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MR-GUIDED BREAST TUMOR ABLATION
AND TEMPERATURE IMAGING SYSTEM

BACKGROUND OF THE INVENTION

The field of the invention is nuclear magnetic resonance
imaging methods and systems. More particularly, the inven-
tionrelates to the in vivo measurement of the effect of thermal
treatment on tissue.

MR-guided interventional procedures employ an MRI sys-
tem to monitor the medical treatment procedure. Such medi-
cal treatment procedures include MR-guided biopsies, hyper-
thermia, cyroablation, and thermal ablation using laser,
radiofrequency, and focused ultrasound. Images produced by
the MRI system depict the anatomy being treated and the
medical instrument used to perform the treatment. These
anatomic images are produced in real-time as treatment is
performed and they assist the physician in physically guiding
the instrument into proper position.

With medical procedures that thermally treat or ablate tis-
sues, the MRI system can also produce images that indicate
the temperature of tissues, within their field of view. Such
temperature maps indicate the location of heating and the
amount of heating that has occurred in the target tissues and
surrounding tissues. The physician uses this information to
properly direct the heat produced by the medical instrument
and to terminate the treatment at the proper moment. An
exemplary MRI temperature mapping method is disclosed in
U.S. Pat. No. 5,711,300.

Magnetic resonance guided high intensity focused ultra-
sound (FUS) ablation is an attractive non-invasive method to
selectively ablate deep-lying tissue where bone and air are not
present in the ultrasound acoustic path. The therapeutic value
of'this alternative surgical technique depends on the accuracy
of the MR temperature imaging method. There are several
MR imaging techniques for measuring temperature change:
T1-weighted imaging, diffusion imaging, and water proton
resonance frequency (WPRF) imaging. Among these differ-
ent temperature-imaging methods, WPRF temperature imag-
ing is the preferred technique for FUS ablation therapy. In
WPREF temperature imaging, temperature changes are calcu-
lated from phase difference images, usually acquired using a
fast gradient echo sequence performed before and after FUS
sonication. Several studies have demonstrated that WPRF
temperature imaging can be used to accurately monitor tem-
perature change in in vivo muscle tissue during FUS ablation
treatment.

While in general the WPRF temperature imaging tech-
nique has many advantages over other methods, it has limi-
tations in certain clinical applications. The WPRF technique
measures temperature change by sensing the temperature-
dependency of the hydrogen proton in water molecules. The
resonance frequency of hydrogen protons in fat tissue, how-
ever, does not exhibit the same temperature sensitivity as in
water. Therefore, in anatomical regions with low water con-
tent but high fat content (e.g. the human breast) WPRF cannot
reliably provide adequate temperature monitoring for FUS
treatment. In fact, this limitation has posed great difficulty for
MR guided FUS ablation for breast cancer treatment. While
WPRF imaging may be successfully used to monitor tem-
perature change in a tumor, the WPRF technique does not
indicate temperature increase in surrounding fat. The practi-
cal result is that it is very difficult to aim the FUS ablation
device because the resulting temperature rise at its focal point
is not apparent when the tissues are primarily fat and the
tumor(s) is very small.
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Another limitation of the WPRF temperature imaging
method is that the measured temperature is a relative tem-
perature change which occurs during two independent image
acquisitions. These acquisitions are usually performed before
and after FUS sonication. The tissue temperature is then
inferred from this temperature change assuming that the base
temperature, which is acquired before FUS sonication, is a
constant temperature throughout the ablation procedure. This
assumption, however, is not true during the course of an
ablation treatment, especially at the later part of the treatment
when the tissue temperature in the surrounding volume of the
tumor has been elevated due to FUS near field heat accumu-
lation. Consequently, temperature measured from WPRF
imaging may underestimate the actual temperature in tissue/
tumor, and this potentially may cause injury to the surround-
ing healthy tissues.

SUMMARY OF THE INVENTION

The present invention is a method for monitoring the
effects of a thermal treatment procedure with an MRI system
by measuring the phase shift that occurs between a spin-echo
NMR signal and a gradient-echo NMR signal produced by a
single pulse sequence. More specifically, a pulse sequence is
performed by the MRI system in which both a spin-echo
(SPE) NMR signal and a gradient-echo (GRE) NMR signal
are acquired; an SPE phase image is reconstructed from the
acquired SPE NMR signals; a GRE phase image is recon-
structed from the acquired GRE NMR signals; and a phase
difference temperature map is produced by calculating the
phase difference at corresponding locations in the SPE and
GRE phase images.

An object of the invention is to produce a temperature map
which indicates temperature change from a reference tem-
perature in the subject before a medical procedure is begun.
This is achieved by producing a reference phase difference
image from SPE and GRE NMR signals acquired before the
procedure is begun. This reference image is subtracted from
phase difference images produced during the procedure.

Another object of the invention is to provide a temperature
map which aids in the aiming of a treatment device. A second
temperature map is produced by reconstructing modulus
images from the SPE NMR signals. This modulus tempera-
ture map indicates temperature changes in both fat and water
spins based on the T, relaxation rate change caused by heat,
thus enabling the focal point of a FUS ablation device to be
seen in fatty tissues such as the human breast.

Yet another object of the invention is to provide a tempera-
ture map over a limited field of view. The SPE and GRE
signals are produced by transverse magnetization that is gen-
erated with a selective RF excitation pulse followed by a
selective RF refocusing pulse. The slice select magnetic field
gradient produced during the RF excitation pulse selects a 2D
slice through the tissues being treated and a perpendicular
slab select magnetic field gradient produced during the RF
refocusing pulse selects a limited field of view in this slice in
the phase encoding direction. As a result, the field of view of
the resulting temperature map can be limited in size in the
phase encoding direction without producing artifacts which
are aliased into the field of view.

The foregoing and other objects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying drawings
which form a part hereof, and in which there is shown by way
of'illustration, a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
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the invention, however, and reference is made therefore to the
claims herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an NMR system which
employs the present invention;

FIG. 2 is an electrical block diagram of the transceiver
which forms part of the NMR system of FIG. 1;

FIG. 3 is a graphic representation of a pulse sequence
performed by the NMR system of FIG. 1 to practice the
preferred embodiment of the invention;

FIG. 4 is a flow chart of the preferred procedure using the
present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring first to FIG. 1, there is shown the major compo-
nents of a preferred MRI system which incorporates the
present invention. The operation of the system is controlled
from an operator console 100 which includes a keyboard and
control panel 102 and a display 104. A separate display 98 is
also located near the magnet system 103 so that it is available
to a physician attending the subject of an MRI scan. The
console 100 communicates through a link 116 with a separate
computer system 107 that enables an operator to control the
production and display of images on the screen 104. The
computer system 107 includes a number of modules which
communicate with each other through a backplane. These
include an image processor module 106, a CPU module 108
and a memory module 113, known in the art as a frame buffer
for storing image data arrays. The computer system 107 is
linked to a disk storage 111 and a tape drive 112 for storage of
image data and programs, and it communicates with a sepa-
rate system control 122 through a high speed serial link 115.

The system control 122 includes a set of modules con-
nected together by a backplane. These include a CPU module
119 and a pulse generator module 121 which connects to the
operator console 100 through a serial link 125. It is through
this link 125 that the system control 122 receives commands
from the operator which indicate the scan sequence that is to
be performed. The pulse generator module 121 operates the
system components to carry out the desired scan sequence. It
produces data which indicates the timing, strength and shape
of the RF pulses which are to be produced, and the timing of
and length of the data acquisition window. The pulse genera-
tor module 121 connects to a set of gradient amplifiers 127, to
indicate the timing and shape of the gradient pulses to be
produced during the scan. The pulse generator module 121
also receives patient data from a physiological acquisition
controller 129 that receives signals from a number of different
sensors connected to the patient, such as ECG signals from
electrodes or respiratory signals from a bellows.

The gradient waveforms produced by the pulse generator
module 121 are applied to a gradient amplifier system 127
comprised of G,, G, and G, amplifiers. Each gradient ampli-
fier excites a corresponding gradient coil in the magnet sys-
tem 103 to produce the magnetic field gradients used for
position encoding acquired signals. A transceiver module 150
in the system control 122 produces pulses which are ampli-
fied by an RF amplifier 151 and coupled to an RF coil in the
magnet assembly 103 by a transmit/receive switch 154. The
resulting signals radiated by the excited nuclei in the patient
may be sensed by the same RF coil and coupled through the
transmit/receive switch 154 to a preamplifier 153. The ampli-
fied NMR signals are demodulated, filtered, and digitized in
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the receiver section of the transceiver 150. The transmit/
receive switch 154 is controlled by a signal from the pulse
generator module 121 to electrically connect the RF amplifier
151 to the RF coil during the transmit mode and to connect the
preamplifier 153 during the receive mode.

The NMR signals picked up by the RF imaging coil is
digitized by the transceiver module 150 and transferred to a
memory module 160 in the system control 122. When an
array of k-space data has been acquired in the memory mod-
ule 160, an array processor 161 operates to Fourier transform
the k-space data into an array of image data. This image data
is processed as will be described in detail below to produce
images on the display 98 as the scan is being performed. In the
preferred embodiment a focused ultrasound ablation system
99 is employed to perform a medical procedure while these
images are produced.

While a conventional MRI system may be used to imple-
ment the invention, in the preferred embodiment an MRI
system which is designed to allow access by a physician is
employed. Referring particularly to FIG. 1, when an intra-
operative MR imaging procedure is conducted a patient is
placed in the magnet system 103 and aregion of interest in the
patient is aligned near the system isocenter located between
the two, spaced magnet rings 140 and 142. A physician stand-
ing between magnet rings 140 and 142 has unrestricted access
to the region of interest in the patient. During the procedure
the patient may move, or be moved by the physician. An
ultrasonic transducer (not shown) connected to the FUS abla-
tion system 99 may be manipulated by the physician to treat
a selected region of the patient and the images produced on
display 98 may be used by the physician to help aim the
ablation device and to determine when treatment is com-
pleted.

Referring particularly to FIGS. 1 and 2, the transceiver 150
produces the RF excitation field B1 through power amplifier
151 at a coil 152 A and receives the resulting signal induced in
acoil 152B. As indicated above, the coils 152A and B may be
separate as shown in FIG. 2, or they may be a single whole-
body coil as shown in FIG. 1. The base, or carrier, frequency
of the RF excitation field is produced under control of a
frequency synthesizer 2000 which receives a set of digital
signals (CF) from the CPU module 119 and pulse generator
module 121. These digital signals indicate the frequency and
phase of the RF carrier signal produced at an output 201. The
commanded RF carrier is applied to a modulator and up
converter 202 where its amplitude is modulated in response to
a signal R(t) also received from the pulse generator module
121. The signal R(t) defines the envelope of the RF excitation
pulse to be produced and is produced in the module 121 by
sequentially reading out a series of stored digital values.
These stored digital values may, in turn, be changed from the
operator console 100 to enable any desired RF pulse envelope
to be produced.

The magnitude of the RF excitation pulse produced at
output 205 is attenuated by an exciter attenuator circuit 206
which receives a digital command, TA, from the backplane
118. The attenuated RF excitation pulses are applied to the
power amplifier 151 that drives the RF coil 152A. For a more
detailed description of this portion of the transceiver 122,
reference is made to U.S. Pat. No. 4,952,877 which is incor-
porated herein by reference.

Referring still to FIGS. 1 and 2 the signal produced by the
subject is picked up by the receiver coil 152B and applied
through the preamplifier 153 to the input of a receiver attenu-
ator 207. The receiver attenuator 207 further amplifies the
signal by an amount determined by a digital attenuation sig-
nal (RA) received from the backplate 118.
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The received signal is at or around the Larmor frequency,
and this high frequency signal is down converted in a two step
process by a down converter 208 which first mixes the NMR
signal with the carrier signal on line 201 and then mixes the
resulting difference signal with the 2.5 MHz reference signal
on line 204. The down converted NMR signal is applied to the
input of an analog-to-digital (A/D) converter 209 which
samples and digitizes the analog signal and applies it to a
digital detector and signal processor 210 which produces
16-bit in-phase (I) values and 16-bit quadrature (Q) values
corresponding to the received signal. The resulting stream of
digitized I and Q values of the received signal are output
through backplane 118 to the memory module 160 where they
are employed to reconstruct an image.

The 2.5 MHz reference signal as well as the 250 kHz
sampling signal and the 5, 10 and 60 MHz reference signals
are produced by a reference frequency generator 203 from a
common 20 MHz master clock signal. These provide a refer-
ence phase for the received NMR signals such that the phase
is accurately reflected in the I and Q values. For a more
detailed description of the receiver, reference is made to U.S.
Pat. No. 4,992,736 which is incorporated herein by reference.

To practice the present invention a scan is performed using
an imaging pulse sequence, and an image is reconstructed in
which the phase information at each image pixel is preserved.
A two-dimensional image pulse sequence is employed in the
preferred embodiment, and a two-dimensional Fourier trans-
formation is performed on the acquired array of complex
signal samples. The phase at each image pixel may be calcu-
lated as the argument of the complex value at the pixel
¢=tan™" Q/I. As will be described below, this phase measure-
ment may be used to calculate a phase difference (A¢) at each
image pixel which indicates tissue temperatures. In the alter-
native, the complex difference may be used to produce a
temperature map, in which case, the I and Q values at each
pixel are used.

Referring particularly to FIG. 3, a novel pulse sequence is
employed to practice the present invention. It is based on a
spin-echo pulse sequence which includes a selective 90° RF
excitation pulse 300 which is applied in the presence of a slice
select gradient pulse 302 to produce transverse magnetization
in a slice of spins of the prescribed thickness and location. A
phase encoding pulse 304 is then applied along with a pre-
phasing readout gradient pulse 306. As is well known in the
art, this pulse sequence is repeatedly performed and the phase
encoding pulse 304 is stepped through a set of values (e.g. 64)
in successive pulse sequences to acquire the necessary
k-space data to reconstruct an image.

Atatime TE /2 a selective 180° RF refocusing pulse 308 is
produced in the presence of a slab select gradient pulse 310.
The gradient pulse 310 produces a magnetic field gradient
perpendicular to the slice select gradient (i.e., in the phase
encoding direction) to begin rephrasing a band of spins in the
excited slice. The location and width of this band is set to the
prescribed field of view along the phase encoding axis with
the result that spins outside this band continue to dephase and
do not produce significant NMR signals that might otherwise
be aliased into the field of view. At a time TE, the spins
refocus and a spin echo (SPE) NMR signal 314 is produced in
the presence of a first readout gradient pulse 316. The first
readout gradient pulse 316 frequency encodes the sampled
SPE signal 314 for position along the readout axis.

After the first readout pulse 316 is produced a second
readout gradient pulse 318 of opposite polarity is produced to
generate a gradient-recalled NMR echo signal 320 at the time
TE,. The pulse sequence is then completed by producing a
rewinder gradient pulse 322 along the phase encoding axis
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and a rewinder and rewinder gradient pulse 324 along the
readout axis to prepare the magnetization for the next pulse
sequence to follow.

In the preferred embodiment a 5 mm axial slice in the
vicinity of the treatment zone over a 16 cm field of view in the
phase encoding direction is imaged. Each image is acquired
in 11 seconds as a 256x64 k-space matrix with TE,/TE,/
TR=14/24.8/150 ms.

Referring particularly to FIG. 4, the pulse sequence of FIG.
3 is used to acquire the data needed to carry out the procedure
according to the preferred embodiment of the invention. As
indicated by process block 350, the first step is to acquire
reference images of the tissue to be treated using the pulse
sequence of FIG. 3. Using the k-space data set acquired from
the SPE NMR signals 314, a reference modulus image 352 is
produced as indicated at process block 354. This is done by
performing the usual 2D complex Fourier transformation and
then calculating the magnitude, or modulus, at each image
pixel using the I and Q components of the complex values:

M=vVIr+Q?.

As indicated at process block 356, the next step is to pro-
duce a reference phase difference image 358 using both the
SPE NMR signals 314 and the GRE NMR signals 320. An
SPE phase image ¢spz is produced first from the complex
image previously reconstructed from the SPE signals 314:

dspp=tan™! Q/1

A complex image is then reconstructed from the k-space data
set acquired from the GRE signals 320 by performing a 2D
complex Fourier transformation thereon. A GRE phase image
¢gre 18 produced from the complex values at each image
pixel:

Porp=tan' Q/L

The reference phase difference image 358 is then produced by
subtracting the two phase images:

A, Pspr—Pore-

This reference phase difference between the two NMR sig-
nals is the phase difference that exists before the tissues are
treated.

As indicated at process block 360, the treatment process is
now begun. In the preferred embodiment a focused ultra-
sound ablation system manufactured by TxSonics, Inc. of
Dallas, Tex. is employed to treat breast tumors. This device
must be aimed such that its focal point is located at the tumor,
and as will be described in more detail below, this aiming is
accomplished by producing modulus temperature maps
which indicate where tissue heating is occurring.

A loop is entered in which temperature maps are produced
by the MRI system during the treatment procedure. As indi-
cated by process block 362, k-space data is acquired using the
pulse sequence of FIG. 3 and an SPE modulus image 364 is
produced at process block 366. This is accomplished using
the SPE NMR signals 314 in the same manner as described
above in process block 354. A modulus temperature map 368
is then produced at process block 370 by subtracting the
magnitude at each pixel of the reference modulus image 352
from the magnitude of each corresponding pixel in the SPE
modulus image 364. The resulting image is brighter at loca-
tions where the temperature has increased due to the insoni-
fication. It has been found that the modulus temperature map
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368 is indicative of temperature changes in both fat and water,
and as a result, provides a clear indication of the location of
heating at the ultrasound focal point in fatty tissues such as the
human breast. This image 368 is particularly useful for aim-
ing the treatment system.

The next step indicated by process block 372 is to produce
two phase images. The first phase image 374 is produced as
described above in process block 356 from the acquired SPE
NMR signals 314 and the second phase image 376 is recon-
structed from the GRE NMR signals 320. As indicated at
process block 378, a phase difference temperature map 380 is
then produced by first calculating the current phase difference
A¢,,,,-at each corresponding pixel in the phase images 374 and
376:

Aq)cur:q)SPE —q)GRE B

The corrected phase difference A¢ is then calculated at each
pixel by subtracting the reference phase difference at corre-
sponding pixels in the phase difference images:

AQ=APery=Adyep

From the corrected phase difference values A¢, the change in
temperature A at each pixel is calculated:

Ad=APx10%27tyBTE

where y =gyromagnetic ratio;
B =MRI system polarization field strength; and
TE =TE,-TE,

The phase difference temperature map 380 thus indicates the
change in tissue temperature that has occurred at each image
pixel since the treatment was started.

The temperature maps may be displayed to the physician in
a number of ways as indicated at process block 382. Two
separate images may be displayed, one based on the modulus
temperature map 368 used to aim the treatment device, and
the other based on the phase difference temperature map 380
used to assess the treatment level. In this case temperature at
each location in the imaged tissues is indicated by the inten-
sity of the corresponding pixels or their color. Or the infor-
mation may be combined in a single display in which pixel
intensity is governed by the modulus temperature map 368
and pixel color governed by the phase difference temperature
map 380. Or, the modulus temperature map 368 may be
displayed as a conventional black and white intensity image
that depicts where heating is occurring, and the physician
may identify particular pixels with a cursor. The temperature
change at those pixels is displayed as a number which is based
on the temperature change values Ad at the corresponding
pixels in the phase difference temperature map 380.

The system loops back at decision block 384 to acquire and
process another set of temperature maps 368 and 380. This
continues until the procedure is done. Temperature maps are
thus continuously produced during the treatment procedure at
a rate of one every 11 seconds to provide a substantially real
time indication of the treatment level.

The invention claimed is:

1. A method for monitoring the in vivo treatment of tissues
with a magnetic resonance imaging (MRI) system, the steps
comprising:

a) performing a pulse sequence with the MRI system in
which a spin-echo (SPE) NMR signal and a gradient-
echo (GRE) NMR signal are acquired from the tissues
being treated,

b) repeating step a) to acquire a plurality of said SPE and
said GRE NMR signals;
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¢) reconstructing an SPE reference modulus image from
the acquired plurality of SPE NMR signals, said SPE
reference modulus image indicating the magnitude of
the SPE NMR signal produced at locations in the tissues
being treated;

d) reconstructing a reference phase difference image from
the acquired plurality of SPE and GRE NMR signals,
said reference phase difference image indicating the dif-
ference in phase between the SPE and GRE NMR sig-
nals produced at locations in the tissues being treated;

e) activating a treatment device aimed at the tissues to be
treated to produce a change in temperature therein;

f) repeating step a) to acquire a plurality of said SPE and
said GRE NMR signals;

g) reconstructing an SPE modulus image from the SPE
NMR signals acquired in step f), said SPE modulus
image indicating the magnitude of the SPE NMR signal
produced at locations in the tissues being treated when
step 1) is performed;

h) producing a modulus temperature map from the SPE
reference modulus image and the SPE modulus image,
said modulus temperature map indicating the tempera-
ture change at locations in the tissues being treated,;

1) reconstructing a phase difference image from the SPE
and GRE NMR signals acquired in step f), said phase
difference image indicating the difference in phase
between the SPE and GRE NMR signals produced at
locations in the tissues being treated when step f) is
performed;

j) producing a phase difference temperature map from the
reference phase difference image and the phase differ-
ence image, said phase difference temperature map indi-
cating the temperature change at locations in the tissues
being treated; and

k) displaying the modulus temperature map information
and phase difference temperature map information.

2. The method as recited in claim 1 which includes repeat-
ing steps f) through k) during the treatment of the tissues to
update the display of information in step k) as the treatment is
performed.

3. The method as recited in claim 1 in which step k)
includes:

k1) displaying the modulus temperature map as an image
indicative of temperature changes at locations in the
tissues being treated.

4. The method as recited in claim 3 in which step k)

includes:

k2) displaying the phase difference temperature map as an
image indicative of temperature changes at locations in
tissues being treated.

5. The method as recited in claim 4 in which the phase
difference temperature map image is superimposed on the
modulus temperature map image.

6. The method as recited in claim 1 in which performance
of the pulse sequence in step a) includes:

al) irradiating the tissues with an RF excitation field that
produces transverse magnetization in spins in the tissues
being treated;

a2) applying an imaging magnetic field gradient to the
spins;

a3) irradiating the tissues with an RF echo field that inverts
the transverse magnetization;

a4) acquiring the SPE NMR signal while applying a second
imaging magnetic field gradient;

a5) reversing the direction of the second imaging magnetic
field gradient; and
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a6) acquiring the GRE NMR signal while applying the
reversed second imaging magnetic field gradient.

7. The method as recited in claim 6 which includes

applying a slice select magnetic field gradient to the tissues
as step al) is performed to produce transverse magneti-
zation in a selected slice of spins; and

applying a slab select magnetic field gradient to the tissues
as step a3) is performed to invert the transverse magne-
tization in a selected portion of said slice.

8. The method as recited in claim 1 in which step h) is
performed by calculating the difference between magnitudes
at corresponding locations in the SPE reference modulus
image and the SPE modulus image.

9. The method as recited in claim 1 in which step i) is
performed by:

il) reconstructing an SPE phase image from the SPE NMR

signals acquired in step f);

i2) reconstructing a GRE phase image from the GRE NMR
signals acquired in step f);

i3) calculating the difference in phase between phase val-
ues at corresponding locations in the SPE phase image
and the GRE phase image.

10. The method as recited in claim 1 in which step j)

includes:

j1) calculating the difference in phase at corresponding
locations in the reference phase difference image and the
phase difference image.

11. The method as recited in claim 10 in which step j)

further includes:

j2) converting each calculated phase difference to a tem-
perature change value.

12. A method for producing a temperature map of tissues
being treated with a magnetic resonance imaging (MRI) sys-
tem, the steps comprising:

a) performing a pulse sequence with the MRI system in
which a spin-echo (SPE) NMR signal and a gradient-
echo NMR signal are acquired from a subject;

b) repeating step a) a sufficient number of times to acquire
k-space data sets from which images may be recon-
structed;

¢) reconstructing an SPE phase image from the k-space
data set for the acquired SPE NMR signals;

d) reconstructing a GRE phase image from the k-space data
set for the acquired GRE NMR signals; and

e) producing a phase difference temperature map by cal-
culating the difference in phase values at corresponding
locations in the SPE phase image and the GRE phase
image.
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13. The method as recited in claim 12 which includes
converting each calculated phase difference to a temperature
change value.

14. The method as recited in claim 12 in which perfor-
mance of the pulse sequence in step a) includes:

al) irradiating the tissues with an RF excitation field that

produces transverse magnetization in spins in the tissues
being treated;

a2) applying an imaging magnetic field gradient to the

spins;

a3) irradiating the tissues with an RF echo field that inverts

the transverse magnetization;

a4) acquiring the SPE NMR signal while applying a second

imaging magnetic field gradient;

a5) reversing the direction of the second imaging magnetic

field gradient; and

a6) acquiring the GRE NMR signal while applying the

reversed second imaging magnetic field gradient.
15. The method as recited in claim 14 which includes
applying a slice select magnetic field gradient which is
perpendicular to the slice select magnetic field gradient
to the tissues as step al) is performed to produce trans-
verse magnetization in a selected slice of spins; and

applying a slab select magnetic field gradient to the tissues
as step a3) is performed to invert the transverse magne-
tization in a selected portion of said slice.

16. The method as recited in claim 12 in which steps a)
through e) are performed to produce a reference phase differ-
ence temperature map of tissues prior to their treatment;

in which steps a) through e) are repeated during the treat-

ment of said tissues to produce additional phase differ-
ence temperature maps;

and the phases at locations in the reference phase different

map are subtracted from the phases at corresponding
locations in said additional phase difference temperature
maps.

17. The method as recited in claim 12 in which steps a)
through e) are repeated during the treatment of tissues and the
resulting phase difference temperature maps are displayed to
indicate the changes in temperature at locations in the tissues
being treated.

18. The method as recited in claim 17 in which the tem-
perature is indicated by the intensity of pixels at correspond-
ing locations.

19. The method as recited in claim 17 in which the tem-
perature is indicated by the color of pixels at corresponding
locations.
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