect to many considerations, such as elec-

guences can require several minutes to visualize the desirétbmagnetic interference with MR imaging and lesion size.
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271 Vitkin et al.: Magnetic resonance imaging of temperature changes 271

electromagnetic spectruf.Prior to solidification, approxi-
mately 0.51 of gel was poured into a cylindrical Pyrex™
beaker 9 cm in diameter. Five Teflon™ catheters were posi-
tioned in the gel, parallel to the cylindrical axis during so-
polyacrylamide gel—_] lidification: one 1.9-mm-0.d(0.35 mm wall thicknegscath-
eter to accommodate the microwave antenna, and four 1.0-
mm-o.d. (0.15 mm wall thicknegscatheters for the fiber-
optic temperature probes. The fiber-optic probes were placed
9em in the catheters at radial distances from the microwave an-
tenna of approximately 5, 10, 15, and 43 mm.
\ | Prior to the imaging experiments, some relevant

microwave antenna

fiber-optic probes

slice B

¥ temperature-sensitive NMR properties of the phantom were
dlice A measured to determine their contributions to temperature
(calibration) contrast. NMR spectroscopy was performed on a 1.5 T
small-bore spectrometer to measure the proton resonance fre-
Fic. 1. Geometry of the polyacrylamide gel phantom. Shown are the posiquency shift of the polyacrylamide gel as a function of tem-
tions of the microwave antenna and fiber-optic temperature probes. MPperature, over the range of 20-55 °C. The resonance fre-
images were acquired from two perpendicular sli¢sices A and B. quency decreased with temperature by 0.000D007
Region-of-interest analysis of slice A provided a calibration with which to tandard deviati d 1°C th | fficient that
derive temperature maps from MR images of slice B. _[S a'? ard deviatiofs.d)] ppm » athermal coeficient tha
is slightly smaller than the value of 0.01 ppm/°C, usually
stated for pure water 23

Recently, we and others have found that an interstitial mi- NMR relaxometry® was also performed on the spectrom-
crowave antenna might be beneficial for the treatment ofter to gain insight into the nuclear relaxation times of the
deep-seated lesions because it produces radiation that pede! as a function of temperature. The results indicated prima-
etrates well into tissue, providing a largen the order of rily a single-component longitudinaT'1) relaxation time of
centimeters more evenly heated treatment volufie® approximately 1010 mgincorporating 90% of the protops
The utility of MRI monitoring during interstitial micro- at 20 °C, which did not vary significantly with temperature
wave thermal therapy has not been investigated in detaiRver the range of 20-55 °C. The transve(¥2) magnetiza-
primarily because of the metallic nature of the microwavetion was found to be more of a multicomponent nature, with
antenna and its possible MR incompatibility. Conventionalthe primary component at 720 niscorporating 70% of the
antenna designs generally distort the homogeneous magnefi€otons at 20 °C. The relaxation time of this component
field, interfere with the radio frequency fields, and establishlecreased with increasing sample temperature, dropping ap-
eddy currents during gradient-field switchings. Attempts toproximately linearly to 215 ms at 55 °@or comparison, T1
circumvent these difficulties have been reported, includingtnd T2 times of human muscle at 37 °C are 870 and 47 ms,
the construction of surface microwave applicators withoutespectively®). These relaxometric results indicate that T1
ferromagnetic components that are used with the energgemperature sensitivity was not the preferred mechanism to
switched off during the MRI signal acquisition to minimize observe temperature changes through MR imaging for this
possible noise interferen¢&3! Our investigation of intersti- ~ Particular phantom material.
tial microwave heating has necessitated the development of The microwave antenna was specifically designed to be
MRI-compatible antennas and a choice of microwave operMR compatible, and was provided through the courtesy of
ating frequency that would allow MR data acquisition with Dornier Medical Systems Incorporate@kennesaw, GA
the microwave power on. Recently, initial success has beefihe antenna had a helical emitter at its tip of 26 mm length
reported by ourselves and other groups in monitoring inter{l mm diam and was driven by a frequency generator in
stitial microwave-induced heating patterns in phantSraad ~ series with an amplifier operating at 915 MHz, a frequency
lesion formationex viva®® The objectives of this study are commonly used for microwave hyperthermia. The power de-
threefold: (1) to verify that MRI can be performed simulta- livered to the antenna tip was 11.5 W. Due to its MR incom-
neously with interstitial microwave heating@) to correlate  Patibility, the microwave supply was positioned outside the
the MR phase changes with fiber-optic temperature measurdR scanner room and the antenna was connected to it via a
ments; and3) to compare qualitatively the MRI-derived 3D Mmicrowave coaxial cable with a common ground at the junc-

temperature maps with results predicted from thermal modtion box of the MR room. This arrangement was found to
eling. produce less image noise than feeding the cable directly

through a waveguide opening in the wall.
Direct temperature measurements were made at three col-
Il. MATERIALS AND METHODS linear points within 15 mm of the microwave antenna, and
A polyacrylamide(Sigma Chemicals, St. Louis, M@el  one at the wall of the gel-filled beaker with fluorescent fiber-
phantom (shown in Fig. 1 was specifically prepared to optic probes(Luxtron Corp., Santa Clara, QAThe fiber-
mimic the conductive and dielectric properties of humanoptic probes did not cause electromagnetic interference with
muscle in the microwavé200—-2500 MHz region of the the MR measurements and were assumed to have a negli-
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gible effect on the thermal distribution due to their small size For each experiment, after obtaining at least ten MR im-
and low thermal conductivity. The probe tips were posi-ages(to define an initial average reference impghe mi-
tioned at the level of the midpoint of the helical emittEBig.  crowave power was turned on to deliver 11.5 W to the gel.
1). The thermometry system was calibrated at one p@int After 4 min of heating, the microwave power was turned off;
=29.77 °Q with a gallium temperature standard; the abso-MR imaging then continued through the cooling phase of the
lute accuracy of the reported fiber-optic measurements igel. At least 40 min elapsed between the end of the first
*0.3 °C (manufacture’s specificatipn over the range of experiment(acquisition of slice A and the start of the sec-
temperatures studied. When placed in a common thermal egnd experimentslice B), to ensure that the gel had cooled to
vironment, we determined the precision of each of the fouoom temperature. No irreversible changes were visually ob-
fiber-optic probes to be<+0.1°C (s.d), and a probe-to- served in the gel as a result of these repeated heating and
probe variation to be<*0.2 °C (s.d), which is consistent ¢qgling cycles.

with the reporte'd accuracy of.the temperature measurements. The first step in correlating the MR phase changes with
The Luxtron unit took approximatgl2 s tomake a tempera- e fiper-optic temperature readings was to bring the two sets
ture measuremerifor all four probes. Measurements were ¢ iscrete measurements into temporal correspondence. The
recorded every 20.0 s, which was adequate to monitor thgye otic temperature measurements were interpolated in

temperature profiles. These temperature readings were th(ﬁlﬂ,le to correspond with the time when the center of the raw
correlated with the MR phase changes induced by the microdata matrix(k space of the MR image was filled

wave heating. . Phase difference images were calculated from each
For the purpose of subsequent thermal modeling, we es-

. . e . complex-valued digital MR image. The first ten images, ac-
timated the 3D emitted power pattefapecific absorption . . . .
rate, SAR of the microwave antenna from a series of 2un'red before microwave heating, were averagied noise

. I i form a single referen h im which w
measurements. These were performed in a stack of 2.5-mm?dUCt on to form a single reference phase image chwas

) . : : subtracted from each subsequent MR phase image.
thick polyacrylamide gel slabs using a thermographic IR It was found that the phase-difference measurements from
camerdInframetrics Model 522, Billerica, MA The camera P

produces a 512512 pixel image with a temperature resolu- ;hi MRr :r:a:ggﬁitireqwirtid rair(]:c;;]rectltoz fc;; terr;np;?ra;: fluctua-
tion of 0.1 °C. To minimize the effects of heat conduction'o"'> O Instavliities eithe € static magnetic fiel,

during the measuremethigh power(10 W) was applied and/or the standard reference frequefey either would ef-
for a short time(20 9 to the antenna. A thermal image was fect the_ phasg although th? exact source O.f the temporal
recorded in four consecutive planes parallel to the antennf‘_jkuctuatlons was not determined. This correction, of the order

axis at distances of 2.5 mm apart, with one measuremer?tf ~=0.2 ppm(over 26 r_nirj,_ was performe_d by subjcracting
after each heating pulse. The time from turning off thethe phase of a small region in the FOV which experienced no

power, peeling off the appropriate gel slah to recording temperature change from the entire MR phage image to re-
the image, was typically 5 s. The maximum temperature risé"0Ve any nonthermal effects from the phase images. In this

was 6 °C. The SAR was calculated according to study, we used a small regions-of-interéRDI) on the pe-
riphery of the gel phantortnear the end fiber optic adjacent

to the glass wall—see Fig) Which did not deviate by more
SAR=pC 5+, ()  than 1.0 °C over the entire microwave heating and cooling
period. While this method was found to be sufficient for our

wherepc is the volumetric specific heahT is the tempera- PUrPOses of correlating MR phase changes with fiber-optic
ture rise, andAt is the heating time. This assumes a linearl®Mperatures, an alternative approach would be to use one or
temperature rise with time, which is a reasonable assumptiofiore external reference phantoriibat are not heated, but
if thermal conduction is minimal. This is expected to be the@'® Within the imaging FO) for the sole purpose of this
case for this measurement, since the heating time is only 28€cessary temporal phase correction.
s373% The effects of thermal conduction on the accuracy of Three annular ROIs were placed concentrically with the
the infrared thermographic SAR measurements of interstitigPosition of the microwave antenna within which MR phase
microwave antennas are currently under investigation. differences were computed and correlated with the three
MR imaging was performed on a standard 1.5 T clinicalfiber-optic temperaturesee Fig. 2 This provided a way to
whole-body MRI systen{Signa; GE Medical Systems, Mil- relate the MR phase changes to temperature and to predict
waukee, W). A standard SPGR sequence was used with a $he 3D temperature distribution from the second heating ex-
in. surface coil. The imaging parameters were: tip ang|eperiment(slice B). The latter results enabled a direct com-
=30°, echo timgTE)=10.1 ms, repetition timéTR)=31.8  parison of the MRI-derived temperature with thermal mod-
ms, number of signal averagéSA)=2, slice thickness5  eling predictions, using the measured SAR pattern of the
mm, FOV=9 cmx9 cm, 256<256 image matrix, and an microwave antenna.
imaging time of 16.3 s. From two separate microwave heat- The purpose of the thermal modeling was to verify that
ing experiments in the same gel, MR images of two perpenthe temperatures calculated from MR phase change images
dicular slices(slices A and B in Fig. Lwere obtained. Ap- (slice B) were consistent with the predicted temperature pat-
proximately 100 MR images were collected from eachterns. To calculate the temperature distribution, the 3D heat
experiment, each lasting approximately 30 min. conduction equation,

Medical Physics, Vol. 24, No. 2, February 1997
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Fic. 2. Magnitude MR image of slice Aprior to heating indicating the
three regions-of-interest used in temperature calibration. The top-most hole
is a catheter that did not contain a fiber-optic temperature probe. Relevant
MR imaging parameters: tip angt80°, TE=10.1 ms, TR=31.8 ms,
NSA=2, slice thickness5 mm, FOV=9 cmx9 cm, 256<256 image ma-

trix.
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was solved using a finite difference time domain alternatef'e- 3- SAR heating pattern of the helical Dornier microwave antenna.

directi . licit_al ithn® The th | ductivit Infrared temperature measurements were recorded in successive 2.5-mm
irection-implicit. algorithm. fi 7lerma CONAUCIVIY  gjices of a polyacrylamide gel. Shown is the heating pattern in the central

value used wak=0.003 95 W cm~ K™~ and the volumet-  plane with percentage contours normalized to the maximum SAR. The ori-

ric specific heat wapc=4.077 Jcm3K 13 The power gin of they axis denotes the insertion point of the antenna into the gel, and

term, P(X,y,z), was determined by the experimentally mea- 70 mm corresponds to the tip of the antenna. The helical emitting element is

' O . . displayed in bold.

sured SAR pattern. The computational grid was1®9x9

cm. The spatial increment in all directions was 2.5 mm; to

ensure solution stability, the temporal step size was limited

to 0.1 s. A constant ambient temperature of 20 °C was imedges of the region becomes blurred, most likely due to the

posed on all boundaries. diffusion of heat through the géFigs. 4h)—4()].
Annular ROI analysis of the phase images was performed
lll. RESULTS as described above. The results are presented in Fig. 5, and

Figure 3 shows the central plane SAR pattern of the anshow excellent agreement between the fiber-optic probe tem-
tenna. The resultant tear-drop SAR pattern is typical of heliPeratures and the MR phase changes over the entire temporal

cal emitters, where the heating area is located near the tip §fN9€ ©f the experiment, at each of the three spatial probe
the antenna, although the maximum SAR is slightly closer td°c&tions. A calibration plot of the same ROI data is pre-

the center of the emitter than the helical antenna tested byented in Fig. 6, which reveals a near one-to-one relationship
Ryan! The 50% SAR contour is approximately 8 mm in etween MR phase change and fiber-optic temperature,

width in this plane. From examination of other planes, thewhich we perceive as a true measure of the actual local gel

50% contour was seen to be cylindrically symmetric about€MPeraturéreported accuracy of0.3 °C s.d\. The actual
the antenna axis. pixels representing the microwave anter(mathin the cen-
Representative MR phase images of microwave heatingal black region—see F|g._)4Nere_chosen to minimize the
and subsequent cooling of the gel phantémslice A) are ~ least-squares sum of a linear fit between the MR phase
illustrated in Fig. 4. Figure @) is one of ten baseline MR Cchanges and fiber-optic temperatures, within a pixel resolu-
images that were used to compute a reference phase imafjgn (0-35 mm. We found that a shift of this position by
which was subtracted from all of the subsequent phase im'0re than two pixel$0.7 mm significantly affected the fea-
ages. With the microwave power on, the phase imagegﬂes of the calibration plot, and Fig. 6 shows the best fit

clearly show a well-defined, slightly oval region of phase©Ptained, namely
enhancement centered about the microwave antfRigs.
4(b)-4(g)]. After the microwave power is turned off, the  |A¢|=(—38.0+0.2°)+(1.94+0.01°/°C)AT, (5)

Medical Physics, Vol. 24, No. 2, February 1997



274 Vitkin et al.: Magnetic resonance imaging of temperature changes 274

Fic. 4. MR phase images of slice A during microwave heating and cooling. The images were acquired at approximat® timés:s,(b) 0 s,(c) 33 s,(d)

82 s,(e) 130 s,(f) 196 s,(g) 261 s,(h) 359 s,(i) 538 s, andj) 685 s relative to when the microwave power was turnedter0 s). The microwave power
supply was turned off at=261 s. The background image, of whi@ is one scan, has been subtracted from all subsequent intagép. Images(b)—(g)

depict the effect of microwave heating, where ima@®es-(j) describe cooling of the polyacrylamide gel. All phase images were leveled to 175° and windowed
to 50° to demonstrate the thermal lesion and presence of background noise.

where AT=T-19.4 °C and the above uncertainties are thetear-drop thermal pattern emerging with time, centered about
standard deviations from the linear fit. The TE used in thehe microwave antenna, similar to its SAR pattern. Again,
MR imaging pulse sequence was 10.1 ms, therefore the resthe pattern in Figs. (h)—7(j) disperses after the microwave
nant frequency of théH nuclei decreased by approximately power is turned off.
0.0083 ppm/°C. This result is slightly lower than the spec- Temperature distributions calculated from Hd), and
troscopically derived result of 0.0091 ppm/°C for the samecorresponding to the same times as in FigeXcluding the
gel. two background images for timés<0 s), are shown for com-
Once the data for the calibration had been obtaiiside ~ parison in Fig. 8. The similar shape of the thermal patterns in
Ain Fig. 1), MR imaging of a perpendicular sligslice Bin  Figs. 7 and 8 demonstrates general agreement between tem-
Fig. 1) was undertaken, under identical microwave heatingperature changes measured via MR phase change and those
conditions. The above calibration was used to derive thermabredicted theoretically.
maps from the phase images. Representative MR-derived
thermal maps of slice B are presented in Fig. 7. Note thdV. DISCUSSION AND CONCLUSIONS
The results presented here show that the temperature dis-
tributions in interstitial microwave thermotherapy can be ac-

microwave - - ] 100
70 power off I —_— El;er»}t])ptlc ]lnlrobe temperature
t=245s ase change:
( ) grobel ¢ 100} | = probel
60 - . probe 2 180 e probe2 %
a probe 3 4
80

50 [ 160

40 |

microwave 40
30 poweron
(t=0s)
20

20

Fiber-optic probe temperature (°C)
MR phase change |49/ (degrees)

MR phase change |1A¢| (degrees)

1 1
-500 0 500 1000 1500

Time (seconds)
Fiber-optic probe temperature (°C)

Fic. 5. Fiber-optic probe temperature and MR phase change as a function of

time (slice A). Shown are fiber-optic and MR phase change measurementBic. 6. MR phase change vs fiber-optic probe temperatsliee A). The

for each of the three fiber-optic probes and regions-of-interest, as indicatephase changes from all three ROIs are plotted against their corresponding
in Fig. 2. The MR phase measuremefright vertical axi$ were scaled to  fiber-optic probe temperatures from the data presented in Fig. 5, for both
the fiber-optic temperaturékeft vertical axi$ using the calibration curve in  heating and cooling cycles. A linear fit yielded a slope|®®|/AT=1.94

Fig. 6. +0.01°/°C.
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(b) (c)

(a) (d) (e)

2] (8) (h) (1) V)

Fic. 7. MRI-derived temperature images of slice B during microwave heating and cooling. The images were acquired at approximae-ti¥ss, (b)

0 s,(c) 49 s,(d) 98 s,(e) 147 s,(f) 196 s,(g) 245 s,(h) 408 s,(i) 571 s, andj) 734 s relative to when the microwave power was turnedter® s). The

microwave power supply was turned offtat245 s. The background image, of whi@ is one scan, has been subtracted from all subsequent irttag€p.
Images(b)—(g) describe the effect of microwave heating, whereas im#lgedj) describe cooling of the polyacrylamide gel. All temperature images were

leveled to 29.5 °C and windowed to 20.0 °C. The contrast was reversed for display purposes. The scale shown on the images increments in steps of 1.0 °C
(from 19.5 to 39.5 °QC

curately monitored in a near-real-time fashion using MRIment modality can also be monitored and guided in near-
with minimal distortion of the MR image. The use of micro- real-time via MRI it has significant therapeutic potential.
waves may offer specific advantages over other heat-delivery One interesting observation from the MR thermometry
techniques. For example, the increased penetration of micra@oncerns the conduction of heat within the gel, and more
waves compared to near-infrared laser energy may result igenerally in tissue. It is observed that the three fiber-optic
larger volumes of significant temperature elevation androbe temperature@nd phase changepeaked at different
hence in larger volumes of coagulated tissue. Since this treapoints in time. This is most easily seen in the data of Fig. 5.

O ® ® (h)

Fic. 8. Temperature patterns predicted by thermal modeling for the same times as the MRI-derived temperature images showWminl&iting the times

t=<0, so that(a) is to be compared with(), 7(b) with 7(d), etc]. The SAR was scaled by matching the temperature predicted by the model to that recorded
by probe 1 in the calibration cur&ig. 5), at the time the microwave power was switched off. Black corresponds to tempera20e€ above background
(white), to enable comparison with the MR-derived thermal mégg. 7).
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