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7) ABSTRACT

A noninvasive image measuring method of measuring inter-
nal organ/tissue temperature using an MRI system. Tempera-
ture measurement insusceptible to body motion and spatial
variation of magnetic field is realized by utilizing the position
and size of a temperature change region as a priori informa-
tion to determine the phase distribution of the complex mag-
netic resonance signal of water proton at a given temperature
point and by subtracting the phase distribution before the
temperature change estimated (self-referred) from the phase
distribution in the peripheral region for each pixel of the
image, thereby eliminating the subtraction process of image
before and after temperature change. The precision of tem-
perature measurement can be enhanced by estimating a com-
plex curved surface formed of the peripheral region in each
temperature change region of the real-part and imaginary-
part images of the complex magnetic resonance signal, and
calculating the phase difference between an actually mea-
sured complex signal distribution and the estimated complex
signal distribution of the complex signal distribution for each
pixel, thereby reducing the estimation error due to phase
transition from - to +m occurring in a phase distribution.
Furthermore, temperature can be measured through optimal
imaging following up body motion by using an optical posi-
tioning system in combination even if the part being mea-
sured is shifted.

36 Claims, 10 Drawing Sheets
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FIG. 5A FIG. 5B

Amplitude image Phase image

FIG. 5C FIG. 5D

Real-part image
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SELF-REFERENCING/BODY MOTION
TRACKING NON-INVASIVE INTERNAL
TEMPERATURE DISTRIBUTION
MEASUREMENT METHOD AND APPARATUS
USING MAGNETIC RESONANCE
TOMOGRAPHIC IMAGING TECHNIQUE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of PCT/TP2004/010160
filed Jul. 9, 2004.

BACKGROUND OF THE INVENTION

The present invention relates to a non-invasive measure-
ment method for an internal organ/tissue temperature using a
magnetic resonance imaging (MRI) technique, and a method
of capturing an optimal MRI image using an optical position-
ing apparatus during thermotherapy or cryotherapy.

SUMMARY OF THE INVENTION

Therapeutic methods against cancers include thermo-
therapy such as thermoablation, hyperthermia, and the like, in
which heating apparatuses employing microwaves, radio fre-
quency (RF) waves, laser or focused ultrasound have been
used in need of convenient heating on a localized tumor. Since
in such thermotherapy the tumor region to be treated must be
heated above a certain temperature while a normal region
must be kept below a certain temperature, it is important to
accurately measure the temperature of the tumor and normal
regions in the living body for heating control.

Monitoring of the temperature in thermotherapy has been
generally achieved by a probe such as a thermocouple or
fiber-optic probe penetrating into a tumor. Such an invasive
method of temperature measurement, however, have many
severe problems including that: it impairs low invasiveness
otherwise inherent in thermotherapy; it cannot detect an
abnormally high temperature point that may appear outside a
measured point; penetration of a probe involves a risk of
metastasis of tumor cells; and a probe may interact with
electromagnetic waves or ultrasound used for heating.

To solve these problems, a technique for non-invasive
imaging of an internal temperature distribution has been
desired. An MRI temperature measurement method has sev-
eral advantages including that: a three-dimensional region
can be arbitrarily selected; MRI has a variety of temperature-
dependent parameters; MRI is safe in that it involves no
irradiation; and MRI does not require external injection of a
contrast material. Furthermore, MRI surpasses other tomo-
graphic imaging techniques in its ability of discrimination on
soft tissue containing a tumor, and it is also advantageous in
observation of a change in tissue (degeneration of protein,
edema formation, necrosis, etc.) during an operation or in
evaluation of the effect of therapy.

Known MRI temperature-dependent parameters include
thermal equilibrium magnetization (M,), a longitudinal
relaxation time (T,), a transverse relaxation time (T,), a con-
stant of diffusion (D), and a chemical shift (). Comparing
these parameters for imaging a temperature distribution, first,
as temperature dependence of the proton density varies with
the type or condition of tissue, macroscopic magnetization
varies due to magnetic components, and accordingly, a ther-
mal property of M, incorporating an effect of the proton
density varies with the type or condition of tissue. Similarly,
temperature dependence of T, significantly varies with the
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type or condition of tissue so that the sign of the temperature
factor sometimes becomes inverted. This is because T, is a
function of viscosity and a variety of proteins contained in
water in living tissue governs the property of T, in a compli-
cated manner through bonded water, free water or proton
exchange between them. T, has almost not been studied as a
temperature parameter because it generally has a poorer S/N
in measurement than that of T,. D is thought to be more
suitable for temperature measurement than T, because D is
governed by translational diffusion that is sensitive to tem-
perature, as opposed to T, being affected principally by rota-
tional diffusion of molecules, and D is determined from a
ratio between two magnetic resonance echo signals and thus
is insusceptible to spatial inhomogeneity of excitation mag-
netic field pulses. However, D is measured using a long echo
time, which leads to apoor S/N, and is susceptible to temporal
instability of static magnetic field intensity and body motion.

A proton chemical shift is similar to T;, T, and D in that its
temperature dependence results from Brownian motion, but
different from them in that its variation comes through elec-
tromagnetic factors, such as hydrogen bonds and a hindrance
effect of electron clouds. Although water protons are not only
protons that have temperature-dependent 8, it is advantageous
to use water protons in clinical applications because of their
strongest signal intensity. The term chemical shift as used
herein refers to a ratio of a difference between an appropriate
reference frequency and a magnetic resonance frequency of
protons in a specific component or group, to the reference
frequency. Previous studies have reported that the chemical
shift & of water protons in cell suspension, tissue extracted
from a mouse, brain of swine, etc. is proportional to the
temperature with a negative factor ranging from -0.007 to
-0.01 ppm/° C., as compared to the temperature factor ofa of
pure water being -0.01 ppny/° C., and therefore, a difference
in temperature dependence of the chemical shift 8 of protons
among tissue is smaller than that in the other parameters. As
used herein, ppm is abbreviation of parts per million (x107°).
That is, by -0.01 ppm/° C. is meant that a temperature change
of 1° C. causes the phase to change in a rate of -1x107%,

Furthermore, since all of the other parameters are mea-
sured based on an amplitude, they interfere with one another
in a finite measurement time and separate measurement is
difficult; on the other hand, the proton chemical shift o is
alone a parameter that is based on a frequency and can be
measured separately from the other amplitude-based param-
eters. Thus, the proton chemical shift d is a parameter that is
currently believed to be most suitable for temperature mea-
surement.

There have been known two techniques of imaging a tem-
perature distribution using the water proton chemical shift: a
spectroscopic imaging technique and a phase imaging tech-
nique. In brief, the spectroscopic imaging technique is suit-
able for measurement of a temperature change that is slow
and over a wide range because it is possible to avoid an effect
of variation in tissue magnetization or of body motion by
employing an internal reference, although it requires a long
measurement time. On the other hand, the phase imaging
technique cannot avoid an effect of magnetization or body
motion, but quick and convenient temperature measurement
is possible. The phase imaging technique directed to a local
and steep temperature change induced by laser or focused
ultrasound has received attention and is being intensely stud-
ied.

A resonance frequency is a frequency of rotational motion
of a macroscopic magnetization vector, and can be translated
into an amount of rotation of the phase of the macroscopic
magnetization vector in a certain period of time. Since mag-
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netic resonance signals are detected as complex signals, the
amount of rotation of the phase of the magnetization vector
can be measured as a phase of signals in a complex plane (an
arctangent tan™ ' of the ratio between a real part and an imagi-
nary part). As the temperature increases (decreases) the phase
angle decreases (increases) according to a change in reso-
nance frequency. Thus, an imaging technology sometimes
referred to as gradient magnetic field echo technique is
employed to determine a chemical shift difference A, using
a difference A¢,,- between a phase at a reference temperature
and that after a temperature change in each voxel, and a
temperature difference is measured using the following equa-
tion:

Aé,, Ad,,
AT=— = 9

@  wpr-TE-@

where TE (sec) is a period of time from a center of an
excitation magnetic field pulse to an echo signal center (echo
time), o (pp/° C.) is a temperature factor of a chemical shift,
and wg-1s a reference frequency (rad/sec) of a receiver sys-
tem in an apparatus. Since the gradient magnetic echo feature
is standard equipment in clinical MRI systems, the phase
imaging technique has an advantage that it can be conve-
niently practiced using existing hardware.

A method of imaging a temperature distribution of internal
organ or tissue by observing complex signals from water
protons using MRI and detecting phase variation due to a
temperature change is disclosed in Patent Document 1 (Japa-
nese Patent Application KOHYO No. 2003-511122), which
is a magnetic resonance imaging method comprising sepa-
rately identifying the position of a measurement point, and
modifying a magnetic resonance image based on the identi-
fied position, whereby translational motion of an object to be
examined causes almost no disturbance.

Non-patent Document 1 (“Front Line of Neurosurgery,
Advanced Medical Series 2: Neurosurgery” by Kagayaki
KURODA, published by Advanced Medical Technology
Laboratory, pages 226-233 (May, 2000)) discloses non-inva-
sive image measurement of an in-brain temperature distribu-
tion using MRI. Non-patent Document 2 (K. Kuroda, K.
Oshio et al.,, A chemical shift selective phase mapping
method, Magn. Reson. Med., pp. 845-851 (1997)) discloses a
temperature measurement method comprising imaging the
phase of proton magnetic resonance signals of a reference
material at a certain temperature point in the first time, and
imaging the phase of water proton magnetic resonance sig-
nals in the second time to obtain the phase difference ther-
ebetween; and Non-patent Document 3 (K. Kuroda, K. Oshio
et al.: Temperature Mapping Using Water Proton Thermal
Shift: Self-Referenced Method with Echo Planar Spectro-
scopic Imaging, Magn. Reson. Med., 43, pp. 220-225 (2000))
and Non-patent Document 4 (K. Kuroda, N. Takei et al.,
Feasibility of Internally-Referenced Temperature Imaging
Using Metabolite Signals, Magn. Reson. Med. Sci., 2, 1, pp.
17-22 (2003)) disclose a method of measuring a temperature
change as variation in the frequency difference by determin-
ing a frequency difference between a reference material and
water at each temperature point on a pixel-by-pixel basis.

Furthermore, Patent Document 2 (Japanese Patent No.
3346800) discloses means of estimating a water proton
chemical shift by estimating at least one of a frequency or a
spectrum of magnetic resonance signals acquired in MRL

On the other hand, a therapeutic case in the prior art in
which an optical positioning apparatus is employed to guide
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a microwave heating needle to a tumor in a liver for thermo-
therapy is disclosed in Non-patent Document S (S. Morikawa,
T. Inubushi et al., MR-guided microwave thermocoagulation
therapy of liver tumors: initial clinical experiences using a0.5
T open MR system, J. Magn. Reson. Imaging, 16, pp. 576-
583 (2002)). In this technique, a microwave heating needle is
attached with an optical positioning apparatus, and is guided
to a tumor in a liver identified by MRI while checking the
position of the tip of the heating needle, allowing a clinician
to control the direction and length of penetration of the heat-
ing needle while viewing a monitor. Since the heating needle
can be reliably guided to a tumor inside an organ once the
heating needle has been inserted, unnecessary damage to the
organ by, for example, the heating needle inserted into an
organ many times or too deep is prevented, thus improving
clinical utility of thermotherapy.

DISCLOSURE OF THE INVENTION

In the conventional temperature measurement methods by
a phase imaging technique using MRI, the temperature is
measured based on subtraction of the phase of a reference
image before a temperature change from an image after a
temperature change, and therefore, the temperature cannot be
measured if the body of the subject moves between the times
before and after a temperature change, or if an object to be
imaged is abdominal organ such as liver that moves with
respiration, or if an organ moves or deforms for a reason other
than respiratory motion, because reliability of an estimated
temperature value is significantly corrupted. Thus, in such
cases, a temperature change of organ subjected to thermoab-
lation etc. cannot be imaged during treatment, and quantita-
tive temperature control is difficult. Moreover, to identify the
position of a measurement point, a micro coil as in Patent
Document 1 must be disadvantageously inserted into the
medical patient.

As described in Non-patent Document 1, if a brain, which
is contained in a hard cranium and undergoes no mechanical
motion, is to be measured, its position is almost completely
fixed by fixing the head and accurate arithmetic processing
can be achieved; however, a large blood flow rate, and a
change in blood flow rate and blood oxidization rate due to
activation may lead to a change in tissue magnetic suscepti-
bility. The change in tissue magnetic susceptibility due to
activation is as much as ca. 0.05 ppm, which corresponds to a
temperature change of about 5° C. The sensitivity to such a
change in tissue magnetic susceptibility is another drawback
of the phase imaging technique.

A method of estimating a water proton chemical shift using
a temperature-independent parameter of Patent Document 2
is directed to overcoming of such drawbacks, although the
method requires sequential measurement of magnetic reso-
nance signals, their frequency or spectrum following a time
series. Moreover, the methods disclosed in Non-patent Docu-
ments 3-5 require signal integration for measuring referential
signals because they employ a low concentration of a refer-
ence material. Thus, these techniques are impractical as a
temperature measurement method conducted on the human
body or non-human animal body for a heated region during
thermotherapy because, for example, it takes a long time to
conduct one imaging session in these methods, and motion
during an imaging session at one temperature point (intra-
scan motion) prevails over an effect of motion between imag-
ing sessions at different temperatures (inter-scan motion).

An optical positioning apparatus has been conventionally
used only for the purpose of introducing a heating needle or
the like to a tumor, as described in Non-patent Document 5.
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While in thermotherapy, for example, a plurality of anatomi-
cal images can be captured by an MRI apparatus to check the
position of the tumor and heating needle or the like based on
the image, it is also possible to accurately guide the heating
needle or the like to the tumor by attaching the optical posi-
tioning apparatus to the heating needle or the like.

Therefore, an object to be achieved by the present invention
is to provide a method and an apparatus for measuring a
temperature change of internal organ or tissue by which the
aforementioned problems in the conventional temperature
measurement method according to the phase imaging tech-
nique using MRI are solved, and which is unaffected by body
motion by incorporating an optical positioning apparatus.

To attain the aforementioned objects, the present invention
images a temperature distribution of an object to be measured
only by complex magnetic resonance signals from water pro-
tons at a certain temperature, without using a reference
image. Specifically, the present invention comprises: imaging
a phase distribution after a temperature change; inputting by
an operator a priori information therefrom with respect to the
position of a portion at which a temperature change takes
place to a computer; defining by the computer the portion at
which a temperature change takes place as a region of interest
based on the information; estimating a curved surface formed
by the phase distribution of complex magnetic resonance
signals from water protons in the region of interest before a
temperature change; and subtracting the estimated phase dis-
tribution image from the measured phase distribution image
on a pixel-by-pixel basis. Since temperature information con-
tained in a phase distribution image is obtained by self refer-
ence using a priori information (the position and size of the
region at which a temperature takes place) from the image
itself, a process of subtraction of the phase distribution
between two images at different temperatures is eliminated,
thus avoiding an effect of motion of the region to be measured
between the times before and after a temperature change. It
should be noted that the term self reference as used in the
present invention refers to recursive reference based on a
priori information.

In another aspect of the present invention, it is possible to
reduce an estimation error due to phase transition from - to
+roccurring in a phase distribution, by estimating a complex
curved surface formed of a complex signal distribution in a
region of interest in a real-part image and an imaginary-part
image of complex magnetic resonance signals, and calculat-
ing a phase difference between a measured complex signal
distribution and an estimated complex signal distribution on a
pixel-by-pixel basis.

In still another aspect of the present invention, an optical
positioning apparatus, which has been conventionally used
by a clinician to control the direction or degree of penetration
of a heating needle or the like into a medical patient, is
employed in combination with the aforementioned tempera-
ture measurement method for the purpose of knowing the
position of organ or tissue after guiding the heating needle or
the like to atarget position, whereby a temperature of organ or
tissue can be measured while constantly tracking a heated
point in thermoablation, for example. Thus, a temperature
change in organ or tissue subjected to body motion such as
respiratory motion can be measured and imaged without
inserting a temperature measuring or position identifying
instrument into the body, which was impossible in the con-
ventional techniques.

The non-invasive imaging method for measuring a tem-
perature of internal organ or tissue according to the present
invention is capable of measuring a temperature of internal
organ or tissue by using the method without capturing a
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separate reference image or using a phase distribution in the
reference image as a reference phase, and moreover, is
capable of measuring a temperature of internal organ or tissue
without being affected by body motion. Thus, in thermo-
therapy on organ or tissue that moves with body motion, for
example, accurate temperature measurement on a heated por-
tion can be achieved, thus providing a clinical effect that a
temperature change during the treatment can be visualized for
heating control. Moreover, since cross sections in one or more
orthogonal planes or parallel planes including a heated por-
tion can be imaged even if organ or tissue moves, an accurate
volumetric temperature distribution around the heated por-
tion during thermotherapy can be known during the treat-
ment, thus providing another clinical effect that a therapeutic
effect of thermotherapy can be enhanced by optimal heating
control. The same clinical effects can also be attained in
cryotherapy.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a configuration diagram of an MRI apparatus etc.
used in the present invention.

FIG. 2 is a block diagram showing a configuration of a
workstation in the MRI apparatus used in the present inven-
tion.

FIG. 3 is a flow chart of a temperature measurement pro-
gram in accordance with a conventional technique and
Embodiment 1 of the present invention.

FIG. 4 is a conceptual diagram of phase variation due to a
temperature change.

FIG. 5 shows an amplitude image (A), a phase image (B),
areal-part image (C), an imaginary-part image (D), a normal-
ized real-partimage (E), and (E) a normalized imaginary-part
image obtained from a complex image captured in a certain
plane containing a liver of a human subject.

FIG. 6 is a flow chart of a temperature measurement pro-
gram in accordance with Embodiments 2 and 3 of the present
invention.

FIG. 7 is a schematic diagram showing a method of attach-
ing an optical positioning apparatus in the method of the
present invention.

FIG. 8(A) shows an amplitude image with a heating needle
provided with a marker; FIG. 8(B) shows determination of an
imaging plane from the position of the marker; and F1G. 8(C)
shows display of a temperature distribution in the determined
imaging plane superimposed over the amplitude image. More
particularly, FIG. 8(A) shows a microwave heating needle
penetrating into a swine liver sample while feeding direct
current (15 mA) to a small-diameter coil wound over the
needle; FIG. 8(B) shows determination of a plane perpen-
dicular to the needle by detecting a dark point caused by
magnetic field inhomogeneity due to the direct current; and
FIG. 8(C) shows aresulting temperature distribution obtained
in the perpendicular plane using the inventive method.

FIG. 9(A) is a phase distribution chart including a heated
portion; FIG. 9(B) is a phase distribution chart in which a
region of interest is defined; FIG. 9(C) is an estimated phase
distribution chart; and FIG. 9(D) is a temperature change
chart superimposed with an anatomical image.

FIG. 10(A)is a schematic chart of FIG. 9(A); FIG. 10(B) is
a schematic chart of FIG. 9(B); FIG. 10(C) is a schematic
chart of FI1G. 9(C); and FIG. 10(D) is a schematic chart of
FIG. 9(D).
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BEST MODE FOR CARRYING OUT THE
PRESENT INVENTION

Several embodiments of the present invention will now be
described with reference to the accompanying drawings.

Embodiment 1

To begin with, a configuration of a medical MRI apparatus
etc. used in the present invention is shown in FIG. 1. The MRI
apparatus is attached with an optical positioning apparatus,
and infrared radiation 4 emitted by the optical positioning
apparatus 2 is imaged by a video camera 6 mounted over the
MRI apparatus main portion. The infrared radiation captured
by the video camera 6 is converted into a position control
signal 10 by a sequential logic box 7 for calculating a position
of a probe 3 in a heating needle or the like attached to the
optical positioning apparatus 2, and sent to a workstation 8. A
personal computer can be employed as the workstation 8. The
position control signal 10 is transmitted to an MR imaging
control unit 9 via the workstation 8 as an imaging plane
adjusting electric signal 11 for controlling an imaging plane.
The MRI apparatus main portion 1 and MR imaging control
unit 9 communicate RF signals 14 and gradient pulses 15 for
capturing a phase distribution image. If no optical positioning
apparatus is employed because the object to be measured is
fixed, an imaging plane is controlled by the workstation 8 to
image the position of the probe checked by an MRIimage. RF
signals sent from the MRI apparatus main portion 1 are con-
verted into image data 12 by the MR imaging control unit 9
and sent back to the workstation 8, then to a monitor 5 as
image data 13, allowing a clinician to conduct heating control
in thermotherapy or the like while viewing the image on the
monitor.

FIG. 2 is a block diagram showing a configuration of the
workstation 8 shown in FIG. 1. The workstation 8 is mainly
comprised of a CPU 16, a ROM 17, a RAM 18, an input/
output interface 19, a reading apparatus 20, an image output
interface 21, and a hard disk 22.

The CPU 16 is capable of executing a program stored in the
ROM 17 and/or a program loaded in the RAM 18. By the CPU
16 executing a computer program for practicing the method
of the present invention, which will be discussed later, the
MRI apparatus and the like shown in FIG. 1 serve as the
temperature measurement apparatus in accordance with the
present invention.

The ROM 17 is comprised of a mask ROM, a PROM, an
EPROM, an EEPROM or the like, in which programs
executed by the CPU 16, data used therein and the like are
recorded.

The RAM 18 is comprised of an SRAM, a DRAM or the
like. The RAM 18 is used for reading programs recorded in
the ROM 17 and hard disk 22. Moreovet, it is used as a
working area for the CPU 16 executing these programs.

The hard disk 22 is installed with several kinds of programs
such as an operating system and application programs to be
executed by the CPU 16 and data used in execution of the
computer programs. The hard disk 22 is also installed with a
computer program for practicing the method of the present
invention.

The reading apparatus 20 is comprised of an FD (flexible
disk) drive, a CD-ROM drive, a DVD-ROM drive or the like,
for reading the computer programs recorded in a portable
recording medium 23 such as an FD for practicing the present
invention. It is also possible to record the computer programs
for practicing the method of the present invention in the
portable recording medium 23, cause the workstation 8 to
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read the computer program for practicing the method of the
present invention from the portable recording medium 23,
and install the computer program into the hard disk 22.

The input/output interface 19 is comprised of a serial inter-
face such as for example USB, IEEE 1394 and RS-232C, a
parallel interface such as SCSI, IDE and IEEE 1284, or an
analog interface comprising a D/A or A/D converter. The
input/output interface 19 is connected with a keyboard 24 and
mouse 25 attached to the workstation 8, and also with a
controller 26 as needed; by operating these input devices,
information regarding adjustment of an imaging plane and
definition of a region of interest, etc. can be supplied to the
workstation 8. Moreover, the input/output interface 19 is con-
nected with the sequential logic box 7 and MR imaging con-
trol unit 9 to receive the position control signal 10 from the
sequential logic box 7, and transmit/receive the imaging
plane adjusting signal 11 and image data 12 to/from the MR
imaging control unit 9.

The image output interface 21 is connected to an image
display device 27 comprising an LCD or CRT, for outputting
image data supplied from the CPU 16 to the image display
device 27. The image display device 27 displays an image
according to the supplied image data. Moreover, the image
output interface 21 is also connected to the monitor 5 attached
to the MRI apparatus main portion 1, allowing the clinician
etc. to view an MR image during treatment.

Next, an operation of the temperature measurement appa-
ratus in accordance with an embodiment of the present inven-
tion will be described. The workstation 8 loads a computer
program for practicing the method of the present invention,
which will be described below, from the hard disk 22 to the
RAM 18, and causes the CPU 16 to execute the program,
whereby the MRI apparatus and the like shown in FIG. 1
including the workstation 8 serve as the temperature measure-
ment apparatus in accordance with the present invention.

Flow charts depicting computer program procedures for
practicing the conventional and inventive methods of measur-
ing a temperature of internal organ or tissue using the MRI
apparatus are shown in FIG. 3.

According to the conventional method (FIG. 3(A)), a phase
distribution is imaged before a temperature change, i.e.,
before thermotherapy on organ or tissue, and the distribution
image is defined as a reference phase distribution image (Step
ST11). Thermotherapy or the like is then conducted, a phase
distribution is again imaged after a temperature change in a
tumor inside the organ or tissue, and the distribution image is
defined as a target phase distribution image (Step ST12). A
phase difference between the images is then calculated by
subtracting the reference phase distribution image from the
target phase distribution image on a pixel-by-pixel basis (Step
ST13), and based on the phase difference, a temperature
distribution is measured (Step ST14). It should be noted that
the subtraction at Step ST13 is achieved by the same calcu-
lation method as that at Step ST3 of the present invention.

Since in the conventional method, the phase distribution is
imaged before and after thermotherapy, there should be a
temporal difference between the reference phase distribution
image and target phase distribution image, and in the interim,
organ or tissue may move or the magnetic field tends to vary,
leading to a drawback of inaccurate temperature measure-
ment. Moreover, to accurately perform the pixel-by-pixel
subtraction, the imaging plane must be fixed and organ or
tissue to be measured must remain at the same position and in
the same shape.

As opposed to that, according to the present invention
(FIG. 3(B)), thermotherapy or the like is first conducted on
organ or tissue, and a phase distribution image of the organ or
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tissue is captured at a certain temperature point after a tem-
perature change. During thermotherapy or the like, an in-
body penetrating portion of a heating or cooling apparatus is
accurately guided to a tumor region based on an MRI image.
The tumor region is then imaged to capture a temperature
change, and a baseline phase image is obtained at the tem-
perature point (Step ST1). The baseline phase image is a
phase image including a portion at which a temperature
change takes place, and since the position at which a tempera-
ture takes place is known beforehand as the vicinity of the tip
of the initially checked in-body penetrating portion of the
heating apparatus or the like, the operator inputs advance
information on the position of the vicinity of the in-body
penetrating portion to the computer to cause the computer to
define the vicinity of the tip as a region of interest based on the
information, and estimate a phase distribution in the region of
interest from a phase distribution in a portion surrounding the
region of interest (Step ST2). This estimation is applicable to
organ or tissue that has a nearly homogeneous interior with a
sufficiently larger portion that undergoes no temperature
change than a portion at which a temperature change takes
place, such as, for example, a liver. Specifically, since in such
organ or tissue, phase variation is smooth around the region of
interest in which a temperature change takes place, and ther-
motherapy or the like will not result in a temperature change
all over the organ or tissue, a phase distribution in the region
of interest can be mathematically estimated from a phase
distribution in a portion surrounding the region of interest by
applying higher-order rational polynomial fitting by a linear
least squares method, functional fitting by a non-linear least
squares method, a finite element method or the like.

Next, complex conjugates of the phase in the baseline
phase image and estimated phase image are multiplied with
each other and an arctangent (tan™') of the product is calcu-
lated to thereby subtract the estimated phase image from the
baseline phase image on a pixel-by-pixel basis and measure a
phase difference in the region of interest (Step ST3).

Finally, a distribution of a temperature change is deter-
mined from the phase difference distribution (Step ST4).
Similarly in cryotherapy, a temperature distribution in the
region of interest can be obtained, although a temperature
drops in the region of interest. The temperature change in the
region of interest thus obtained can be output to a monitor or
the like superimposed over an anatomical image of organ or
tissue captured by MRIL.

The temperature change measurement apparatus of the
present invention comprises: means of acquiring a measured
phase distribution image of organ or tissue at a certain tem-
perature point after a temperature change corresponding to
Step ST1; means of defining a region of interest including a
certain position in the acquired measured phase distribution
image, means of estimating a phase distribution of complex
magnetic resonance signals before a temperature change in
the region of interest based on a phase distribution of complex
magnetic resonance signals in a portion surrounding the
region of interest, and means of producing an estimated phase
distribution image based on the estimated phase distribution
corresponding to Step ST2; means of calculating the amount
of phase variation by conducting subtraction between the
measured phase distribution image and estimated phase dis-
tribution image on a pixel-by-pixel basis, and means of pro-
ducing a phase distribution image representing the amount of
phase variation of complex magnetic resonance signals
caused by the temperature change in the region of interest
corresponding to Step ST3; and means of calculating a tem-
perature change from the phase distribution image represent-
ing the amount of phase variation corresponding to Step ST4;
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these means are all implemented by calculating input signals
at the workstation 8 shown in FIG. 1, and the calculation is
conducted by reading the means into the calculating appara-
tus.

The method of estimating a phase distribution at Step ST2
of the present invention will now be particularly described.
The estimation of a phase distribution according to the
present invention refers to a process of assuming a math-
ematical model representing a phase distribution, and opti-
mizing the model based on measured data. For example, if a
cubic function is employed as a mathematical model repre-
senting a phase distribution in rational function fitting by a
linear least squares method (for simplification, only a one-
dimensional spatial direction is considered here), the process
comprises optimizing coefficients in a model function as fol-
lows:

d=ax+bx’ex+d

based on measured data, and the coefficients a-d are deter-
mined such that a residual square sum of a value of the model
function and the measured value is minimized. In practice, a
phase distribution is estimated by considering such a rational
function in two-dimensional spatial directions and conduct-
ing fitting to a curved surface, rather than a curved line. In this
case, although the coefficients may be fitted to functions
having the same order in X- and Y-directions, they may be
fitted to functions having different orders.

Next, FIG. 4 will be referred to to particularly explain
subtraction of a phase distribution at Step ST3 of the present
invention and at Step ST13 of the conventional method. In
FIG. 4, a horizontal axis represents a real part (Re), and a
vertical axis represents an imaginary part (Im). In FIG. 4, ¢
designates a phase, S designates a complex magnetic reso-
nance signal and A designates an amplitude, and a subscript 1
represents a value before a temperature change and a sub-
script 2 represents a value after a temperature change.

Before a temperature change, a relationship: S,=c,+jf3,
holds. Since o, =A, cos ¢, and ,=A, sin ¢, S;=A, exp($,)
is obtained from the Euler’s formula exp(j¢)=cos ¢+j sin ¢;
Similarly, after a temperature change, S,=A, exp(j9,) is
obtained. While the phase difference can be determined from
o, =tan"'(S,)-tan"(S,), if, for example, ¢, is -0.67 and
¢, is 0.8m, simple subtraction gives ¢,-¢,=0.8w—(-0.67)
=1.47. However, taking account of the fact that the original
phase is calculated by an arctangent function (tan™") having a
return value [-, xt], the subtraction is ¢,—¢,=0.8m—-(-0.67+
2m)=-0.6x by rights. Thus, to conduct phase subtraction
including a case of two phase values across the border
between the second and third quadrants of a complex plane (a
negative portion of a real axis), according to the present
invention, phase subtraction employing complex conjugates
as given below is introduced, as in the conventional method.
Specifically, multiplying S, with a complex conjugate of S,
gives:

8752 = Arexp(—jéy ) - Azexp(jig,)
= (a1 = jp ez + jBy)
=@+ ifh + jl@1fr - aa ),

and then,

$2—¢1 = arg(S] -S2)
=tan (a1 By - @B /(w10 + B B))
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can be obtained. In this equation, arg designates a phase
angle, and * represents a complex conjugate. Since in the
equation, the phase difference is obtained as a function value
oftan™?, a correct phase difference can be calculated without
correction of 2rt. The phase difference is a dimensionless
amount, and its unit is radian (rad). Substituting EQ. 1 with
the phase difference ¢,—¢,=(A¢,,) obtained by the calcula-
tion method, a temperature difference AT can be obtained.
According to the temperature measurement method of the
present invention, since a temperature of a heated point is
measured by self-referencing one phase distribution image at
a certain temperature point, it is possible to completely
exclude an effect of body motion and magnetic field variation
that could not be avoided in the conventional method even by
fixing the object to be measured. Moreover, since only aphase
distribution chart of a water proton chemical shift is imaged,
the imaging time is as short as ca. two seconds, and it is
possible to significantly reduce the imaging time as compared
to a method of estimating a phase distribution from the pro-
ton’s resonance frequency of a material other than water that
requires about one minute for one image. Thus, accuracy of
temperature measurement is drastically improved.

Embodiment 2

The configuration ofa temperature measurement apparatus
in accordance with the present embodiment is similar to that
of Embodiment 1.

An amplitude image, a phase image, a real-part image and
an imaginary-part image obtained from a complex image
captured in one plane including a human liver are shown in
FIGS. 5(A)-5(D), respectively.

In Embodiment 1, a phase image before a temperature
change is estimated from a reference phase image after a
temperature change, and a phase distribution may contain a
portion in which phase transition from -z to 7 occurs. Thus,
if phase transition occurs in the vicinity of a portion at which
a temperature change takes place, i.e., in a portion surround-
ing the region of interest, a phase distribution in a portion
surrounding the region of interest becomes rough. Then, an
estimation error increases in estimating a phase distribution
in the region of interest from a phase distribution in a portion
surrounding the region of interest at Step ST2. For example,
while in the amplitude image of FIG. 5(A) usually used in
diagnosis, the liver can be observed on the left side of the
image, there occurs phase transition in the liver, especially in
the X-direction, in the phase image of FIG. 5(B).

Since a phase difference is

Ady = ¢ — @1 =arg(S] - S2)
= tan”' (57 - $y),

the phase

difference A can also be directly calculated using complex
magnetic resonance signals S; and S,. In other words, if
complex magnetic resonance signals S, before a temperature
change can be directly estimated from complex magnetic
resonance signals S, after a temperature change, a phase
difference can be calculated without estimating the phase.
Since S,=0,+]f,, &,=A, cos ¢, and f,=A, sin §., there is
given S,=A, cos $,+jA, sin ¢, and a spatial distribution of S,
is continuously represented by a function having a cos-type
real part and a sin-type imaginary part. Thus, rather than
estimating a phase distribution before a temperature change
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by directly applying higher-order rational polynomial fitting
by a linear least squares method and the like to a phase
distribution after a temperature change, a region of interest is
defined in the same position in a real-part image and an
imaginary-part image of complex magnetic resonance signals
S, after a temperature change, a distribution of real-part reso-
nance signals and imaginary-part resonance signals in the
region of interest is estimated from a distribution of measured
real-part resonance signals and measured imaginary-part
resonance signals in a portion surrounding the region of inter-
est to estimate complex magnetic resonance signals S, before
a temperature change, whereby an effect of phase transition
from —m to +m occurring in the phase distribution can be
eliminated, and a temperature change in the region of interest
can be more accurately measured from a phase difference
between phases before and after a temperature change.

According to the present embodiment, the same position in
areal-part image and an imaginary-part image is defined as a
region of interest so as to include a portion at which a tem-
perature change takes place, and a real-part image and an
imaginary-part image before a temperature change are esti-
mated based on a distribution of real-part and imaginary-part
signals in a portion surrounding the region of interest.

Embodiment 3

The configuration of the temperature measurement appa-
ratus in accordance with the present embodiment is similar to
that in Embodiments 1 and 2.

Since in a measured real-part image and a measured imagi-
nary-part image, fat tissue etc. having a high water content is
bright and bones etc. having a low water content is dark,
smoothness of the signal distribution may sometimes be cor-
rupted by brightness. Now normalizing a measured real-part
image and a measured imaginary-part image by dividing
them by an amplitude A, on a pixel-by-pixel basis in the
aforementioned Embodiment 2, S,/A,=cos ¢,+ sin ¢, is
obtained, in which the right-hand side is expressed only by
cos and sin functions. In other words, a real-part image and an
imaginary-part image independent of a distribution of bright-
ness are obtained. By using thus-normalized real-part and
imaginary-part images, still more accurate estimation of real-
part resonance signals and imaginary-part resonance signals
in the region of interest can be obtained, and a temperature
change in the region of interest can be more accurately mea-
sured from a phase difference after a temperature change.
Particularly, normalization is performed by dividing the real-
part image of FIG. 5(C) and the imaginary-part image of FIG.
5(D) by the amplitude image of FIG. 5(A) on a pixel-by-pixel
basis.

Normalized versions of the images of FIGS. 5(C) and (D)
are show in FIGS. 5(E) and 5(F), respectively. The normal-
ized real-part/imaginary-part images have a value of one in
the brightest portion and minus one in the darkest portion (as
an amplitude of cos and sin functions). In FIGS. 5(E) and (F),
these values are assigned to highest and lowest brightness in
the image to determine grayscales. Comparing FIGS. 5(E)
and (F) with the phase image shown in FIG. 5(B), edges of
streaks become smooth and fitting with a rational function is
facilitated.

A flow chart depicting a program procedure for practicing
the method of measuring a temperature of internal organ or
tissue in Embodiments 2 and 3 of the present invention is
shown in FIG. 6.

Thermotherapy or the like is conducted on organ or tissue,
a real-part image and an imaginary-part image of complex
magnetic resonance signals from the organ or tissue are cap-
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tured at a certain temperature point after a temperature
change, and a measured real-part image and a measured
imaginary-part image of a tumor region are obtained at the
temperature (Step ST21). If more accurate temperature mea-
surement is to be conducted, the measured real-part image
and measured imaginary-part image are subsequently divided
by an amplitude on a pixel-by-pixel basis for normalization to
eliminate an effect of brightness (Step ST22). Since the mea-
sured real-part image and measured imaginary-part image are
images including a portion in which a temperature change
takes place, an operator inputs advance information on the
position of the vicinity of the tip of the heating apparatus or
the like to the computer, and the computer defines the vicinity
of the tip as a region of interest based on the information (Step
ST23). A signal distribution in the region of interest in the
measured real-part image and measured imaginary-part
image after a temperature change is estimated from a signal
distribution in a portion surrounding the region of interest in
a similar manner to that at Step ST2 (Step ST24). Since in the
estimation at Step ST24, real-part resonance signals are dis-
tributed in a cos-type continuous function and imaginary-part
resonance signals are distributed in a sin-type continuous
function as described above, the estimation has higher accu-
racy than that at Step ST2 of Embodiment 1 in which a phase
distribution is estimated, because the estimation at Step ST24
is insusceptible to phase transition.

Next, complex magnetic resonance signals S, before a
temperature change are estimated from the estimated real-
part image and estimated imaginary-part image, and a phase
difference between S, and S, is calculated on a pixel-by-pixel
basis (Step ST25). In particular, at Step ST25,

$2— &1 = arg(5] -52)

= tan H(e1 By - mPi)/(@ren + Bi f))

is calculated on a pixel-by-pixel basis as in Step ST3 of
Embodiment 1. Specifically, complex conjugates of complex
magnetic resonance signals are multiplied with each other,
and an arctangent of a ratio between a real part and an imagi-
nary part of the product is calculated to calculate a phase
difference between the measured complex image and esti-
mated complex image on a pixel-by-pixel basis.

Finally, a distribution of a temperature change is deter-
mined from the distribution of the phase difference (Step
ST26).

The temperature change measurement apparatus in accor-
dance with Embodiment 2 of the present invention comprises:
means of acquiring a measured real-part image and a mea-
sured imaginary-part image of measured complex magnetic
resonance signals of organ or tissue at a certain temperature
point after a temperature change corresponding to Step ST21,
means of defining a region of interest including a certain
position in the acquired measured real-part image and mea-
sured imaginary-part image corresponding to Step ST23;
means of estimating a real-part distribution and an imaginary-
part distribution of complex magnetic resonance signals in
the region of interest before a temperature change based on
the real-part distribution and imaginary-part distribution of
complex magnetic resonance signals in a portion surrounding
the region of interest corresponding to Step ST24; means of
calculating the amount of phase variation by calculating a
phase difference between the measured complex image and
estimated complex image on a pixel-by-pixel basis, and
means of producing a phase distribution image representing
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the amount of phase variation of complex magnetic resonance
signals caused by a temperature change in the region of inter-
est corresponding to Step ST25; and means of calculating a
temperature change from the phase distribution image repre-
senting the amount of phase variation corresponding to Step
ST26; these means are all implemented by calculating input
signals at the workstation 8 shown in FIG. 1, and calculation
is conducted by reading the means into the calculating appa-
ratus.

The temperature change measurement apparatus in accor-
dance with Embodiment 3 of the present invention further
comprises means of normalizing the measured real-part
image and measured imaginary-part image by dividing them
by an amplitude on a pixel-by-pixel basis corresponding to
Step ST22, in addition to the means described above.

Embodiment 4

Next, description will be made hereinbelow on a method of
capturing a desired optimal MRI complex image by identify-
ing a position of heated point or cooled point in thermo-
therapy or cryotherapy following body motion using an opti-
cal positioning apparatus, which is another object of the
present invention. The key to success of thermotherapy: or
cryotherapy is heating or cooling control based on accurate
temperature measurement of a heated or cooled portion; in
the conventional temperature measurement method accord-
ing to a phase imaging technique, a temperature is measured
based on subtraction of a reference phase image before a
temperature change from a target phase image after a tem-
perature change as described above, and therefore, if the
object to be measured moves between the times before and
after a temperature change, reliability of the estimated tem-
perature value is significantly corrupted to inhibit tempera-
ture measurement.

FIG. 7 is a schematic diagram of a method of attaching an
optical positioning apparatus during thermotherapy on a liver
tumor in an animal subject, including a human subject, in
accordance with the method of the present invention. Accord-
ing to the present inverntion, an optical positioning apparatus
28 is perpendicularly attached to an upper portion of a heating
needle 29 of a heating apparatus in thermotherapy. The tip of
the heating needle is guided to a tumor 31 in a liver 30, which
is apoint to be heated, using an MRI image. Thereafter, as the
tip of the heating needle, i.e., the tumor (heated point) 31,
moves with body motion, the top surface of the optical posi-
tioning apparatus also moves, with the tip of the heating
needle acting as an effort point, an abdominal wall acting as a
fulcrum, and the optical positioning apparatus acting as a
resistance point. By detecting infrared radiation 34 emitted
from three LED’s on the top surface of the optical positioning
apparatus by a video camera attached to the MRI apparatus,
the orientation of the top surface of the optical positioning
apparatus can be known, and since the tumor lies at a position
perpendicularly away from the center of the positioning appa-
ratus by a length of the heating needle, the position of the
tumor can be accurately known regardless of body motion.
Thus, it is possible to change an imaging cross-sectional
plane 32 according to motion of the tumor. The same applies
to cryotherapy.

Particularly, an MRI apparatus has MRI coordinate axes:
an X-axis in a right-and-left (horizontal) direction of a sub-
ject, a Y-axis in a front-and-back (vertical) direction, and a
Z-axis in an up-and-down (opposite) direction. On the other
hand, the optical positioning apparatus also has its coordinate
axes: a Y-axis in a direction perpendicular to the apparatus, a
Z-axis in a direction along a stick portion to which a referen-
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tial LED is attached, and an X-axis in a direction perpendicu-
lar to these axes. Since the MRI coordinate axes are fixed,
infrared radiation emitted from the LED of the optical posi-
tioning apparatus can be detected by a video camera attached
to an upper portion of the MRI apparatus to thereby detect
motion of the optical system coordinate axes, and the com-
puter incorporated in the MRI apparatus can match the MR
coordinate axes with the optical system coordinate axes. By
such matching by the computer when the heating needle or
the like moves with movement of the organ or the like, imag-
ing in an orthogonal imaging plane intersecting an extension
of the heating needle or the like including the tip of heating
needle or the like at which a temperature change takes place
can be achieved following body motion. Moreover, by cap-
turing a plurality of complex images in planes parallel to the
orthogonal plane, itis possible to three-dimensionally know a
temperature distribution.

On the other hand, since the heating needle or the like is
perpendicularly attached to the center of the optical position-
ing apparatus, imaging in parallel planes at a certain angle
with respect to the optical positioning apparatus can be
achieved even if organ or the like moves. Moreover, by cap-
turing a plurality of complex images at a plurality of angles,
itis possible to know a temperature distribution in a direction
horizontal with respect to the heating needle or the like.

In continuous imaging in mutually orthogonal planes, the
planes are determined to include a heated point at their
respective centers. Specifically, the planes are determined
such that the heated point lies at an intersection of the two or
three orthogonal planes. While the angle of the group of
planes is arbitrarily selected except that they should be
selected such that any one of them does not include the
heating needle, it is most preferably 45° so that an angle
formed between a plane and the heating needle or the like is
large for every plane. Specifically, taking an axis of the heat-
ing needle or the like as a reference, an imaging plane is
determined such that all normal vectors of the three mutually
orthogonal planes form 45° with respect to a direction vector
of the axis. While imaging in parallel planes may be done at
an arbitrary angle except that any one of the planes should not
include the heating needle, it is most preferably 90°.

Furthermore, since the optical positioning apparatus can be
used to conduct imaging such that the tip ofthe heating needle
orthelike, i.e., a position at which a temperature change takes
place, tracks body motion according to the present invention,
it is possible to program in advance a second imaging plane
that is to be imaged next or later with respect to the first
imaging plane. Thus, in the conventional technique, a next
imaging plane must be determined every time an image is
captured and there occurs an interval time between imaging
sessions in continuous imaging; however, such an interval
time is eliminated according to the present invention and it is
possible to sequentially image a plurality of desired phase
distributions in the shortest period of time. Such a program
can be executed by any clinical MRI apparatus provided with
the optical positioning apparatus.

Embodiment 5

A heated point can be more accurately determined by
applying a marker 33 beforehand to the heating needle of
Embodiment 4, checking the position of the heating needle by
the optical positioning apparatus to determine a plane includ-
ing the region to be heated, and then detecting the marker in
an image. For example, by providing a bushing partially
covering the heating needle, disposing a plurality of inductor
elements (coils) on the bushing, and feeding direct current to
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the inductor elements or receiving magnetic resonance sig-
nals by the inductor elements, it is possible to generate a
region in the vicinity of the inductor elements with magnetic
field inhomogeneity or with high signal intensity. The posi-
tion of the marker can be detected as a low-brightness region
in an MR image when direct current is fed to the inductor
elements, or as a high-brightness region when magnetic reso-
nance signals are received by the inductor elements. It should
be noted that a single inductor element may be disposed at the
tip of the heating needle to allow for a check of the position of
the heated portion.

Moreover, a contrast agent may be applied to the heating
needle as a marker to detect the position of the marker as a
low-brightness region in an MR image.

Furthermore, an induction electromotive force induced by
a plurality of inductor elements disposed on the heating
needle in the gradient magnetic field can be detected to
numerically detect the position of the inductor elements in
proportion to the induction electromotive force.

When a plurality of markers are disposed, a heated region
or the like can be accurately detected even if the heating
needle bends inside the organ, and the position of the heated
point can be more accurately checked as compared to a case
in which a check is made only by the optical positioning
apparatus. Moreover, a more accurate check of the position of
the heated point allows a complex image to be captured in a
more appropriate plane, and more accurate temperature mea-
surement of the heated point can be achieved.

FIG. 8(A) shows an amplitude image when a microwave
heating needle provided with small-diameter coils as inductor
elements is inserted into a swine liver and the coils are fed
with direct current of 15 mA. In FIG. 8(A). the coils lie at
positions indicated by arrows, and their positions are detected
as a low-brightness region, i.e., dark points by feeding direct
current to them.

Since the heating needle lies on a line connecting these
dark points, it is possible to determine a plane perpendicular
to the heating needle, as indicted by a dashed line in FIG.
8(B). In this way, the effect of turbulence of the magnetic field
generated by the heating needle can be reduced to the least in
a complex image captured in a plane perpendicular to the tip
of the heating needle, thus allowing for temperature measure-
ment with high accuracy.

A complex image is captured in a plane indicated by a
dashed line in FIG. 8(B), a temperature distribution is mea-
sured in the vicinity of the heated point according to Embodi-
ment 3 of the present invention, and the result is superim-
posedover the amplitude image, which is shown in F1G. 8(C).

The present invention will now be described in more detail
with reference to examples. However, it should be noted that
the present invention is not limited to the examples unless
they depart from the scope of the invention.

EXAMPLE 1

In a specific example of Embodiment 1 of the present
invention, a living pig (healthy; weight: ca. 20 kg) was put
under general anesthesia, then laid in an imaging position in
an open MRI gantry, and a microwave heating needle was
inserted into its liver to conduct preparatory experimentation
on the supposition that microwave thermotherapy was to be
applied to a liver cancer. In this example, an MRI apparatus
employed was Signa SPi manufactured by GE Medical Sys-
tems, and a heating apparatus was Microtase Model AZM-
520 manufactured by Azwell, Co., Ltd. (power; 10-110 W).

First, part of the swine liver was heated like thermotherapy,
and a phase distribution of complex signals from water pro-
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tons after heating was acquired (FIG. 9(A)). In this example,
no optical positioning apparatus was employed, and the posi-
tion of the tip of the heating needle was checked based on a
plurality of anatomical images captured by the MRI appara-
tus.

A region of interest was defined in each cross-sectional
plane of the tip of the heating needle, and a phase distribution
before a temperature change was estimated from phase varia-
tion in a portion surrounding the region of interest (FIG.
9(B)). InFIG. 9(B), a portion of a hatched circle in the center
was defined as a region of interest, and a phase distribution
before a temperature change in the region of interest was
estimated from a phase distribution in a portion surrounding
the region of interest indicated by a white elliptical line. In
such an organ as the liver having the inside nearly uniform
and the volume larger than that of a portion to be heated, a
phase distribution is smooth and a temperature change occurs
in a local portion in the organ, and therefore, a phase distri-
bution in the region of interest can be estimated from variation
of a phase distribution in the surrounding portion. In this
example, a phase distribution was estimated using higher-
order rational polynomial fitting by a linear least squares
method. An estimated phase distribution including a phase
distribution in the region of interest on the assumption that no
temperature change takes place is shown in FIG. 9(C). In the
drawing, a measured phase in a spatial region that is thought
to undergo a temperature rise, i.e., in the region of interest,
was temporarily saved in a memory (or an array in a C-lan-
guage program), a phase distribution in the region of interest
before a temperature change was estimated from a phase
distribution in the elliptical surrounding portion, and then, the
estimated phase distribution was subtracted from the saved
original measured phase distribution.

Complex conjugates of the measured phase distribution
and estimated phase distribution were multiplied with each
other, and an arctangent of the result was calculated for sub-
traction to measure a temperature change in the vicinity of the
tip of the heating needle assumed to bea tumor. A temperature
change was determined from the phase variation in the region
of interest in this example, and a portion of the temperature
change was superimposed over an anatomical image of the
swine liver, which is shown in FIG. 9(D). Moreover, FIGS.
10(A)-(D) are schematic charts representing FIGS. 9(A)-(D).
FIGS. 10(A)-10(C) schematically show the original phase
distribution chart by connecting a border of a portion having
the same color with a solid line.

In this example, a phase distribution in the region of inter-
est estimated using higher-order rational polynomial fitting
by a linear least squares method closely approximates to a
measured phase distribution in the region of interest of the
swine liver, in which an error between a measured tempera-
ture and an estimated temperature under application of a
cubic function was 3.3° C.

COMPARATIVE EXAMPLE 1

A temperature measurement obtained by subtraction of
phase distributions before and after heating based on the
conventional method and using the same apparatus and the
like as that in the present invention resulted in an error
between a measured temperature and a calculated tempera-
ture of 34.0° C.

EXAMPLE 2

A healthy adult male human subject was laid in an imaging
position in the same MRI gantry as that in Example 1, and a
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phase image and a complex magnetic signal image ofa region
including the liver were captured to calculate a temperature
error in Embodiments 1 and 3 of the present invention. Since
no heating was applied, a theoretical temperature change
should be 0° C. The measurement was made in a similar
manner to that in Example 1, except that the liver of a healthy
male human subject was imaged and no heating was applied.

COMPARATIVE EXAMPLE 2

Two phase distribution images were captured in the same
imaging plane with the body fixed and respiration held, and
the images were subjected to subtraction on a pixel-by-pixel
basis to calculate a temperature change according to the con-
ventional method.

As for Example 2 and Comparative Example 2, an average
error and a standard deviation (SD) in a circular ROI of a
radius of 18 pixels, i.e., an ROI of 1,018 pixels, in one imag-
ing session are shown in Table 1.

TABLE 1
Self-
Referencing
Self- Complex Fitting
Conventional Referencing (Inventive
Method  Phase Fitting Method)
No phase Ave. error 5.65 5.06 5.22
transition in [ C.]
ROI SD[°C] 4.26 3.94 3.96
Phase Ave, error 55.86 31.51 8.61
transition in  [° C.]
ROI SD[°C] 58.12 33.14 8.23

When imaging was conducted in a plane having no phase
transition in the region of interest, there was no recognizable
difference in an average error between the conventional
method in which a temperature change is calculated from a
phase difference between two phase distribution images, and
two techniques according to the embodiments of the present
invention because the position of the liver did not move.

However, when imaging was conducted in a plane having
phase transition in the region of interest, the conventional
method had an average error greater than 55° C., and Embodi-
ment 1 of the present invention 1 also had an average error
greater than 30° C. On the other hand, an average etrror in
Embodiment 3 of the present invention was 8.6° C., which
was about 17 of that in the conventional method, and about Y4
of that in Embodiment 1.

Thus, even if imaging was conducted in a plane having
phase transition in a region of interest, the temperature mea-
surement method according to Embodiment 3 of the present
invention was capable of reducing an effect of the phase
transition, and achieved temperature measurement of the
inside of the liver with a significantly smaller error than that
in the conventional method.

As demonstrated by Examples 1 and 2, the method of the
present invention has a smaller error between a measured
temperature and an estimated temperature than that in the
conventional method. In the conventional method, body
motion may cause an error between a measured temperature
and an estimated temperature as much as several tens of
degrees Celsius; on the other hand, the method of the present
invention can be regarded as a temperature measurement
method fully practical in treatment requiring heating or cool-
ing control in a wide range of temperature.

Thus, according to the method of the present invention, a
phase distribution chart can be obtained in an optimal cross-
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sectional plane by using an optical positioning apparatus even
if a region to be measured moves with body motion, and
non-invasive temperature measurement on the inside of inter-
nal organ or tissue is accurately achieved with an effect of
body motion and magnetic field variation completely elimi-
nated by estimating a distribution of phase variation in a
region of interest by self referencing to eliminate a process of
subtraction between phase distributions before and after a
temperature rise.

INDUSTRIAL APPLICABILITY

The present invention overcomes drawbacks in conven-
tional temperature measurement by a phase imaging tech-
nique using MRI, whereby accurate temperature measure-
ment of the inside of internal organ or tissue is achieved
without being affected by body motion and variation in tissue
magnetic susceptibility, and not to mention direct contribu-
tion to tumor treatment of animals including human patients
by optimal heating control, the present invention may be used
as auxiliary means for training of temperature control in
thermotherapy or cryotherapy using an experimental animal
or an extracted animal organ for a clinician or veterinarian
conducting thermotherapy or cryotherapy. Furthermore, the
method and apparatus of the present invention also tend to
development of medical instruments including a new MRI
apparatus, heating apparatus or the like that uses the inventive
method and apparatus.

The invention claimed is:

1. A method for measuring a temperature change during a
heating or cooling therapeutic procedure in a region of inter-
est inside an object comprising the steps of:

when a local temperature change takes place in a certain

position inside an object, acquiring a measured phase
distribution image representing a temperature distribu-
tion inside said object using, as a temperature indicator,
a phase of complex magnetic resonance signals from
water protons inside said object observed by a magnetic
resonance tomographic imaging technique;

defining a certain position in said acquired measured phase

distribution image as a region of interest;
estimating a phase distribution of complex magnetic reso-
nance signals before a temperature change in said region
of interest based on a phase distribution of complex
magnetic resonance signals in a portion surrounding
said region of interest wherein the surrounding portion is
subjected to substantially no temperature change;

acquiring an estimated phase distribution image based on
said estimated phase distribution;

calculating an amount of phase variation of complex mag-

netic resonance signals caused by a temperature change
in said region of interest by conducting subtraction
between said acquired measured phase distribution
image and said estimated phase distribution image on a
pixel-by-pixel basis; and

measuring an amount of a temperature change in said

region of interest based on said amount of variation.

2. The method as defined by claim 1, characterized in
comprising: estimating a phase distribution of complex mag-
netic resonance signals in a region of interest by applying
higher-order rational polynomial fitting by a linear least
squares method, functional fitting by a non-linear least
squares method, or a finite element method to a phase distri-
bution of complex magnetic resonance signals in a portion
surrounding said region of interest.

3. The method as defined by claim 1, characterized in
comprising: conducting subtraction between a measured
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phase distribution image and an estimated phase distribution
image on a pixel-by-pixel basis by multiplying complex con-
jugates of complex numbers of complex magnetic resonance
signals with each other and calculating an arctangent of the
product.

4. The method as defined by claim 1, characterized in
comprising: outputting a distribution image of the amount of
a temperature change based on the amount of phase variation
of complex magnetic resonance signals superimposed over an
anatomical image of organ or tissue acquired by a magnetic
resonance tomographic imaging technique.

5. The method as defined by claim 1, characterized in
comprising: capturing a phase distribution image of complex
magnetic resonance signals in one, two or three orthogonal
planes intersecting an extension of an in-body penetrating
portion of a heating or cooling apparatus during thermo-
treatment or cryo-treatment so as to include a tip of said
in-body penetrating portion, or in two or more parallel planes.

6. The method as defined by claim 5, characterized in
comprising: checking the position of the tip of the in-body
penetrating portion of the heating or cooling apparatus using
an optical positioning apparatus, and capturing a phase dis-
tribution image of complex magnetic resonance signals so as
to include said tip.

7. The method as defined by claim 6, characterized in
comprising: providing a marker at the tip of said in-body
penetrating portion, and checking a position of the tip of said
in-body penetrating portion by detecting said marker in an
MRI image or numerically detecting it.

8. The method as defined by claim 7, wherein: the method
of providing the marker comprises providing the tip of said
in-body penetrating portion with inductor elements or apply-
ing a contrast agent to the tip of said in-body penetrating
portion.

9. The method as defined by claim 5, characterized in
comprising: when target organ or tissue moves with body
motion, capturing a phase image of complex magnetic reso-
nance signals following the movement or covering a range of
the movement.

10. A method for measuring a temperature change during a
heating or cooling therapeutic procedure in a region of inter-
est inside an object comprising the steps of:

when a local temperature change takes place in a certain

positioninside an object, acquiring a real-part image and
an imaginary-part image as measured complex images
incorporating a temperature distribution inside said
object using, as a temperature indicator, a phase of com-
plex magnetic resonance signals from water protons
inside said object observed by a magnetic resonance
tomographic imaging technique;

defining the same position in said acquired real-part and

imaginary-part images as a region of interest;
estimating a distribution of a real part and an imaginary
part of complex magnetic resonance signals before a
temperature change in said region of interest based on a
distribution of a real part and an imaginary part of com-
plex magnetic resonance signals in a portion surround-
ing said region of interest wherein the surrounding por-
tion is subjected to substantially no temperature change;
acquiring an estimated complex image based on said esti-
mated real-part and imaginary-part distribution;
calculating an amount of phase variation of complex mag-
netic resonance signals caused by a temperature change
in said region of interest by calculating a phase differ-
ence between said measured complex image and said
estimated complex image on a pixel-by-pixel basis; and
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measuring an amount of a temperature change in said

region of interest based on said amount of variation.

11. The method as defined by claim 10, characterized in
comprising: estimating a distribution of a real part and an
imaginary part of complex magnetic resonance signals in a
region of interest by applying higher-order rational polyno-
mial fitting by a linear least squares method, functional fitting
by a non-linear least squares method, or a finite element
method to a distribution of a real part and an imaginary part of
complex magnetic resonance signals in a portion surrounding
said region of interest.

12. The method as defined by claim 10, characterized in
comprising: calculating a phase difference between a mea-
sured complex image and an estimated complex image on a
pixel-by-pixel basis by multiplying complex conjugates of
complex numbers of complex magnetic resonance signals
with each other and calculating an arctangent of a ratio
between a real part and an imaginary part of the product.

13. The method as defined by claim 10, characterized in
comprising: outputting a distribution image of the amount of
a temperature change based on the amount of phase variation
of complex magnetic resonance signals superimposed over an
anatomical image of organ or tissue acquired by a magnetic
resonance tomographic imaging technique.

14. The method as defined by claim 10, characterized in
comprising: capturing a phase distribution image of complex
magnetic resonance signals in one, two or three orthogonal
planes intersecting an extension of an in-body penetrating
portion of a heating or cooling apparatus during thermo-
treatment or cryo-treatment so as to include a tip of said
in-body penetrating portion, or in two or more parallel planes.

15. The method as defined by claim 14, characterized in
comprising: checking the position of the tip of the in-body
penetrating portion of the heating or cooling apparatus using
an optical positioning apparatus, and capturing a phase dis-
tribution image of complex magnetic resonance signals so as
to include said tip.

16. The method as defined by claim 15, characterized in
comprising: providing a marker at the tip of said in-body
penetrating portion, and checking a position of the tip of said
in-body penetrating portion by detecting said marker in an
MRI image or numerically detecting it.

17. The method as defined by claim 16, wherein: the
method of providing the marker comprises providing the tip
of said in-body penetrating portion with inductor elements or
applying a contrast agent to the tip of said in-body penetrating
portion.

18. The method as defined by any one of claim 14, charac-
terized in comprising: when target organ or tissue moves with
body motion, capturing a phase image of complex magnetic
resonance signals following the movement or covering a
range of the movement.

19. A temperature change measurement apparatus for mea-
suring a temperature change during a heating or cooling
therapeutic procedure in a region of interest inside an object
comprising:

means for, when a local temperature change takes place in

acertain position inside an object, producing a measured
phase distribution image representing a temperature dis-
tribution of said object using, as a temperature indicator,
a phase of complex magnetic resonance signals from
water protons inside said object observed by a magnetic
resonance tomographic imaging technique;

means for defining a region of interest in said acquired

measured phase distribution image;

means for estimating a phase distribution of complex mag-

netic resonance signals before a temperature change in
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said region of interest based on a phase distribution of
complex magnetic resonance signals in a portion sut-
rounding said region of interest wherein the surrounding
portion is subjected to substantially no temperature
change;

means for producing an estimated phase distribution image

based on said estimated phase distribution;

means for producing a phase difference distribution image

from a phase difference in complex magnetic resonance
signals caused by a temperature change in said region of
interest by conducting subtraction between said
acquired measured phase distribution image and said
estimated phase distribution image on a pixel-by-pixel
basis; and

means for calculating a temperature change from said

phase difference distribution image.

20. The apparatus as defined by claim 19, characterized in
that: said means for estimating a phase distribution applies
higher-order rational polynomial fitting by a linear least
squares method, functional fitting by a non-linear least
squares method, or a finite element method to a phase distri-
bution of complex magnetic resonance signals in a portion
surrounding said region of interest.

21. The apparatus as defined by claim 19, characterized in
that: said means for producing a phase difference distribution
image conducts subtraction between a measured phase dis-
tribution image and an estimated phase distribution image on
a pixel-by-pixel basis by multiplying complex conjugates of
complex numbers of complex magnetic resonance signals
with each other and calculating an arctangent of the product.

22. The apparatus as defined by claim 19, characterized in
comprising: in addition to said means for producing a phase
difference distribution image representing the amount of
phase variation of complex magnetic resonance signals
caused by atemperature change in aregion for interest, means
of outputting a temperature image calculated from said phase
difference distribution image superimposed over an anatomi-
cal image of organ or tissue.

23. The apparatus as defined by claim 19, characterized in
comprising: to capture a measured phase distribution image
or measured complex image, means for checking a tip of an
in-body penetrating portion of a heating or cooling apparatus,
and capturing a phase distribution image or a complex image
of complex magnetic resonance signals in one, two or three
orthogonal planes intersecting an extension of the in-body
penetrating portion of the heating or cooling apparatus, or in
two or more parallel planes.

24. The apparatus as defined by claim 23, characterized in
that: a position of the tip of the in-body penetrating portion of
the heating or cooling apparatus is checked using an optical
positioning apparatus.

25. The apparatus as defined by claim 24, characterized in
that: a marker is provided at the tip of said in-body penetrating
portion, and the position of the tip of said in-body penetrating
portion is further checked by detecting said marker by an MRI
apparatus.

26. The apparatus as defined by claim 25, characterized in
that: said means for providing a marker provides the tip for
said in-body penetrating portion with inductor elements or
applies a contrast agent to the tip of said in-body penetrating
portion.

27. The apparatus as defined by claim 24, characterized in
that: when target organ or tissue moves with body motion, the
position of the tip of the in-body penetrating portion of the
heating or cooling apparatus is checked following the move-
ment or covering a range of the movement.
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28. A temperature change measurement apparatus for mea-
suring a temperature change during a heating or cooling
therapeutic procedure in a region of interest inside an object
comptising:

means for, when a local temperature change takes place in

a certain position inside an object, producing a real-part
image and an imaginary-part image as measured com-
plex images incorporating a temperature distribution of
said object using, as a temperature indicator, a phase of
complex magnetic resonance signals from water protons
inside said object observed by a magnetic resonance
tomographic imaging technique;

means for defining a region of interest in said acquired

measured complex image;
means for estimating a complex image before a tempera-
ture change in said region of interest based on a distri-
bution of a real part and an imaginary part of complex
magnetic resonance signals in a portion surrounding
said region of interest wherein the surrounding portion is
subjected to substantially no temperature change;

means for producing an image representing the amount of
phase variation of complex magnetic resonance signals
caused by a temperature change in said region of interest
by calculating a phase difference between said acquired
measured complex image and said estimated complex
image on a pixel-by-pixel basis; and

means for calculating a temperature change from said

phase distribution image.

29. The apparatus as defined by claim 28, characterized in
that: said means for estimating a phase distribution applies
higher-order rational polynomial fitting by a linear least
squares method, functional fitting by a non-linear least
squares method, or a finite element method to a distribution of
a real part and an imaginary part of complex magnetic reso-
nance signals in a portion surrounding said region of interest.

30. The apparatus as defined by claim 28, characterized in
that: said means for producing a phase difference distribution
image calculates a phase difference between a measured com-
plex image and an estimated complex image on a pixel-by-
pixel basis by multiplying complex conjugates of complex
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numbers of complex magnetic resonance signals with each
other and calculating an arctangent of the ratio between a real
part and an imaginary part of the product.

31. The apparatus as defined by claim 28, characterized in
comprising: in addition to said means for producing a phase
difference distribution image representing the amount of
phase variation of complex magnetic resonance signals
caused by atemperature change in aregion for interest, means
of outputting a temperature image calculated from said phase
difference distribution image superimposed over an anatomi-
cal image of organ or tissue.

32. The apparatus as defined by claim 28, characterized in
comprising: to capture a measured phase distribution image
or measured complex image, means for checking a tip of an
in-body penetrating portion ofa heating or cooling apparatus,
and capturing a phase distribution image or a complex image
of complex magnetic resonance signals in one, two or three
orthogonal planes intersecting an extension of the in-body
penetrating portion of the heating or cooling apparatus, or in
two or more parallel planes.

33. The apparatus as defined by claim 32, characterized in
that: a position of the tip of the in-body penetrating portion of
the heating or cooling apparatus is checked using an optical
positioning apparatus.

34. The apparatus as defined by claim 33, characterized in
that: a marker is provided at the tip of said in-body penetrating
portion, and the position of the tip of said in-body penetrating
portion is further checked by detecting said marker by an MRI
apparatus.

35. The apparatus as defined by claim 34, characterized in
that: said means of providing a marker provides the tip for
said in-body penetrating portion with inductor elements or
applies a contrast agent to the tip of said in-body penetrating
portion.

36. The apparatus as defined by claim 33, characterized in
that: when target organ or tissue moves with body motion, the
position of the tip of the in-body penetrating portion of the
heating or cooling apparatus is checked following the move-
ment or covering a range of the movement.

L S S T



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 7,505,805 B2 Page 1 of 1
APPLICATION NO. : 10/564169

DATED : March 17, 2009

INVENTOR(S) : Kuroda

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

On the Title page Item (73) Assignee, after “Foundation for Biomedical
Research and Innovation, Hyogo (JP)” insert --; GE Medical Systems Global
Technology Company, LLC, Waukesha, WI (US)--.

Signed and Sealed this

Thirtieth Day of June, 2009

A O.4f

JOHN DOLL
Acting Director of the United States Patent and Trademark Office




patsnap

THBEFROE) FERHMERMERBRARNBESE/BEEHRIEFIFEARAITBEES TNEFEMEE
DFH(RE)S US7505805 NIF(AEH)A 2009-03-17
HiES US10/564169 RiFH 2004-07-09

FRIEFE(EFR)AGIR) BHEHKAGAYAKI
i (E R AGR) ZHKAGAYAKI

HAHRBHEANRAE) BRBESETRELRERARLT , AREELH

[FRIRBAA KURODA KAGAYAKI

RBAAN KURODA, KAGAYAKI

IPCH %S A61B5/05 GO1R33/28 A61B5/00 A61B5/055 GO1R33/48 GO1R33/54
CPCH¥S G01R33/4804 A61B5/015 A61B5/055

LR 2003415330 2003-12-12 JP

2003273651 2003-07-11 JP
H AN FF 3Tk US20070055140A1

SNEBEEHE Espacenet  USPTO

HE(E)
—EAMRIRSN BHERE AR ENTOEGNRS =, BEITF
FIRET LK BA BRI A IMEN %115 B RBET S WIS M7
EHBCEHOEENE  UBEATRE S KRTHERLIFES 1
WS, AETHEERER (L2 AMNALS T, NERIE MR ; g
EWADRKSROBESHET (BSE )  NEREETLZHRM 7
ZEHNERGHRELE, B ERHAEESNTHNE DR GN 8
BNRETLRKE AL KSR ST | it B SRR \d
HE TURSEENRNEE. ERES LA MEENEESS 2 124 1
HETEESSH , MTR/N R TR K 4 f M- B+ TR 3

TEMETHRE, ok, DEENBOBS B, bTUEBIAAERN 14
B$EMRE  BYSERGERS RS RNBEE, _':_O :

~10

e

o}

S
[]

]



https://share-analytics.zhihuiya.com/view/993dc9e0-70e1-4bc7-889c-3d904113e57e
https://worldwide.espacenet.com/patent/search/family/034067380/publication/US7505805B2?q=US7505805B2
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=7505805.PN.&OS=PN/7505805&RS=PN/7505805

