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ULTRASONIC MEDICAL DEVICE

TECHNICAL FIELD

[0001] The present invention relates to an ultrasound medi-
cal apparatus that measures coagulation of a tissue.

BACKGROUND ART

[0002] A treatment method is known in which a high inten-
sity focused ultrasound (HIFU) is irradiated onto, for
example, aliving body, and a treatment site such as a tumor is
heated and coagulated using acoustic energy of the ultra-
sound.

[0003] It is known that when a tissue is heated and coagu-
lated, an elastic modulus (Young’s modulus) of the tissue is
increased after the coagulation. In addition, because a rela-
tively intense ultrasound such as HIFU generates a radiation
force in the direction of travel of the ultrasound, for example,
a displacement of about 10-100 pm (micrometers) can be
caused at a tissue at a focal point site of the HIFU ultrasound
beam.

[0004] Because of this, it is possible to cause a displace-
ment at the tissue with a relatively intense ultrasound such as
HIFU and measure a reduction of the displacement due to the
increase in the elastic modulus, and to consequently observe
the coagulation of the tissue. For example, by modulating the
amplitude of the HIFU ultrasound wave with a modulation
frequency of f,, to vary the intensity of the radiation force, a
vibration may be excited at the tissue of the focal point site,
and a displacement or a rate of the vibration may be measured
by an ultrasound diagnostic apparatus.

[0005] A method of detecting the coagulation of the tissue
using this principle and mapping a detection result thereof on
an image is known as HMI (Harmonic Motion Imaging)
(refer to Patent Documents 1 and 2). Because the frequency of
the radiation force and the vibration of the tissue is twice the
modulation frequency f,,, this method is called HMI.

RELATED ART REFERENCES

Patent Documents

[0006] Patent Document 1: US2005/0004466 A
[0007] Patent Document 2: US2007/0276242 A
DISCLOSURE OF INVENTION
Technical Problem
[0008] In the treatment using the HIFU, it is desirable to

suitably control HIFU according to the status of the coagula-
tion at the treatment site. This is because, in the irradiation of
HIFU to the living body, the attenuation and the influence of
the phase distortion on the focal point sound pressure vary
dueto the difference in the acoustic characteristics of a propa-
gation route of the HIFU depending on individual patients,
and because it is difficult to optimize parameters for treatment
in advance due to a change in the energy necessary for coagu-
lation caused by a difference in cooling effect corresponding
to a difference in bloodstream near the focal point. For
example, if a time when the coagulation is started at the
treatment site or a time when the coagulation is completed to
a target size can be known, the HIFU irradiation can be
controlled according to these times or the like.

May 5, 2016

[0009] 1In such circumstances, the present inventors have
researched and developed for a technique for measuring
coagulation of the tissue using ultrasound.

[0010] The present invention has been made as a result of
this research and development, and an advantage thereof is
that ameasurement precision is improved in the measurement
of coagulation of the tissue using ultrasound.

Solution to Problem

[0011] According to one aspect of the present invention,
there is provided an ultrasound medical apparatus compris-
ing: a displacement wave processor that forms a displacement
ultrasound beam and causes displacement of a tissue at a site
of interest; a measurement wave processor that forms a mea-
surement ultrasound beam and obtains a reception signal
from the site of interest; a modulation controller that controls
a modulation process for the displacement ultrasound beam;
a displacement measurement unit that measures a displace-
ment of a tissue at the site of interest based on a reception
signal obtained through the measurement ultrasound beam;
and a coagulation measurement unit that measures a coagu-
lation of a tissue at the site of interest based on a measurement
result of the displacement, wherein the modulation controller
controls the displacement wave processor to apply a modu-
lation process to the displacement ultrasound beam using a
relatively high modulation frequency and a relatively low
modulation frequency, the displacement measurement unit
measures a displacement of the tissue at the site of interest for
each of the modulation frequencies, and the coagulation mea-
surement unit measures a local coagulation at the site of
interest, based on a measurement result of the displacement
with the relatively high modulation frequency, and measures
coagulation of a wide area at the site of interest based on a
measurement result of the displacement with the relatively
low modulation frequency.

[0012] In the above-described configuration, the measure-
ment ultrasound beam is, for example, a diagnostic ultra-
sound beam in a typical ultrasound diagnostic apparatus, and
can be formed using a diagnostic ultrasound transducer. On
the other hand, the displacement ultrasound beam 1s formed
by a relatively high intensity ultrasound in a degree to dis-
place the tissue by the radiation force. The displacement
ultrasound beam has a higher intensity compared to the diag-
nostic ultrasound beam, and may be formed by, for example,
high intensity focused ultrasound (HIFU). Further, the tissue
may be heated and coagulated by the high intensity focused
ultrasound (HIFU). In this case, for example, the treatment
site which is the target of treatment by the heating is the site
of interest.

[0013] According to the above-described configuration, the
tissue can be displaced in a limited manner in a relatively
narrow region by the relatively high modulation frequency.
As the region of displacement becomes narrower, more
minute (local) coagulation can be detected. Because of this,
with the relatively high modulation frequency, for example,
the presence or absence of local coagulation immediately
after the occurrence of the coagulation, and the time of the
coagulation, can be measured with high precision. In addi-
tion, with the relatively low modulation frequency, the tissue
can be displaced in a relatively wide region. As the region of
displacement is widened, a larger (over a wider area) coagu-
lation can be detected. Because of this, with the relatively low
modulation frequency, for example, the size of the wide-area
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coagulation after progression and the completion timing of
the treatment by the heating can be measured with high pre-
cision.

[0014] The relatively high modulation frequency and the
relatively low modulation frequency are not limited to two
modulation frequencies. For example, three or more modu-
lation frequencies which differ from each other may be used,
the most local coagulation may be measured by the highest
modulation frequency, and the range of the coagulation to be
measured may gradually become wider (wider area) as the
modulation frequency is reduced. In addition, in the measure-
ment of the coagulation, in addition to the presence or
absence of the coagulation and the size of the coagulation
(size) the degree of coagulation (distortion and hardness of
the tissue) may be measured.

[0015] Preferably, the coagulation measurement unit mea-
sures a size of coagulation at the site of interest based on a
measurement result of the displacement obtained for each of
the modulation frequencies.

[0016] Preferably, the ultrasound medical apparatus further
comprises a treatment wave processor that forms a treatment
ultrasound beam, and heats and treats a tissue of the site of
interest, wherein, when the coagulation measurement unit
measures a size of the coagulation at the site of interest for
each time phase overa plurality of time phases withina period
of the heating, the coagulation measurement unit measures a
size of alocal coagulation at a time phase of an initial stage of
occurrence of coagulation based on a measurement result of
the displacement with the relatively high modulation fre-
quency, and measures a size of coagulation of a wide area at
a time phase after progression of the coagulation based on a
measurement result of the displacement with the relatively
low modulation frequency.

[0017] Preferably, the ultrasound medical apparatus further
comprises an image formation unit that forms a coagulation
state image in which a plurality of time phases are represented
on one axis and a size of coagulation measured for each time
phase is represented on the other axis.

[0018] Preferably, the displacement wave processor forms
a displacement ultrasound beam in which a modulation pro-
cess with the relatively high modulation frequency and a
modulation process with the relatively low modulation fre-
quency are combined, and the displacement measurement
unit measures the displacement of the tissue at the site of
interest for each of the modulation frequencies by extracting
a frequency component corresponding to each of the modu-
lation frequencies from a reception signal obtained through
the measurement ultrasound beam.

[0019] Preferably, the displacement wave processor forms
displacement ultrasound beam to which a modulation process
is applied with the relatively high modulation frequency and
a displacement ultrasound beam to which a modulation pro-
cess is applied with the relatively low modulation frequency
at time phases that are different from each other, the measure-
ment wave processor forms a measurement ultrasound beam
atatime phase corresponding to the modulation frequency for
each of the modulation frequencies, and the displacement
measurement unit measures the displacement of the tissue at
the site of interest for each of the modulation frequencies
based on the reception signal obtained through the measure-
ment ultrasound beam formed for each of the modulation
frequencies.

[0020] Preferably, the modulation controller controls the
displacement wave processor to switch the modulation fre-

May 5, 2016

quency from the relatively high modulation frequency to the
relatively low modulation frequency when a size of coagula-
tion measured based on a measurement result of the displace-
ment with the relatively high modulation frequency reaches a
threshold.

Advantageous Effects

[0021] According to various aspects of the present inven-
tion, the measurement precision can be improved in the mea-
surement of coagulation of the tissue using ultrasound. For
example, according to a preferable configuration of the
present invention, with a relatively high modulation fre-
quency, for example, presence or absence of a local coagula-
tion immediately after occurrence or the like can be measured
with high precision, and, with a relative low modulation fre-
quency, for example, a size of a wide-area coagulation after
progression can be measured with high precision.

[0022] In addition, for example, according to a preferable
configuration of the present invention, because it becomes
possible to know a start time of coagulation, it is possible to
correct non-ideal effects, such as an amount of attenuation
from a body surface to the focal point and uneven effect of the
acoustic characteristic on the propagation route, which differ
for each patient when the energy which is input from the
outside forms a sound pressure peak at the focal point, and to
use as data for correcting effects having different temperature
increase values even if a certain sound pressure peak is
formed at the focal point due to an amount of absorption of the
ultrasound at the focal point, the thermal characteristics, and
individual differences in the amount of bloodstream.

BRIEF DESCRIPTION OF DRAWINGS

[0023] FIG. 1 is a diagram showing an overall structure of
an ultrasound medical apparatus according to a preferred
embodiment of the present invention.

[0024] FIG. 2 is a timing chart showing an operation of the
ultrasound medical apparatus of FIG. 1.

[0025] FIG. 3 is a diagram for explaining a vibration of a
tissue by ultrasound for generating displacement, to which a
modulation process is applied.

[0026] FIG. 4 is a diagram for explaining a relationship
between a modulation frequency and coagulation.

[0027] FIG. 5 is a diagram showing an experimental result
of a coagulation size detected for each modulation frequency.
[0028] FIG. 6 is a diagram for explaining a specific
example setting of modulation frequencies.

[0029] FIG. 7 is a diagram showing collection of data from
phase 1 to phase 13.

[0030] FIG. 8 is a flowchart of a specific example 1 which
uses a combined wave of a plurality of modulation frequen-
cies.

[0031] FIG. 9 is a diagram showing a modulation method
having no DC component and a modulation method having a
DC component.

[0032] FIG. 10 is a diagram showing a correspondence
relationship between NH and NL in a modulation having no
DC component.

[0033] FIG. 11 is a diagram showing two-modulation fre-
quencies when NL=1 and NH=5.

[0034] FIG. 12 is a diagram showing two-modulation fre-
quencies when NL=1 and NH=4.
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[0035] FIG. 13 is a diagram showing a correspondence
relationship between NH and NL in a modulation having a
DC component.

[0036] FIG. 14 is a flowchart showing a specific example 2
in which a plurality of modulation frequencies are switched.
[0037] FIG. 15 is a flowchart showing a specific example 3
in which a plurality of modulation frequencies are stepwise
changed.

[0038] FIG. 16 is a flowchart showing a specific example 4
in which the modulation frequency is switched based on a
determination result of coagulation.

[0039] FIG. 17 is a diagram showing a correspondence
relationship between a coagulation size and a modulation
frequency.

[0040] FIG. 18 is a diagram showing a specific example of
coagulation state image formed by the ultrasound medical
apparatus of FIG. 1.

EMBODIMENT

[0041] FIG. 1 is an overall structural diagram of an ultra-
sound medical apparatus according to a preferred embodi-
ment of the present invention (“present ultrasound medical
apparatus”). The present ultrasound medical apparatus com-
prises an ultrasound probe 10, which comprises a HIFU trans-
ducer 10H and a diagnostic transducer 10D.

[0042] The HIFU transducer 10H is a transducer which
transmits the high intensity focused ultrasound (HIFU) and
comprises, for example, a plurality of transducer element
arranged two-dimensionally. The HIFU transducer 10H is
used to form a treatment ultrasound can TB and transmit the
high intensity focused ultrasound to a treatment site P such as,
for exaniple, cancer cells or a tumor, and to heat and treat the
treatment site P.

[0043] The HIFU transducer 10H also forms a displace-
ment ultrasound beam EB and transmits the ultrasound for
generating displacement to the treatment site P, to generate a
radiation force at the treatment site P and displace the tissue.
The displacement ultrasound beam EB is a beam which is
formed at an intensity to generate an effective radiation force
at the treatment site P, and, for example, the treatment ultra-
sound beam TB may be used as the displacement ultrasound
beam EB.

[0044] On the other hand, the diagnostic transducer 10D
comptises, for example, a plurality of transducer elements
arranged two-dimensionally, and transmits and receives rela-
tively weak ultrasound for forming an ultrasound image to
and from a subject (patient) having the treatment site P, for
example. In other words, the transducer 10D transmits and
receives ultrasound of an intensity (energy) similar to that of
known, typical ultrasound diagnostic apparatuses.

[0045] The diagnostic transducer in also forms a measure-
ment ultrasound beam MB and transmits the measurement
ultrasound to the treatment site P, and obtains a reception
signal along the measurement ultrasound beam MB. The
reception signal obtained along the measurement ultrasound
beam MB is used for measurement of displacement at the
treatment site P by the radiation force of the displacement
ultrasound beam EB.

[0046] The ultrasound probe 10 has the inner surface
recessed in a shape of, for example, a bowl as a transducer
plane. For example, the diagnostic transducer 104 is provided
at the bottom portion positioned at the center of the inside,
which is recessed in the bowl shape, and the HIFU transducer
10H is provided surrounding the diagnostic transducer 10D.

May 5, 2016

The shape of the transducer plane of the ultrasound probe 10
is not limited to the bowl shape, and is desirably a shape
appropriate to, for example, the treatment usage or the like.
Here, all of the transducer elements or some of the transducer
elements are used for both usages of HIFU and diagnosis.
[0047] A measurement and diagnosis block 20 includes a
transmission and reception unit 22 which controls transmis-
sion and reception. of the diagnostic transducer 10D. The
transmission and reception unit 22 outputs a transmission
signal corresponding to each of the plurality of transducer
elements of the diagnostic transducer 10D, to control the
diagnostic transducer 10D and form a transmission beam, and
further, applies a phased summation process or the like to the
reception signal obtained from each of the plurality of trans-
ducer elements to obtain the reception signal along the recep-
tion beam.

[0048] The transmission and reception unit 22 scans the
diagnostic ultrasound beam in a three-dimensional space
including the treatment site P or within a cross section, to
collect reception signals for an image. Further, an ultrasound
image formation unit 28 forms image data for a three-dimen-
sional ultrasound image or a two-dimensional tomographic
image based on the collected reception signal, and an ultra-
sound image corresponding to the image data is displayed on
a display 50.

[0049] A user (inspector) checks the position of the treat-
ment site P or the like from the ultrasound image displayed on
the display 50, and inputs positional information of the treat-
ment site P in the present ultrasound medical apparatus using
an operation device or the like (not shown). Alternatively, a
configuration may be employed in which the present ultra-
sound :medical apparatus checks the position of the treatment
site P by an image analysis process on the ultrasound image or
the like, to obtain the positional information.

[0050] In addition, the transmission and reception unit 22
controls the diagnostic transducer 10D to form the measure-
ment ultrasound beam MB, and obtains the reception signal
along the measurement ultrasound beam MB. The displace-
ment measurement unit 24 measures the displacement at the
treatment site P based on the reception. signal obtained along
the measurement ultrasound beam MB. Further, a coagula-
tion measurement unit 25 measures coagulation of the tissue
at the treatment site P based on a measurement result of the
displacement at the treatment site P. Further, a coagulation
image formation unit 26 forms a coagulation state image
based on a measurement result of the coagulation at the treat-
ment site P, and the coagulation state image is displayed on
the display 50. The processes at the displacement measure-
ment unit 24, the coagulation measurement unit 25, and the
coagulation image formation unit 26 will be described later in
detail.

[0051] A treatment and radiation block 30 includes a treat-
ment transmissionunit 32. The treatment transmission unit 32
outputs a transmission signal corresponding to each of the
plurality of transducer elements of the HIFU transducer 10H,
to control the HIFU transducer 10H and form the treatment
ultrasound beam TB. The treatment transmission unit 32 is
controlled by a controller 40, and, for example, a treatment
ultrasound beam TB is formed in which the focal point is set
within the treatment site P.

[0052] The treatment and radiation block 30 also includes
displacement transmission unit 34. The displacement trans-
mission unit 34 outputs a transmission signal corresponding
to each of the plurality of transducer elements of the HIFU
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transducer 10H, to control the HIFU transducer 10H and form
the displacement ultrasound beam EB. A modulation process
is applied to the displacement ultrasound beam EB, where a
modulation frequency of the modulation process is controlled
by a modulation frequency controller 36. The modulation
frequency controller 36 is controlled by the controller 40.

[0053] When the high intensity focused ultrasound (HIFU)
is transmitted along the treatment ultrasound beam TB and
the treatment site P is thus heated, the tissue at the treatment
site P is coagulated. It is known that the elastic modulus of the
tissue (Young’s modulus) increases after the coagulation. In
order to know the change of the elastic modulus of the tissue,
the present ultrasound medical apparatus transmits ultra-
sound along the displacement ultrasound beam EB to gener-
ate a radiation force, and measures a displacement of the
tissue at the treatment site P due to the radiation force. The
measurement of the displacement is executed based on a
reception signal obtained along the measurement ultrasound
beam MB.

[0054] Each unit in the measurement and diagnosis block
20 and each unit in the treatment and radiation block 30 can be
realized, for example, using hardware such as a processor and
an electronic circuit. The controller 40 is formed from, for
example, hardware having a calculation function and soft-
ware (program ) that defines an operation of the hardware. The
display 50 is, for example, a liquid crystal display or the like.
[0055] Alternatively, the measurement and diagnosis block
20 may be realized by a typical ultrasound diagnostic appa-
ratus. Thus, the present medical apparatus may be realized by
a system in which an ultrasound treatment apparatus corre-
sponding to the treatment and radiation block 30 and an
ultrasound diagnostic apparatus corresponding to the mea-
surement and diagnosis block 20 are combined.

[0056] FIG.2isa timing chart showing an operation of the
ultrasound medical apparatus of FIG. 1 (present ultrasound
medical apparatus). For the portion (structure) shown in FIG.
1, reference numerals of FIG. 1 will be used in the following
description.

[0057] A main trigger is a signal showing a start timing of
treatment by the high intensity focused ultrasound (HIFU),
and is output from the controller 40 to each unit in the present
ultrasound medical apparatus in response to a treatment start
operation by the user (inspector).

[0058] A frame trigger is a signal indicating a frame start of
the measurement ultrasound beam MB. The transmission and
reception unit 22 sequentially forms a plurality of measure-
ment ultrasound beams MB toward the treatment site P from,
for example, the time of rising of the frame trigger. For
example, between two frame triggers, 10 transmission beams
are formed toward the treatment site P, and two reception
beams for each transmission beam, and a total of 20 reception
beams, are formed. The numbers of transmission beams and
the reception beams are not limited to the above-described
specific numbers.

[0059] A heating period signal is a signal indicating a heat-
ing process period of the treatment site P by the treatment
ultrasound beam TB, and in a period from rise to fall of the
heating period signal, for example, the treatment ultrasound
beam TB is formed with the treatment site P as the focal point.
[0060] A measurement period trigger is a signal indicating
aperiod of displacement measurement, and a period from rise
to fall of the measurement period trigger is the measurement
period of the displacement.
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[0061] A modulation signal is a modulation signal used in
the modulation process of the treatment ultrasound beam TB,
and is output, for example, from the modulation frequency
controller 36 to the displacement transmission unit 34.
[0062] A HIFU signal is a transmission signal of the treat-
ment ultrasound beam TB, and is obtained by, for example,
the displacement transmission unit 34 applying amplitude
modulation to a continuous wave of a frequency of about 2
MHz according to the modulation signal.

[0063] Themodulation signal is set to have an amplitude of
0 (zero) in the measurement period from the rise to the fall of
the measurement period trigger, and as a result, the amplitude
of the HIFU signal is also set to 0 during the measurement
period, and the transmission of the treatment ultrasound beam
TB is stopped during the measurement period.

[0064] The measurement period trigger is output with a
delay (Delay) with respect to the frame trigger. The delay is
suitably adjusted, for example, by the user. With this configu-
ration, of the plurality of measurement ultrasound beams MB
(forexample, 20 reception beams) formed between two frame
triggers, one or a number of measurement ultrasound beams
MB which fit in the measurement period can be selectively
used for the measurement.

[0065] Inthe presentultrasound medical apparatus, the dis-
placement ultrasound beam ED that causes displacement is
amplitude-modulated with the modulation frequency £, ,, and
the intensity of the radiation force is varied, so thata vibration
is excited in the tissue of the focal point site and the displace-
ment of the vibration is measured using the measurement
ultrasound beam MB. During this process, the modulation
frequency £, of the displacement ultrasound beam EB is
controlled by the modulation frequency controller 36. Alter-
natively, in place of the amplitude modulation, a frequency
modulation with the modulation frequency f,, may be
employed.

[0066] FIG. 3 is a diagram for explaining vibration of the
tissue by the ultrasound for causing displacement to which
the modulation process is applied. When the displacement
ultrasound beam EB is formed along the direction of travel
(up-down direction) shown by an arrow in FIG. 3, and the
ultrasound is irradiated, a lateral wave called a shear wave is
generated which travels in the tissue from the center of the
displacement ultrasound beam EB in both left and right direc-
tions. A frequency of vibration of the shear wave is twice the
modulation frequency f,, of the displacement causing ultra-
sound.

[0067] FIG. 3 shows waveforms of a shear wave generated
by ultrasound of a relatively high modulation frequency and a
shear wave generated by ultrasound of a relatively low modu-
lation frequency. With a higher modulation frequency, the
vibration site of the tissue would exist in a localized manner,
and thus, the position resolution at the displacement measure-
ment is increased and such a configuration is suited for detec-
tion of a minute coagulation area. However, when the modu-
lation frequency is high, the region of displacement is narrow.
Therefore, the high modulation frequency is not suited for
detection of coagulation over a wide area exceeding the
region of the displacement, and a low modulation frequency
is desirable for detection of coagulation over a wide area.
[0068] FIG. 4 is a diagram for explaining a relationship
between the modulation frequency and the coagulation. FIG.
4 schematically shows the displacement ultrasound beam EB
radiated from the ultrasound probe 10 and the coagulation
region and the vibration region in the tissue.
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[0069] <A>shows a case where a modulation process with
a relatively high modulation frequency (for example, about
200 Hz) is applied on the displacement ultrasound beam EB.
With the relatively high modulation frequency, the vibration
region is relatively small and local, a change of an average
elastic modulus of the tissue in the local vibration region is
high, and thus, the relatively high modulation frequency is
suited for detection of a small coagulation region.

[0070] Onthe other hand, <B>shows a case where a modu-
lation process with a relatively low modulation frequency (for
example, about 30 Hz) is applied on the displacement ultra-
sound beam EB. At the relatively low modulation frequency,
the vibration region is relatively large, and is a wide area, and
a change of an average elastic modulus of the tissue in the
vibration region of a wide area can be measured, and thus, the
relatively low modulation frequency is suited for detection of
a large coagulation region.

[0071] FIG. 5is a diagram showing an experimental result
of a coagulation size detected for each modulation frequency.
FIG. 5 shows three experimental results for modulation fre-
quencies of 34 Hz, 67 Hz, and 102 Hz, respectively, with the
horizontal axis of each experimental result representing a
time period in which the measurement site is heated, and the
vertical axis representing the coagulation size which is mea-
sured. In each experimental result, a measurement result U
obtained a plurality of times using the measurement ultra-
sound beam MB and an optical measurement result P are
shown. The optical measurement result P is used as a refer-
ential value for the actual coagulation size.

[0072] As shown by the measurement result U obtained a
plurality of times using the measurement ultrasound beam
MB, the start of coagulation is detected at a time of 10-18
seconds for the modulation frequency of 34 Hz, at a time of
10-15 seconds for the modulation frequency of 67 Hz, and at
a time of 4-10 seconds for the modulation frequency of 102
Hz. In other words, as the modulation frequency becomes
higher, the more likely it is that the start of coagulation will be
appropriately detected. In particular, for the modulation fre-
quency of 102 Hz, the start of the coagulation is detected at
almost the same time as the optical measurement result P
serving as the referential value for the actual coagulation size.

[0073] A straight line H shown in each experimental result
shows a range (vibration range) where the vibration (dis-
placement) is caused, and the vibration range is about 13 mm
for the modulation frequency of 34 Hz, about 8 mm for the
modulation frequency of 67 Hz, and about 7 mm for the
modulation frequency of 102 Hz. The vibration range shows
aregion where the measurement result of the coagulation size
at a lower part of the straight line R is reliable, and as the
modulation frequency is reduced, it becomes more suited for
detection of coagulation of a wider area.

[0074] Inthe present ultrasound medical apparatus, the dis-
placement ultrasound beam EB is modulation-processed
using a relatively high modulation frequency and a relatively
low modulation frequency. With the relatively high modula-
tion frequency, presence or absence of local coagulation
immediately after occurrence or the like is measured with
high precision, and with the relatively low modulation fre-
quency, the size of the coagulation of wide area after progres-
sion is measured with high precision. Therefore, in the
present ultrasound medical apparatus, at least two modula-
tion frequencies are utilized, and in the present ultrasound
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medical apparatus, for example, the modulation frequency is
selected by the following method while maintaining the
frame rate constant.

[0075] FIG. 6 is a diagram for explaining a specific
example of setting of the modulation frequency. In the present
ultrasound medical apparatus, the modulation frequency is
determined by the following equation.

Modulation frequency (Hz)=(frame rate (Hz)/prime

number)xnatural number N (Equation 1)

[0076] The frame rate (Hz) and the prime number in Equa-
tion 1 are suitably set, for example, according to the specifi-
cation of the apparatus, a treatment target, or the like. In the
following description, a specific example will be described in
which the frame rate is set to 500 Hz and the prime number is
setto 13.

[0077] Whenthe framerate is 500 Hz and the prime number
is 13, the modulation frequencies (Hz) obtained by Equation
1 are, if the natural number N is to be used as an identification
number of the modulation frequency (modulation frequency
N), modulation frequency 1 (38.46 Hz), modulation fre-
quency 2 (76.92Hz), . .. modulation frequency 5 (192.30 Hz),

[0078] The frame rate is a period of the frame trigger (FIG.
2), and is a period in which the measurement of the displace-
ment is repeatedly executed at the same position by the mea-
surement ultrasound beam MB. In other words, the frame rate
becomes a sampling rate for the measurement of the displace-
ment.

[0079] InFIG. 6, <A> shows a phase of one period of the
modulation signal, and phase numbers (phase 1-phase 13)
correspond to phase positions (phase angles) when one period
of the modulation signal is equally divided by the prime
number, 13. <B> shows correspondence relationship
between the phase number (phase 1-phase 13) and sampling
numbers indicating the order of acquisition. of data (SP1-
SP13) for each modulation frequency.

[0080] When the prime number is 13, based on Equation 1,
the modulation frequency 1 (38.46 Hz) is “is™ of the frame
rate (500 Hz). In other words, the sampling rate for the mea-
surement of the displacement is 13 times the modulation
frequency 1. Therefore, in the arrangement of the phase num-
bers shown in <A>, when data of the sampling number 1
(SP1) is obtained at phase 1, the data of the sampling number
2 (SP2) is obtained at phase 2, and subsequently, as shown in
<B>, the data are obtained in the order of phase 3, phase 4,
phase 5, . . . . Finally, the data of the sampling number 13
(SP13) is obtained at phase 13, and 13 data for one period are
collected. This is shown in FIG. 7(I).

[0081] Referring againto FIG. 6, the modulation frequency
2 (76.92 Hz) is %15™ of the frame rate (500 Hz). That is, the
sampling rate for the measurement of the displacement is
13/2 times the modulation frequency 2. Therefore, in the
arrangement of the phase number shown in <A>, when the
data of the sampling number 1 (SP1) is obtained at the phase
1, the data of the sampling number 2 (SP2) is obtained at
phase 3, and, subsequently, as shown in <B>, the data are
sequentially obtained in the order of phase 5, phase 7, phase
9, .. .. When the data of the sampling number 7 (SP7) is
obtained at phase 13, the data of the sampling number 8 (SP8§)
is obtained at the phase 2 of the next period. Subsequently, as
shown in <B>, the data are obtained in the order of phase 4,
phase 6, phase 8, .. ., and the data of the sampling number 13
(SP13) is obtained at the phase 12. In other words, as shown
in <B>, by obtaining the data of the sampling numbers 1-13
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(SP1-SP13), the data of one period (two periods on the wave-
form) from phase 1 to phase 13 are collected. This is shown in
FIG. 7(ID).

[0082] Referring againto FIG. 6, the modulation frequency
5 (192.30 Hz) is %" of the frame rate (500 Hz). In other
words, the sampling rate for the measurement of the displace-
ment is 13/5 times the modulation frequency 5. Therefore, in
the arrangement of the phase numbers shown in <A>, when
data of the sampling number 1 (SP1) is obtained at phase 1,
the data are obtained in order as shown in <B>, and, by
obtaining data of the sampling numbers 1-13 (SP1-SP13),
data of one period from phase 1 to phase 13 are collected.
[0083] Similarly, in other modulation frequencies that are
not exemplified in F1G. 6 also, by obtaining data of sampling
numbers 1-13 (SP1-SP13), the data of one period from phase
1 to phase 13 can be collected.

[0084] According to the specific example of the setting of
the modulation frequency shown in FIG. 6, data without
imbalance in the phase can be collected with relatively small
sampling number (for example, 13), and the problem of alias-
ing can also be avoided. Because of the collection of data
having no imbalance in the phase, the value of RMS (Root
Mean Square) becomes a value which is not significantly
deviated from the value of RMS when the data are collected
with sufficiently fine sampling.

[0085] In the present ultrasound medical apparatus, the
modulation. frequency is determined by the above-described
Equation 1, the displacement ultrasound beam EB is modu-
lation-processed using a relatively high modulation fre-
quency and a relatively low modulation frequency, presence
or absence oflocal coagulation. immediately after occurrence
is measured with high precision by the relatively high modu-
lation frequency, and the size of coagulation of a wide area
after progression is measured with high precision by the
relatively low modulation frequency. In other words, the
present ultrasound medical apparatus uses a plurality of
modulation frequencies including a relatively high modula-
tion frequency and a relatively low modulation frequency. In
the following, specific example configurations using a plural-
ity of modulation frequencies will be described.

[0086] FIG. 8 is a flowchart showing a specific example 1
which uses a combined wave of a plurality of modulation
frequencies. First, the frame rate is set (S701). For example,
when a depth of the diagnosis range is 15 cm, a time required
for ultrasound to travel back and force would be 15 (cm)x2/
1500(m/s)=100 pus (microseconds). When the number of mea-
surement ultrasound beams MB is 20, for example, the frame
rate would be 1/(20x100 um)=500 Hz. Of the 20 measure-
ment ultrasound beams MB, for example, 4 measurement
ultrasound beams MB are used. For example, as shown in
FIG. 2, when there are 20 measurement ultrasound beams
MB, and of these, 4 measurement ultrasound beams MB are
used for the measurement, a ratio of time in which tempera-
ture increases to time in which the temperature decreases is
16:4, and thus, because the time of temperature increase is 4
times the time of temperature decrease, the temperature can
be efficiently increased (in reality, depending on the phase of
the modulation wave, the above-described ratio of increase to
decrease may not be obtained, but when the overall treatment
time is considered, the above-described relationship is mostly
true).

[0087] Next, the modulation frequency is set (S702). By
setting the period of the modulation to be sufficiently lower
than the measurement period (refer to FIG. 2), the influence of
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the measurement period on the vibration can be reduced or
avoided. For example, when the measurement period is 400
us, the modulation frequency must be set sufficiently lower
than 2.5 kHz. In addition, in order to obtain a sufficient
sensitivity for a coagulation region ofa size of a few mmto a
few cm, it 1s desirable that a wavelength of the shear wave is
shorter than about 10 cm. When a sonic speed of the shear
wave (lateral wave) is 1 m/s, the modulation frequency in
which the wavelength of the shear wave becomes less than or
equal to 10 cm is a modulation frequency greater than or equal
to 10 Hz. In addition, in order to secure a time resolution of the
order of seconds, it is desirable to repeat a plurality of vibra-
tions per second, and thus, the modulation frequency would
be greater than or equal to a few Hz. While satisfying these
conditions, and according to the specific example configura-
tion explained with reference to FIG. 6, the relatively low
modulation frequency (low modulation frequency) is set at
38.46 Hz, and the relatively high modulation frequency (high
modulation frequency) is set at 192.30 Hz, for example.

[0088] A vibration is caused at the tissue of the treatment
site P by the displacement ultrasound beam EB obtained by a
modulation. process in which the high modulation frequency
(192.30 Hz) and the low modulation frequency (38.46 Hz) are
combined, and the data for displacement measurement is
collected through the measurement ultrasound beam MB
(8703). As explained with reference to FIG. 6, the data of
sampling numbers 1-13 (§P1-SP13) are collected. While it is
possible to obtain the data of one period of the modulation
frequency by the data of one set of sampling numbers 1-13
alone, for example, in order to reduce or remove the influence
of noise or the like, data of two sets are collected. Alterna-
tively, data of greater than or equal to 2 sets may be collected.

[0089] In the following description, the frame rate in rela-
tion to an example of a prime number of N will be referred to
as FR, two modulation frequencies will be referred to as FL
and FH (wherein FH>FL), and FR/M will be referred to as F1
(FR/M=F1). Further, FL/F1 will be referred to as NL (FL/
F1=NL), and FH/F1 will be referred to as NH (FH/F1=NH).
The radiation force itself is proportional to the square of the
sound pressure. Thus, in consideration that a combined wave
of two modulation frequencies is generated and that aliasing
exists between these waves, the conditions of the modulation
frequency that can be selected will now be sorted out. The
method of modulation includes a modulation method having
no DC component as shown in FIG. 9 and a modulation
method having a DC component. As the frequency compo-
nent of the radiation force appears in a different manner, these
modulation methods will be separately described.

[0090] First, a case will be described in which modulation
without a DC component is applied. The modulation frequen-
cies of the drive waveform are NL and NH. The vibration
components measured for these modulation frequencies
include six vibration components of the radiation force; that
is, 2NL, 2NH, DC, NH-NL, NH+NL, and NL-NH, and four
aliasing components caused by sampling at M; that is,
N-2NH, M-2NL, M-NM-NL, and M-NH+NL (the above-
described DC is a difference frequency component of NL’s or
NH’s. In addition, NL-NH is normally a negative number,
but in consideration of the matching with the aliasing, this
component must also be considered, and thus, is included
herein). Of these components, only conditions where NH and
NL can be distinctively and independently measured can be
applied, and therefore, these components will be described.
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[0091] As apattern (1), as a condition where the vibration
components of the radiation force may match, in considet-
ation that NH>NL, or the like, a condition of NH-NL=2NL or
NH=3NL would correspond to this case. For example, in the
case of M=13, (NL, NH)=(1, 3), (2, 6), (3, 9), and (4, 12)
satisfy the condition.

[0092] Next, as a pattern (2), for a condition where the
vibration component of the radiation force matches the alias-
ing component (the condition for match of aliasing compo-
nents would be similar to pattern (1)), in consideration that M
is a prime number (that is, M is not a multiple of some other
number), the following 5 conditions would correspond to this
case:

[0093] when M-2NL=NH+NL, or M=3NL+NH; in the
case of M=13, (NL, NH)=(1, 10), (2, 7), (3, 4), (5, 11),
and (6, 8) would correspond to this case; the remaining
two are twice M;

[0094] when M-2NL=NH-NL, or M=NL+NH; in the
case of M=13, (NL, NH)=(1, 12), (2, 11), (3, 10), (4, 9),
(5, 8), and (6, 7) would correspond to this case;

[0095] when M-2NH=NH+NL, or M=3NH+NL; in the
caseof M=13, (NL, NH)=(1, 4), (2,8),and (3, 12) would
correspond to this case; the remaining two match 2 times
and 3 times M;

[0096] when M-2NH=NH-NL or M=3NH-NL; in the
case of M=13, (NL, NH)=(2, 5) and (5, 6) would corre-
spond to this case; and

[0097] when M-2NL=NL-NH or M=3NL-NH; in the
case of M=13, (NL, NH)=(7, 8) and (8, 11) would cor-
respond to this case.

[0098] FIG. 10 summarizes these numbers in a table in the
table shown in FIG. 10, it can be understood that because a
configuration with a value of NH/NL close to 1 does not have
a significant advantage with the use of the two modulation
frequencies, the combinations of 1 and 5-9, 11 or 2 and 9, and
10, 12 or 3 and 8 or 11 are suitable as the two modulation
frequencies. A typical example configuration is shown in
FIGS. 11 and 12.

[0099] Next, a case where modulation with a DC compo-
nent is applied will be described. The modulation frequencies
of the drive waveform are similar to the above, and are NL and
NH. The vibration components measured with respect to
these modulation frequencies include eight vibration compo-
nents ofthe radiation force; that is, NL, NH, 2NL, 2NH, 2NH,
DC,NH-NL, NH+NL, and NL.-NH, and seven aliasing com-
ponents caused by sampling with M, that is, M-NH, M-NL,
M-2NH, M-2NL, M-NM-NL, M-NH+NL, and M+NH-
NL. Of these, only conditions where the NH and NL can be
distinctively and independently measured can be applied, and
thus, these conditions are considered.

[0100] As apattern (1), for a condition where the vibration
components of the radiation force match, in consideration of
NH>NL or the like, the following corresponds to this condi-
tion:

[0101] when NH=2NL; in the case of M=13, (NL, NH)=
(1,2),(2,4),(3,6),(4,8),(5,10),and (6, 12) correspond
to this condition; and

[0102] when NH-NL=2NL, or NH=3NL; in the case of
M=13, (NL, NH)=(1, 3), (2, 6), (3, 9), and (4, 12) would
correspond to this condition.

[0103] As apattern (2), for a condition where the vibration
component of the radiation force and the aliasing component
match, as the calculation is similar to the case with no DC
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component, the detailed calculation will be omitted, and the
following corresponds to this condition:

[0104] when M=NL+NH; in the case of M=13, (NL,
NH)=(1, 12), (2, 11), (3, 10), (4, 9), (5, 8), and (6, 7)
would correspond to this condition;

[0105] when M=2NL+NH; in the case of M=13, (NL,
NH)=(1, 11), (2, 9), (3, 7), (4, 5), (7, 12), and (8, 10)
would correspond to this condition; the remaining two
match twice M;

[0106] when M=2NH+NL; in the case of M=13, (NL,
NH)=(3, 5), (1, 6), (8, 9), (6, 10), (4, 11), and (2, 12)
would correspond to this condition;

[0107] when M=2NH-NL; in the case of M=13, (NL,
NH)=(1, 7), (3, 8), (5, 9), (7, 10), (9, 11), and (11, 12)
would correspond to this condition;

[0108] when M=3NL+NH; in the case of M=13, (NL,
NH)=(1, 10), 2, 7), (3, 4), (5, 11), (6, 8), and (9, 12)
would correspond to this condition;

[0109] when M=3NL-NH; in the case of M=13, (NL,
NH)=(7, 8) and (8, 11) would correspond to this condi-
tion;

[0110] when M=3NH+NL; in the case of M=13, (NL,
NH)=(1, 4), (5, 7), (2, 8), (9, 10), (6, 11), and (3, 12)
would correspond to this condition; and

[0111] when M=3NH-NL; in the case of M=13, (NL,
NH)=(2, 5), (5, 6), and (10, 12) would correspond to this
condition.

[0112] FIG. 13 shows these numbers summarized in atable.
In the table shown in FIG. 13, because the configuration
where NH/NL is close to 1 does not have a significant advan-
tage of the use of the two modulation frequencies, it can be
understood that 1 and 5, 8, or 9, 2 and 10, and 3 and 11, or the
like are suited for the two modulation frequencies. In com-
parison between the configuration with the DC component
and the configuration without the DC component, because the
configuration without the DC component has more choices of
the modulation frequencies, the configuration without the DC
component is easier to use. However, because the DC com-
ponent may be mixed due to non-linearity of the transmission
amplifier or the like, when it is difficult to strictly set restric-
tions on the performances of the amplifier, it is desirable to
select the configuration with the DC component.

[0113] Referring again to FIG. 8, when the displacement
data collected at S703, the displacement is then measured
based on the collected data (S704). The displacement is mea-
sured, for example, for each depth in a depth direction of the
measurement ultrasound beam MB. In addition, for each
depth, for example, adjacent data (n and n+1, wheren=1, 2, .
.. 25) within one data set including 26 points (26 time phases)
are compared to each other by mutual correlation calculation
or the like, and displacement is calculated for each depth.
Alternatively, for example, the displacement may be calcu-
lated by a comparison between a reference time phase before
the heating treatment and the most recent time phase. Alter-
natively, prior to the calculation of the displacement, a base-
band removal process, a noise removal process, or the like
may be executed as necessary.

[0114] Next,a high modulation frequency component and a
low modulation frequency component are separated (S705).
For example, a bandpass filter or the like is used to separate
and extracta vibration component (displacement component)
corresponding to the high modulation frequency (192.30 Hz)
and a vibration component (displacement component) corre-
sponding to the low modulation frequency (38.46 Hz). Alter-
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natively, a configuration may be employed in which, prior to
the measurement of the displacement at S704, a data compo-
nent corresponding to the high modulation frequency and a
data component corresponding to the low modulation fre-
quency are separated, and the displacement is measured for
each modulation frequency at S704. Here, the order of the
separation of the two frequency components and the RMS is
important. Because with RMS the data is squared once, a
summation frequency or a difference frequency of the two
frequencies occurs, which may cause aliasing, which would
consequently further narrow the usable conditions shown in
FIG. 13.

[0115] Next, coagulation is measured based on the vibra-
tion component obtained for each modulation frequency
component (S706). For example, for each depth and for each
modulation frequency component, from the vibration com-
ponent (displacement component) obtained over two sets
(two frames), a root mean square (RMS) of the displacement,
that is, the effective value, is calculated, and the effective
value is set, for example, as an amplitude of a current time
phase (most recent time phase). Further, for each depth and
for each modulation frequency component, for example,
when the amplitude of the current time phase becomes 70% of
the amplitude of the reference time phase before the heating
treatment, it is judged that coagulation has started at the depth
at the current time phase. In addition, for a plurality of depths
for which it is judged that the coagulation has started at the
current time phase, the size of the coagulation (coagulation
size) is calculated from the range of the plurality of depths.
The method of detecting coagulation for each depth (each
position) and mapping the detection result on, for example, an
image or the like is called LMI (Localized Motion Imaging).
[0116] Alternatively, in S706, in place of the effective
value, the amplitude of the current time phase may be
obtained using fitting or lock-in detection. When the fitting or
the lock-in detection is used, the data is re-arranged prior to
commencement. In other words, as explained above with
reference to FIG. 6, for example, for the high modulation
frequency (modulation frequency 5: 192.30 Hz), the acquisi-
tion order of the sampling number SPn, that is, the order of
SP1, SP2, SP3, ... SP13 and the order of the phase number do
not match each other. Thus, the sampling numbers SPn are
re-arranged so that the order is the order of the phase number,
as shown in FIG. 6.

[0117] Then, the high intensity focused ultrasound (HIFU)
is irradiated to the treatment site P (§707). For example, with
the treatment ultrasound beam TB, HIFU is irradiated for
about 0.5-1.0 seconds.

[0118] If the heating period (refer to FIG. 2) is not com-
pleted (S708), the measurement process of S703-S706 is
executed in the next measurement period (refer to FIG. 2), and
HIFU is irradiated in S707 after the measurement period.
When the treatment ultrasound beam TB is used as the mea-
surement ultrasound beam MB, HIFU in which the high
modulation frequency and the low modulation frequency are
combined is irradiated in S707, and the vibration component
remaining after the HIFU irradiation is measured in S703-
S706.

[0119] On the other hand, if the heating period (refer to
FIG. 2) is completed (S708), the treatment at the treatment
site P is completed. Alternatively, the treatment at the treat-
ment site P may be completed when, in the measurement of
coagulation in S706, a target size of coagulation is observed.
Alternatively, a configuration may be employed in which,
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when the treatment at the treatment site P is completed, the
treatment is applied for a treatment site P at a different posi-
tion.

[0120] FIG. 14 is a flowchart showing a specific example 2
in which a plurality of modulation frequencies are switched.
In the specific example 2 of FIG. 14 also, first, the frame rate
is set (S801), and the modulation frequency is set (5802). The
processes at S801 and S802 are identical to the processes at
S701 and S702 of FIG. 8. Specifically, in S801, the frame rate
is set to 500 Hz, and in S802, the low modulation frequency is
set to 38.46 Hz and the high modulation frequency is set to
192.30 Hz.

[0121] In the specific example 2 of FIG. 14, for the low
modulation frequency and the high modulation frequency,
data is separately collected and the displacement is measured.
Specifically, first, a vibration is caused at the tissue of the
treatment site P by the displacement ultrasound beam EB
obtained by the modulation process using the low modulation
frequency, and the data for displacement measurement is
collected through the measurement ultrasound beam MB
(5803). For example, similar to S703 of FIG. 8, data of two
sets are collected. Then, the displacement (vibration compo-
nent) is measured based on the collected data (S804). For
example, the displacement is calculated for each depth by a
process similar to that in S704 of FIG. 8.

[0122] Next, a vibration is caused at the tissue of the treat-
ment site P by the displacement ultrasound beam EB obtained
by the modulation process using the high modulation fre-
quency, and data for displacement measurement is collected
through the measurement ultrasound beam MB (S805). For
example, similar to S703 of FIG. 8, data of two sets are
collected. Then, the displacement (vibration component) is
measured based on the collected data (S806). For example,
the displacement is calculated for each depth by a process
similar to that in S704 of FIG. 8.

[0123] Then, coagulation is measured based on the vibra-
tion component obtained for each modulation frequency
component (S807). For example, the depth where the coagu-
lation has started at the current time phase is judged and the
size of the coagulation (coagulation size) at the current time
phaseis calculated by a process similar to thatin S706 of FIG.
8.

[0124] Next, the high intensity focused ultrasound (HIFU)
is irradiated to the treatment site P (S808). For example,

HIFU is irradiated by the treatment ultrasound beam TB for
0.5-1.0 seconds.

[0125] If the heating period (refer to FIG. 2) is not com-
pleted (S809), the measurement process of S803-S807 is
executed in the next measurement period (refer to FIG. 2), and
HIFU is irradiated at S808 after the measurement period.
When the treatment ultrasound beam TB is used as the mea-
surement ultrasound beam MB, the measurement process of
S803 and S804 may be executed after irradiation of the HIFU
which is modulation-processed by the low modulation fre-
quency, and the measurement process of S805 and S806 may
be executed after irradiation of HIFU which is modulation-
processed by the high modulation frequency.

[0126] On the other hand, if the heating period (refer to
FIG. 2) is completed (S809), the treatment at the treatment
site P is completed. Alternatively, the treatment at the treat-
ment site P may be completed when a target coagulation size
is observed at the measurement of the coagulation at S§07.
Alternatively, a configuration may be employed in which,
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when the treatment at the treatment site P is completed, the
treatment is executed at a treatment site P at a different posi-
tion.

[0127] FIG. 15 is a flowchart showing a specific example 3
in which the plurality of modulation frequencies are stepwise
changed. In the specific example 3 of FIG. 15 also, first, the
frame rate is set (§901), and the modulation frequency is set
(8902). The process at S901 is identical to the process at S701
of FIG. 8. That is, in S901, the frame rate is set to 500 Hz. In
S902, a plurality of modulation frequencies are set by a pro-
cess similar to the process at S702 of FIG. 8. For example,
based on Equation 1, 6 modulation frequencies including
modulation frequency 6 (230.76 Hz), modulation frequency 5
(192.30 Hz), modulation frequency 4 (153.84 Hz), modula-
tion frequency 3 (115.28 Hz), modulation frequency 2 (76.92
Hz), and modulation frequency 1 (38.46 Hz) are set. In the
initial state, the frequency is set at the modulation frequency
6.

[0128] A vibration is caused at the tissue of the treatment
site P by the displacement ultrasound beam EB obtained by
the modulation process using the modulation frequency
which is currently set, and data for displacement measure-
ment is collected through the measurement ultrasound beam
MB (5903). For example, similar to S703 of FIG. 8, data of
two sets are collected. Next, the displacement (vibration com-
ponent) is measured based on the collected data (8904). For
example, the displacement is calculated for each depth by a
process similar to that of S704 of FIG. 8.

[0129] Further, coagulation is measured based on the vibra-
tion component obtained for the modulation frequency com-
ponent which is currently set (S905). For example, the depth
were the coagulation has started at the current time phase is
judged or the size of the coagulation (coagulation size) at the
current time phase is calculated by a process similar to that of
8706 of F1G. 8.

[0130] Then, the high intensity focused ultrasound (HIFU)
is irradiated to the treatment site P (S906). For example, the
HIFU is irradiated by the treatment ultrasound beam TB for
0.5-1.0 second.

[0131] Next, it is checked whether or not processes related
to all modulation frequencies have been completed (S907). In
other words, it is checked whether or not all of the processes
related to the six modulation frequencies have been com-
pleted, and if not, the modulation frequency is changed to a
modulation frequency which is one frequency lower at S908,
and the processes of $903-S906 are executed with the
changed modulation frequency.

[0132] The processes of S903-5908 are repeatedly
executed, and when completion of the processes related to all
modulation frequencies are confirmed in S907, the process
proceeds to S909.

[0133] If the heating period (refer to FIG. 2) is not com-
pleted (5909), the modulation frequency is set to the initial
state, that is, the modulation frequency 6, at $902, and the
processes of S903-S908 are executed. When the treatment
ultrasound beam TB is used as the measurement ultrasound
beam MB, in 8906, the frequency is changed to a frequency
which is one modulation frequency lower, and the HIFU
which is modulation-processed by the changed modulation
frequency is irradiated.

[0134] On the other hand, if the heating period (refer to
FIG. 2) is completed (S909), the treatment at the treatment
site P is completed. Alternatively, the treatment at the treat-
ment site P may be completed when a target coagulation size
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is observed in the measurement of the coagulation at S905.
Alternatively, a configuration may be employed in which,
when the treatment at the treatment site P is completed, a
treatment is executed for a treatment site P at a different
position.

[0135] FIG. 16 is a flowchart showing a specific example 4
in which the modulation frequency is switched based on a
determination result of coagulation. In the specific example 4
of FIG. 16 also, first, the frame rate is set (S1001), and the
modulation frequencies are set (S1002). The process at S1001
is identical to the process at S701 of F1G. 8. In other words, in
S1001, the frame rate is set to 500 Hz. In S1002, a plurality of
modulation frequencies are set by a process similar to the
process at S702 of F1G. 8. For example, based on Equation 1,
6 modulation frequencies including modulation frequency 6
(230.76 Hz), modulation frequency 5 (192.30 Hz), modula-
tion frequency 4 (153.84 Hz), modulation frequency 3 (115.
28 Hz), modulation frequency 2 (76.92 Hz), and modulation
frequency 1 (38.46 Hz) are set. In the initial state, the fre-
quency is set at the modulation frequency 6.

[0136] A vibration is caused at the tissue of the treatment
site P by the displacement ultrasound beam EB obtained by
the modulation process using the modulation frequency
which is currently set, and data for displacement measure-
ment is collected through the measurement ultrasound beam
MB (51003). For example, similar to S703 of FIG. 8, data of
two sets are collected. Then, the displacement (vibration
component) is measured based on the collected data (S1004).
For example, the displacement is calculated for each depth by
a process similar to that at S704 of FIG. 8.

[0137] Further, coagulation is measured based on the vibra-
tion component obtained by the modulation frequency which
is currently set (S1005). For example, a depth where the
coagulation has started at the current time phase is judged or
the size of the coagulation (coagulation size) at the current
time phase is calculated by a process similar to that in S706 of
FIG. 8.

[0138] Then, the high intensity focused ultrasound (HIFU)
is irradiated to the treatment site P (81006). For example, the
HIFU is irradiated by the treatment ultrasound beam TB for
0.5-1.0 second.

[0139] Then, for the modulation frequency which is cur-
rently set, it is judged whether or not the coagulation size has
reached a threshold corresponding to the modulation fre-
quency (S1007). In the specific example 4, a threshold related
to the coagulation size is set for each modulation frequency.
[0140] FIG. 17 is a diagram showing a correspondence
relationship between the coagulation size and the modulation
frequency. For example, in the range of the coagulation size
from 0 (undetected) to 2 mm, the modulation frequency 6
(230.76 Hz) is used, and in a range of coagulation size of 2
mm to 5 mm, the modulation frequency 5 (192.30 Hz) is used.
Other coagulation sizes are similarly handled as shown in
FIG. 17.

[0141] Referring again to FIG. 16, in the measurement of
coagulation using the modulation frequency 6 (230.76 Hz),
the coagulation size of 2 mm is set as the threshold. When the
coagulation size is greater than or equal to 2 mm or when the
coagulation size becomes greater than 2 mm, in S1007, it is
judged that the coagulation has reached the threshold.
[0142] When the coagulation has reached the threshold in
S1007, it is checked whether or not the processes related to all
modulation frequencies are completed (S1008). In other
words, it is checked whether or not all of the processes related
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to the six modulation frequencies are completed, and if not,
the modulation frequency is changed to one lower modulation
frequency in S1009, and the processes of S1003-S1007 are
executed with the changed modulation frequency.

[0143] In the measurement of the coagulation using the
modulation frequency 5 (192.30 Hz), the coagulation size of
5 mm is set as the threshold (refer to FIG. 17), and in S1007,
when the coagulation size is greater than or equal to 5 mm or
when the coagulation size becomes greater than 5 mm, it is
judged that the coagulation has reached the threshold.
[0144] In the measurement of the coagulation using the
modulation. frequency 4 (153.84 Hz), the coagulation size of
8 mm is set as the threshold. In the measurement of the
coagulation using the modulation frequency 3 (115.20 Hz),
the coagulation size of 15 mm is set as the threshold. In the
measurement of the coagulation using the modulation fre-
quency 1 (38.46 Hz), a treatment target size is set as the
threshold (refer to FIG. 17).

[0145] In this manner, the processes from $1003 to S1000
are repeated, measurement of the coagulation using the
modulation frequency 1 (38.46 Hz) is executed, and when it is
confirmed in S1007 that the treatment target size has been
reached, it is confirmed in S1008 that all modulation frequen-
cies are completed, and the treatment at the treatment site P is
completed when the heating period (refer to FIG. 2) is com-
pleted also, the treatment at the treatment site P may be
completed. Alternatively, a configuration may be employed in
which, when the treatment at the treatment site P is com-
pleted, treatment is executed for a treatment site P at a differ-
ent position.

[0146] FIG. 18 is a diagram showing a specific example of
coagulation state image formed by the ultrasound medical
apparatus of FIG. 1 (present ultrasound medical apparatus). A
coagulation image formation unit 26 forms a coagulation
state image shown by <M>based on a measurement result of
coagulation obtained from a coagulation measurement unit
25.InFIG. 18, the horizontal axis represents a heating time by
the HIFU, and the vertical axis represents a depth. The focal
point is the focal point of the treatment ultrasound beam TB
that irradiates the HIFU. A portion shown by the slanted lines
shows a region where coagulation is region confirmed.
[0147] <L>shows a measurement result of coagulation by
the low modulation frequency (38.46 Hz). With the low
modulation frequency, because the vibration region is rela-
tively wide, the coagulation size that can be measured, that is,
a widening in the vertical axis direction centered at the focal
point, is relatively large. However, in <[>, the coagulation is
not detected in the region shown by a dotted circle.

[0148] Onthe other hand, <H>shows a measurement result
of coagulation by the high modulation frequency (192.30
Hz). With the high modulation frequency, the vibration region
centered at the focal point is relatively small and local, a
change of average elastic modulus of the tissue in the local
vibration region is large, and thus, the configuration is suited
for detection of a small coagulation at an early stage. Thus,
with the high modulation frequency of <H>, the coagulation
detected in a time corresponding to the region shown by the
dotted circle in <[>. However, a portion exceeding the vibra-
tion region shown by the dotted circle in <H>, because no
vibration is caused, the region is not suited for detection of the
coagulation.

[0149] The coagulation image formation unit 26 forms the
coagulation state image of <M> based on the measurement
result <[> of the low modulation frequency and the measure-
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ment result <H> of the high modulation frequency, for
example, by combining the measurement result <[> and the
measurement result <H>.

[0150] In the coagulation state image of <M>, a small
coagulation of an early stage is detected from the measure-
ment result obtained based on the component of the high
modulation frequency (192.30 Hz), and further, coagulation
is detected over a relatively wide region from the measure-
ment result obtained based on the component of the low
modulation frequency (38.46 Hz).

[0151] Therefore, based on the coagulation state image of
<M>, the user (inspector) can check the presence or absence
of the local coagulation immediately after occurrence or the
time of the coagulation, and moreover, can check, for
example, the size of the coagulation after progression over the
wide area.

[0152] When three or more modulation frequencies are
used, the measurement results obtained from the three or
more modulation frequencies are combined, to form the
coagulation state image.

[0153] In the above description, a method of standardizing
the displacement for each depth in one irradiation has been
described. However, in reality, when a plurality of coagula-
tion regions are irradiated in order, because of the influence of
the existence of a site which is coagulated before the irradia-
tion, there is a possibility that the displacement change due to
coagulation cannot be sufficiently detected when the dis-
placement is standardized for each depth within the irradia-
tion. Specifically, when the coagulation region is set one-
dimensionally as 1,2, ...,1,..., N, there is a possibility that
the (i-1)th coagulation formation may affect the ith coagula-
tion detection when the ith irradiation is executed. In consid-
eration of this, it is also effective to measure a displacement
distribution for the entirety of the irradiation. region before
the coagulation, and to use the value of the displacement for
the standardization.

[0154] Inthe above description, a method of causing modu-
lation of the radiation force by modulating the amplitude has
been described as a preferred embodiment of the present
invention, In addition to this method, as another method of
modulating the radiation force, there exists the following
method. Namely, in this method, an amplitude of an envelop-
ing line of a voltage applied to each element is set constant
over the time axis, and the focal point of the beam is vibrated.
In other words, if the propagation direction of the sound is the
x direction and the y coordinate of the focal point position is
fy, the apparatus is driven such that fy=fA sin(wt). When fA is
approximately equal to or greater than the beam width, the
radiation force at each point would be considered as being
modulated with an angular frequency of w. For the method of
amplitude-modulating the drive voltage, there exists a
method of using a transformer in the transmission circuit, but
in the method described in this paragraph, the drive voltage
may be a constant and the transformer is not needed. As a
result, the circuit size can be reduced, and there is a significant
advantage in commercializing the apparatus. Therefore, it is
also effective in practice to use the above-described method
as the modulation method of radiation force described above.
[0155] In the description of the embodiment above, it has
been described that the displacement is measured. However,
from the viewpoint of detecting the change of hardness, a rate
which is a derivative of displacement with respect to time, a
distortion which is a derivative of displacement with respect
to space, or a derivative of the distortion with respect to time
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may be measured, as these measurement targets can realize
advantages similar to those when the displacement is mea-
sured. In addition, in the embodiment, an example configu-
ration is explained which uses a prime number in the setting
method of the modulation frequency, but in order to reduce
the imbalance of the phases, the number does not need to be
limited to a prime number. For example, when a number “14”
is used in place of the prime number, advantages similar to
those described in the description of the embodiment can be
realized so long as “even numbers” and “7” are avoided as N.
[0156] A preferred embodiment of the present invention
has been described. The above-described embodiment, how-
ever, is merely exemplary in all aspects, and does notlimit the
scope of the present invention. The present invention includes
various modification within the scope and spirits of the inven-
tion. The treatment or the like using the ultrasound medical
apparatus according to the present invention should be
executed with sufficient caution under guidance of experts
such as doctors.

EXPLANATION OF REFERENCE NUMERALS

[0157] 10 ULTRASOUND PROBE; 20 MEASURE-
MENT AND DIAGNOSIS BLOCK; 22 TRANSMIS-
SION AND RECEPTION UNIT; 24 DISPLACEMENT
MEASUREMENT UNIT; 25 COAGULATION MEA-
SUREMENT UNIT; 26 COAGULATION IMAGE FOR-
MATION UNIT; 28 ULTRASOUND IMAGE FORMA-
TION UNIT; 30 TREATMENT AND RADIATION
BLOCK; 32 TREATMENT TRANSMISSION UNIT; 34
DISPLACEMENT TRANSMISSION UNIT; 36, MODU-
LATION FREQUENCY CONTROLLER; 40 CON-
TROLLER; 50 DISPLAY

1. An ultrasound medical apparatus comprising:

a displacement wave processor that forms a displacement
ultrasound beam and causes displacement of a tissue ata
site of interest;

a measurement wave processor that forms a measurement
ultrasound beam and obtains a reception signal from the
site of interest;

amodulation controller that controls a modulation process
for the displacement ultrasound beam;

adisplacement measurement unit that measures a displace-
ment of a tissue at the site of interest based on a reception
signal obtained through the measurement ultrasound
beam; and

a coagulation measurement unit that measures a coagula-
tion of a tissue at the site of interest based on a measure-
ment result of the displacement, wherein

the modulation controller controls the displacement wave
processor to apply a modulation process to the displace-
ment ultrasound beam using a relatively high modula-
tion frequency and a relatively low modulation fre-
quency,

the displacement measurement unit measures a displace-
ment of the tissue at the site of interest for each of the
modulation frequencies, and

the coagulation measurement unit measures a local coagu-
lation at the site of interest based on a measurement
result of the displacement with the relatively high modu-
lation frequency, and measures a coagulation of a wide
area at the site of interest based on a measurement result
of the displacement with the relatively low modulation
frequency.
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2. The ultrasound medical apparatus according to claim 1,

wherein

the coagulation measurement unit measures a size of
coagulation at the site of interest based on a measure-
ment result of the displacement obtained for each of the
modulation frequencies.

3. The ultrasound medical apparatus according to claim 2,

further comprising:

a treatment wave processor that forms a treatment ultra-
sound beam, and heats and treats a tissue of the site of
interest, wherein

when the coagulation measurement unit measures a size of
the coagulation at the site of interest for each time phase
over a plurality of time phases within a period of the
heating, the coagulation measurement unit measures a
size of a local coagulation at a time phase of an initial
stage of occurrence of coagulation based on a measure-
ment result of the displacement with the relatively high
modulation frequency, and measures a size of coagula-
tion of a wide area at a time phase after progression of
the coagulation based on a measurement result of the
displacement with the relatively low modulation fre-
quency.

4. The ultrasound medical apparatus according to claim 3,

further comprising:

an image formation unit that forms a coagulation state
image in which a plurality of time phases are represented
on one axis and a size of coagulation measured for each
time phase is represented on the other axis.

5. The ultrasound medical apparatus according to claim 1,

wherein

the displacement wave processor forms a displacement
ultrasound beam in which a modulation process with the
relatively high modulation frequency and a modulation
process with the relatively low modulation frequency
are combined, and

the displacement measurement unit measures the displace-
ment of the tissue at the site of interest for each of the
modulation frequencies by extracting a frequency com-
ponent corresponding to each of the modulation fre-
quencies from a reception signal obtained through the
measurement ultrasound beam.

6. The ultrasound medical apparatus according to claim 1,

wherein

the displacement wave processor forms a displacement
ultrasound beam to which a modulation process is
applied with the relatively high modulation frequency
and a displacement ultrasound beam to which a modu-
lation process is applied with the relatively low modu-
lation frequency at time phases that are different from
each other,

the measurement wave processor forms a measurement
ultrasound beam at a time phase corresponding to the
modulation frequency for each of the modulation fre-
quencies, and

the displacement measurement unit measures the displace-
ment of the tissue at the site of interest for each of the
modulation frequencies based on the reception signal
obtained through the measurement ultrasound beam
formed for each of the modulation frequencies.

7. The ultrasound medical apparatus according to claim 1,

wherein

the modulation controller controls the displacement wave
processor to switch the modulation frequency from the
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relatively high modulation frequency to the relatively
low modulation frequency when a size of coagulation
measured based on a measurement result of the displace-
ment with the relatively high modulation frequency
reaches a threshold.

8. The ultrasound medical apparatus according to claim 3,

wherein

the displacement wave processor forms a displacement
ultrasound beam in which a modulation process with the
relatively high modulation frequency and a modulation
process with the relatively low modulation frequency
are combined, and

the displacement measurement unit measures the displace-
ment of the tissue at the site of interest for each of the
modulation frequencies by extracting a frequency com-
ponent corresponding to each of the modulation fre-
quencies from a reception signal obtained through the
measurement ultrasound beam.

9. The ultrasound medical apparatus according to claim 3,

wherein

the displacement wave processor forms a displacement
ultrasound beam to which a modulation process is
applied with the relatively high modulation frequency
and a displacement ultrasound beam to which a modu-
lation process is applied with the relatively low modu-
lation frequency at time phases that are different from
each other,

the measurement wave processor forms a measurement
ultrasound beam at a time phase corresponding to the
modulation frequency for each of the modulation fre-
quencies, and
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the displacement measurement unit measures the displace-
ment of the tissue at the site of interest for each of the
modulation frequencies based on the reception signal
obtained through the measurement ultrasound beam
formed for each of the modulation frequencies.
10. The ultrasound medical apparatus according to claim 3,
wherein
the modulation controller controls the displacement wave
processor to switch the modulation frequency from the
relatively high modulation frequency to the relatively
low modulation frequency when a size of coagulation
measured used on a measurement result of the displace-
ment with the relatively high modulation. frequency
reaches a threshold.
11. The ultrasound medical apparatus according to claim 1,
wherein
the modulation controller determines the relatively high
modulation frequency and the relatively low modulation
frequency based on the following equation:

Modulation frequency (Hz))={frame rate (Hz)/prime
number}xnatural number N.

12. The ultrasound medical apparatus according to claim
11, wherein
the modulation controller determines the relatively high
modulation frequency by setting the natural number N to
a relatively large value, and determines the relatively
low modulation frequency by setting the natural number
N to a relatively small value.

* ok %k



THMBW(EF)

[ i (S RIR) A ()

RE(EFR)AGE)

HAT R E(ZFRR)AGE)

FRI& B A

RHA

IPCH %5
CPCH %5
£ %X
HhEREESE

BEG®)

BEERE
US20160120511A1 NI (»&E)B
US14/891732 RiEHR

EMKFEAN FRKF
AR FETHRA &4

REKRF

REKRE

HITACHI , LTD.

AZUMA TAKASHI
SASAKI AKIRA
AOYAGI RYOSUKE
TAKAGI SHU

ITANI KAZUNORI
FUJIWARA KEISUKE
TAKEUCHI HIDEKI

AZUMA, TAKASHI
SASAKI, AKIRA
AOYAGI, RYOSUKE
TAKAGI, SHU

ITANI, KAZUNORI
FUJIWARA, KEISUKE
TAKEUCHI, HIDEKI

A61B8/08 AG1N7/02

A61B8/485 A61N7/02 A61B8/085 A61B2018/00589 A61N2007/0052

2013000609 2013-05-30 JP

Espacenet USPTO

WHmEREET ( 36 ) BEVBERERET ( 34 ) , EHEUBE
FRBFIRR ((EB ) {6/ HEX 9 18 4k 22 55 18 ) 55058 M AR X E AY 1 Bl 530
R, ABNERT (24 ) NESMAFMETIHTXE (P) PARMN

{18, #ERONEST (25 ) UBRBANSASAETHCENE
R DATEN (P) BIRE FREBONRERNBATES \1 %

(P) BB SURE, WHMEANEAE. Rit, 6, TUERBEBI

BRER L RUNFESTRERIEES , HAE—S , fin
FHHEENANEERT | B5,

patsnap

2016-05-05

2014-05-27

IMAGE
FORMATION UMi’l‘I

28

ULTRASOUND

22 24

25 26

[.J ,.../
J TRANSMISSION ] |DisPLACEMENT
D

Yok
| CoacuLATION
IMAGE

, 5
,AILEEENE, '\.' (Mg)

‘1_
18/ 'EB}
kS

'

b

(10H) [ (100) | (10H)
)

RECEPTH

o8 ] UNIT

FORMATION UNIT|

%

CONTROLLER

50

DISPLAY

¥
i
] /
S
b
i
Y

FREQUENCY
CONTROLLER

_____


https://share-analytics.zhihuiya.com/view/d58a7d1f-032f-4fa4-a9ca-d1f4cb5f76a7
https://worldwide.espacenet.com/patent/search/family/051701975/publication/US2016120511A1?q=US2016120511A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220160120511%22.PGNR.&OS=DN/20160120511&RS=DN/20160120511

