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According to an aspect of the present invention, since an
attenuation factor of ultrasound inside a subject is derived
from changes in the phase of an ultrasound echo in a depth
direction of the subject, the attenuation factor can be deter-
mined simply and conveniently. Accordingly, a plurality of
band-pass filters that have different center frequencies, and a
signal processing circuit that performs individual detection
and logarithmic compression for each band and the like are
not required.
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ULTRASOUND SIGNAL PROCESSING
APPARATUS AND METHOD

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention The present invention
relates to an ultrasound signal processing apparatus and
method that transmit ultrasound towards a subject, receive an
ultrasound echo from inside the subject, and derive an attenu-
ation factor of ultrasound inside the subject.

[0002] 2. Description of the Related Art

[0003] Japanese Patent Application Laid-Open No.
7-51270 discloses a configuration that significantly improves
the visibility of minute differences in contrast by dividing a
reception signal of an ultrasound echo into different bands
using a plurality of band-pass filters, and attaching informa-
tion regarding attenuation that accompanies ultrasound
propagation within an organism by performing a weighted
addition or a hue addition with respect to individually
detected reception signals.

SUMMARY OF THE INVENTION

[0004] However, according to the configuration described
in Japanese Patent Application Laid-Open No. 7-51270, a
plurality of band-pass filters that have different center fre-
quencies, and a signal processing circuit that performs indi-
vidual detection and logarithmic compression for each band
are required. More specifically, the hardware configuration is
complicated and it is difficult to reduce the cost of the device.

[0005] The present invention has been made in consider-
ation of these circumstances, and an object of the invention is
to provide an ultrasound signal processing apparatus and
method that can simply and conveniently determine an
attenuation factor of ultrasound inside a subject.

[0006] To achieve the foregoing object, the present inven-
tion provides an ultrasound signal processing apparatus com-
prising: an ultrasound transmitting/receiving device which
transmits ultrasound towards a subject and receives an ultra-
sound echo from inside the subject to generate a reception
signal that represents the ultrasound echo; a phase informa-
tion acquisition device which acquires phase information
showing a phase of the ultrasound echo from the reception
signal, and an attenuation factor deriving device which
derives an attenuation factor of the ultrasound inside the
subject based on changes in the phase of the ultrasound echo
in a depth direction of the subject. According to this configu-
ration, since an attenuation factor of ultrasound inside a sub-
ject is derived from changes in the phase of an ultrasound
echo in a depth direction of the subject, the attenuation factor
can be determined simply and conveniently. Accordingly, a
plurality of band-pass filters that have different center fre-
quencies, and a signal processing circuit that performs indi-
vidual detection and logarithmic compression for each band
and the like are not required.

[0007] In the present invention, an aspect in which the
attenuation factor deriving device derives the attenuation fac-
tor by determining a second-order differential value of the
phase of the ultrasound echo in the depth direction of the
subject is preferable.

[0008] According to the aspect, the attenuation factor can
be derived appropriately and with ease.
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[0009] 1In the present invention, an aspect in which the
attenuation factor deriving device derives the attenuation fac-
tor based on a phase change excluding a speckle component
is preferable.

[0010] According to the aspect, it is possible to derive an
accurate attenuation factor that corresponds to tissue charac-
teristics of a subject.

[0011] For example, the attenuation factor deriving device
derives the attenuation factor by taking a phase difference for
which a frequency is greatest in a region of interest of a
tomographic section ofthe subject as a representative value of
the region of interest, and differentiating the representative
value with respect to the depth direction.

[0012] For example, the attenuation factor deriving device
derives the attenuation factor by dividing a tomographic sec-
tion of the subject into speckle regions and non-speckle
regions, determining a mean value of phase differences that
belong to the non-speckle regions for each region of interest,
taking the mean value as a representative value of the region
of interest, and differentiating the representative value with
respect to the depth direction.

[0013] For example, the attenuation factor deriving device
derives the attenuation factor by dividing a tomographic sec-
tion of the subject into speckle regions and non-speckle
regions, and determining a second-order differential value of
phases of the ultrasound echo belonging to the non-speckle
regions.

[0014] 1In the present invention, preferably the ultrasound
transmitting/receiving device transmits a Gaussian pulse.
[0015] In the present invention, the phase information
acquisition device utilizes data in which a resolution of a
phase in an arraying direction of elements of the ultrasound
transmitting/receiving device is greater than or equal to an
interval between the elements.

[0016] In the present invention, the ultrasound transmit-
ting/receiving device is capable of generating the reception
data of two sound rays or more in an arraying direction of the
elements of the ultrasound transmitting/receiving device with
a single ultrasound transmission, and the phase information
acquisition device utilizes the reception data of two sound
rays or more that is generated with the ultrasound transmit-
ting/receiving device. In the present invention, an aspect
which comprises an attenuation factor tomogram generating
device which generates an attenuation factor tomogram that
shows a distribution of attenuation factors in a tomographic
section of the subject based on the attenuation factors derived
by the attenuation factor deriving device is preferable.
[0017] According to the aspect, it is possible to make an
appropriate diagnosis by viewing the distribution of attenua-
tion factors in a tomographic section of the subject.

[0018] Inthe presentinvention, a form which comprises an
amplitude information acquisition device which acquires
amplitude information that shows an amplitude of the ultra-
sound echo from a reception signal of the ultrasound echo; an
amplitude tomogram generating device which generates an
amplitude tomogram based on the amplitude information
acquired with the amplitude information acquisition device;
and an image synthesis device which superimposes the
attenuation factor tomogram and the amplitude tomogram
with respect to each other is preferable.

[0019] According to this configuration, because the ampli-
tude tomogram and the attenuation factor tomogram are
superimposed with respect to each other, an appropriate diag-
nosis can be made.
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[0020] For example, the image synthesis device modulates
the brightness or color of the amplitude tomogram in accot-
dance with the attenuation factor tomogram.

[0021] Inthe present invention, an aspect which comprises
an amplitude information acquisition device which acquires
amplitude information that shows an amplitude of the ultra-
sound echo from a reception signal of the ultrasound echo; an
amplitude tomogram generating device which generates an
amplitude tomogram based on the amplitude information
acquired with the amplitude information acquisition device; a
display section capable of displaying an image; and a display
control device which performs control to cause the attenua-
tion factor tomogram and the amplitude tomogram to display
side by side on the display section is preferable.

[0022] According to the aspect, an amplitude tomogram
and an attenuation factor tomogram can be easily viewed in
association with each other, to thereby enable an appropriate
diagnosis.

[0023] In the present invention, an aspect that comprises a
mode switching device which switches between a mode that
outputs the attenuation factor tomogram and a mode that does
not output the attenuation factor tomogram is preferable.
[0024] In the present invention, a configuration that com-
prises a mode switching device which switches between a
mode that synthesizes the attenuation factor tomogram and
the amplitude tomogram and a mode that does not synthesize
the amplitude tomogram is preferable.

[0025] Further, the present invention provides an ultra-
sound signal processing method comprising the steps of:
transmitting ultrasound towards a subject and receiving an
ultrasound echo from the subject; acquiring phase informa-
tion that shows a phase of the ultrasound echo from a recep-
tion signal that represents the ultrasound echo; and deriving
an attenuation factor of the ultrasound inside the subject
based on changes in the phase of the ultrasound echo in a
depth direction of the subject.

[0026] According to the present invention, an attenuation
factor of ultrasound inside a subject can be simply and con-
veniently determined.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 is an explanatory drawing that is used to
explain a positional relationship between an ultrasound probe
and a subject;

[0028] FIG. 2A is an amplitude tomogram of a subject
comprising water and agar, FIG. 2B is a phase difference
tomogram of the subject shown in FIG. 2A, FIG. 2C is an
amplitude tomogram of a subject in which a layer of water is
thicker than in the subject shown in FIG. 2A, and FIG. 2D is
aphase difference tomogram of the subject shown in F1G. 2C;
[0029] FIG. 3isahistogram of phase differences in regions
of interest in the phase difference tomograms shown in FIGS.
2B and 2D;

[0030] FIG. 4A is an amplitude tomogram of a subject
comprising ethanol and agar, FIG. 4B is a phase difference
tomogram of the subject shown in FIG. 4A, FIG. 4C is an
amplitude tomogram of a subject in which a layer of ethanol
is thicker than in the subject shown in FIG. 4A, and FIG. 4D
is a phase difference tomogram of the subject shown in FIG.
4C,;

[0031] FIG.5isahistogram of phase differences in regions
of interest in the phase difference tomograms shown in FIGS.
4B and 4D;
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[0032] FIG. 6is a view that shows the relation between the
depth of a reflection position inside a subject and a phase
difference;

[0033] FIG. 7 is a block diagram that shows an example of
the configuration of an ultrasound diagnostic apparatus that
includes the ultrasound signal processing apparatus accord-
ing to the present invention;

[0034] FIG. 8 is a view that illustrates an abbreviated flow
of one example of ultrasound signal processing according to
the present invention;

[0035] FIG. 9isablock diagram that illustrates an example
of the configuration of an attenuation factor deriving section
according to a first embodiment;

[0036] FIG. 10 is a flowchart that illustrates an example of
the flow of attenuation factor derivation processing according
to the first embodiment;

[0037] FIG. 11A is an explanatory drawing that is used to
explain a region of interest; FIG. 11B is an explanatory draw-
ing that is used to explain that a phase difference at the
frequency maximum in a region of interest is obtained as a
representative value of the region of interest; and FIG. 11C is
an explanatory drawing that is used for explaining a phase
difference representative value tomogram that comprises rep-
resentative values of each region of interest;

[0038] FIG. 12 is ablock diagram that shows an example of
the configuration of the attenuation factor deriving section
according to a second embodiment;

[0039] FIG. 13 is a flowchart that shows an example of the
flow of attenuation factor derivation processing in the second
embodiment; and

[0040] FIGS. 14A and 14B are explanatory views that illus-
trate results obtained by separating an amplitude tomogram
into speckle regions and non-speckle regions.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0041] Hereunder, embodiments of the present invention
are described in detail in accordance with the attached draw-
ings.

<Principles of the Present Invention>

[0042] First, the principles of the present invention are
explained.
[0043] In FIG. 1, in an ultrasound probe 20, a plurality of

ultrasound transmitting/receiving elements are arrayed that
transmit ultrasound towards a subject 90, and receive
reflected waves (an ultrasound echo) from inside the subject
90 to generate a reception signal that represents an ultrasound
echo.

[0044] Hereunder, a depth direction ofthe subject 90 is also
referred to as the “distance direction”. Further, a direction in
which the ultrasound transmitting/receiving elements are
arrayed (element arraying direction) is also referred to as the
“scan direction”.

[0045] In order to facilitate the description a case is
described hereunder using as an example an ultrasound probe
20 having ultrasound transmitting/receiving elements that are
one-dimensionally arrayed. However, the present invention
can also be applied to a case in which ultrasound transmitting/
receiving elements are two-dimensionally arrayed.

[0046] FIG. 2A is an amplitude tomogram of a subject
comprising water 201 and agar 202. FIG. 2B is a phase
difference tomogram of the subject shown in FIG. 2A. FIG.
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2C is an amplitude tomogram of a subject in which a layer of
the water 201 is thicker than in the subject shown in FIG. 2A.
FIG. 2D is a phase difference tomogram of the subject shown
in FIG. 2C. FIG. 3 is a histogram that shows a frequency
distribution 301 of phase differences in a region of interest
(depth of 30 mm and periphery thereof) in the phase differ-
ence tomogram shown in FIG. 2B, and a frequency distribu-
tion 302 of phase differences in a region of interest (depth of
50 mm and periphery thereof) in the phase difference tomo-
gram shown in FIG. 2D. FIG. 4A is an amplitude tomogram
ofa subject comprising ethanol 203 and the agar 202. F1G. 4B
is a phase difference tomogram of the subject shown in FIG.
4A. FIG. 4C is an amplitude tomogram of a subject in which
alayer of the ethanol 203 is thicker than in the subject shown
in FIG. 4A. FIG. 4D is a phase difference tomogram of the
subject shown in FIG. 4C. FIG. 5 is a histogram that shows a
frequency distribution 501 of phase differences in a region of
interest (depth of 30 mm and periphery thereof) in the phase
difference tomogram shown in FIG. 4B, and a frequency
distribution 502 of phase differences in a region of interest
(depth of 50 mm and periphery thereof) in the phase differ-
ence tomogram shown in FIG. 4D.

[0047] Inthiscase, anamplitude tomogram is created based
on the amplitude of a reception signal output from the ultra-
sound probe 20. More specifically, since a time (propagation
time) from transmission of ultrasound pulses until reception
of ultrasound echo pulses differs according to the depth of a
reflection position, an amplitude tomogram is generated by
associating propagation times with depths of reflection posi-
tions inside a subject and also associating amplitude values
with densities (or colors) of pixels. Further, a phase difference
tomogram is created based on phase differences of reception
signals that are output from the ultrasound probe 20. More
specifically, a phase difference tomogram is generated by
associating propagation times with depths of reflection posi-
tions inside a subject and also associating phase difference
values with densities (or colors) of pixels. Further, a fre-
quency distribution of phase differences shows a frequency
for each phase difference in a region of interest at a predeter-
mined position and of a predetermined size in a phase differ-
ence tomogram. For example, the frequency distribution of
phase differences is obtained by counting the number of
pixels constituting a phase difference tomogram for each
pixel value corresponding to a phase difference.

[0048] FIG. 6 is a view that illustrates the relation between
depths of reflection positions inside a subject and phase dif-
ferences. In FIG. 6, a straight line designated by reference
numeral 601 shows changes in the phase difference in a depth
direction with respect to ultrasound propagated through the
water 201. Further, a straight line designated by reference
numeral 602 shows changes in the phase difference in a depth
direction with respect to ultrasound propagated through the
ethanol 203. More specifically, the straight line designated by
reference numeral 601 is obtained by plotting onto the chart
shown in FIG. 6 the phase differences (center values) at which
the frequencies in the frequency distributions 301 and 302
shown in FIG. 3 are greatest. Further, the straight line desig-
nated by reference numeral 602 is obtained by plotting onto
the chart shown in FIG. 6 the phase differences (center values)
at which the frequencies in the frequency distributions 501
and 502 shown in FIG. 5 are greatest. The slopes of the
straight lines 601 and 602 are proportional to the attenuation
factor of water and the attenuation factor of ethanol compris-
ing the subjects, respectively. More specifically, a second-
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order differential value of a phase of an ultrasound echo in a
depth direction of a subject is proportional to the attenuation
factor of ultrasound in the substances constituting the subject.
[0049] According to the present invention, an attenuation
factor of ultrasound within a subject is derived by determin-
ing the second-order differential value of a phase of an ultra-
sound echo in a depth direction of the subject. That is, an
attenuation factor of ultrasound within a subject is derived
from changes in the phase of an ultrasound echo in a depth
direction of a subject.

[0050] Next, a case in which a Gaussian pulse (hereunder,
also referred to as “Gaussian waveform”) is transmitted as
ultrasound from the ultrasound probe 20 is described specifi-
cally.

[0051] A frequency spectrum of a Gaussian pulse that is to
be transmitted is given by formula 1.

Axexp(=((F-f0)/Aw)?)) [Formula 1]

Here, { denotes frequency, fO denotes center frequency, Aw
denotes bandwidth, and A denotes amplitude.

[0052] Further, attenuation with respect to a depth x is
given by formula 2.

T(x)xexp(-afx) [Formula 2]

Here, T(x) denotes attenuation caused by diffusion, exp(-
afx) denotes attenuation caused by absorption or dispersion
and is dependent on frequency, and o. denotes the attenuation
factor.

[0053] For example, the frequency spectrum of a Gaussian
pulse for depth x/2 that takes into account the round trip of the
ultrasound is given by formula 3 based on formula 1 and
formula 2.

AXT(x)xexp(—afx)xexp(-((f-f0)Aw)?))

[0054] The center frequency of a reflected wave of a Gaus-
sian pulse from a depth x/2 shifts to f0—(cxAw*xx/2), and is
not 0. More specifically, the center frequency of a reflected
wave becomes lower than that of the transmitted wave.
[0055] A reflected wave of a Gaussian pulse from a depth x
is given by formula 4.

[Formula 3]

u(tixcos(2mxflx)xt+§ 1) o t)xcos 2ax fix+2n(fx)-
JAx1+0,)
[0056] Here, u(t) denotes amplitude, ¢,(t) denotes phase,
f(x) denotes a center frequency of a reflected wave from depth
x, and fd denotes a quadrature detection frequency. ¢,(t)
includes a phase change that is produced by interference
between reflected waves, that is, a speckle phase change
component.
[0057] Based on formula 3, f(x) is expressed by formula 5.
Provided that t=2x/v, where v denotes sound velocity.

[Formula 4]

S0 (ox AW xx)=f0—(axAw’xvx/2)

[0058] The phase ¢(t) after quadrature detection at fre-
quency fd is expressed by 2m(f(x)-fd)xt+¢,(t) from formula
4, and by substituting f(x) of formula 5, is expressed by
formula 6.

[Formula 5]

HO=2m(f0-axAwsvxt/2—fd)xt+¢;(£)

[0059] By differentiating formula 6 withrespecttot, i.e. by
differentiating the phase with respect to the depth direction,
formula 7 is obtained.

[Formula 6]

A0 dr=2m0(fO~fd-cox Awxcvx )+ 1) e

[0060] Omitting dg,(t)/dt from formula 7, that is, omitting a
speckle component (interference component), will now be

[Formula 7]
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considered. For example, d¢,(t)/dt can be omitted by employ-
ing a center value in a region of interest of a tomographic
section as a phase difference (d¢(t)/dt), or by separating a
tomographic section into speckle regions and non-speckle
regions and averaging the phase differences of the non-
speckle regions while excluding the phase differences of the
speckle regions.

[0061] By further differentiating the phase difference (d¢
(t)/dt) shown in formula 7 with respect to t, that is, by further
differentiating in the depth direction, formula 8 is obtained.

/AP =-2moxAwxy

[0062] Informula 8, since the bandwidth Aw is known, the
attenuation (oixv) per unit time is obtained. Accordingly, if
the sound velocity v is obtained by a separate method, the
attenuation per unit distance, i.e. the attenuation factor o, can
be obtained.

[0063] As described above, when a transmitted waveform
is a Gaussian pulse, a differential value in a depth direction
(distance direction) of a phase difference excluding a speckle
component is proportional to the attenuation factor. More
specifically, by transmitting a Gaussian pulse towards a sub-
ject from the ultrasound probe 20, performing quadrature
detection of a reception signal output from the ultrasound
probe 20, acquiring a phase ¢(t) that shows the phase of an
ultrasound echo, and determining a second-order differential
value (d*¢/dt*) excluding a speckle component, the attenua-
tion factor a can be derived easily and appropriately.

[0064] Although a case in which a Gaussian pulse is trans-
mitted and a speckle component is excluded with respect to a
phase difference is described as an example in order to facili-
tate the description of the principles of the present invention,
the present invention is not particularly limited to such a case.
A configuration may also be adopted in which a speckle
component is excluded with respect to a second-order phase
difference. It is also possible to transmit ultrasound waves
other than Gaussian pulses towards a subject.

[0065] Hereunder, specific embodiments for implementing
the present invention are described.

[Formula 8]

<Ultrasound Diagnostic Apparatus>

[0066] FIG. 7 is a block diagram that shows an example of
the configuration of an ultrasound diagnostic apparatus
including an ultrasound signal processing apparatus accord-
ing to the present invention.

[0067] In FIG. 7, an ultrasound diagnostic apparatus 10
chiefly includes an operation section 12, a display section 14,
an ultrasound probe 20, a transmitting/receiving section 30, a
signal processing section 40, an image processing section 50,
amode switching section 62, and a display control section 64.
[0068] The operation section 12 is an instruction input
device with which a user instruction is input. For example, the
operation section 12 is constituted by a keyboard or a mouse.
[0069] Thedisplay section 14 is a display device capable of
displaying images. For example, the display section 14 is
constituted by an LCD (liquid crystal display).

[0070] The ultrasound probe 20 transmits ultrasound
towards a subject, and receives an ultrasound echo that is
reflected back from inside the subject. The ultrasound probe
20, for example, includes a plurality of ultrasound transduc-
ers that comprise a one-dimensional ultrasound transducer
array. Each ultrasound transducer is configured, for example,
by an oscillator which is a piezoelectric element, such as a
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PZT element, with electrodes formed at both ends. The ultra-
sound probe 20 may also be configured by a two-dimensional
ultrasound transducer array.

[0071] The transmitting/receiving section 30 applies an
ultrasound transmission signal such as a Gaussian pulse to the
ultrasound probe 20 to thereby generate ultrasound at the
ultrasound probe 20. When an ultrasound echo that is
reflected back from inside the subject is received by the ultra-
sound probe 20, the ultrasound probe 20 outputs a reception
signal that represents the ultrasound echo. Hence, after sub-
jecting the aforementioned reception signal to amplification
and A(analog)/D(digital) conversion, the transmitting/receiv-
ing section 30 performs reception focusing and inputs the
signal to the signal processing section 40. By means of the
reception focusing, reception data (sound ray data) of two
sound rays or more is generated in the element arraying
direction for a single ultrasound transmission. For example, it
is sufficient to perform reception focusing as described in
Japanese Patent Application Laid-Open No. 2008-167985.
[0072] The signal processing section 40 performs process-
ing that acquires information that is useful for ultrasound
diagnosis from the reception signal.

[0073] The signal processing section 40 of the present
exampleincludes a quadrature detection section 41, an ampli-
tude information calculation section 42, a phase information
calculation section 43, and an attenuation factor deriving
section 44.

[0074] The quadrature detection section 41 performs
quadrature detection with respect to a reception signal that
represents an ultrasound echo.

[0075] A reception signal y(t) is expressed by formula 9.

y(O=ultyxcos(@+(D))

Here, u(t) denotes amplitude, and ¢(t) denotes phase.

[0076] As shown in formula 10, the reception signal y(t) is
separated into a real number component (cos component) and
an imaginary number component (sin component) by quadra-
ture detection. The real number component is also called an I
component and the imaginary number component is also
called a Q component.

I=u(t)cos(¢(r))

[Formula 9]

P=u(D)sin(§)(®))

[0077] Basedon the I component and the Q component that
are obtained by the quadrature detection section 41, the
amplitude information calculation section 42 calculates the
amplitude u(t) by formula 11.

uO=VP+ )
[0078] Based on the I component and the Q component that
are obtained at the quadrature detection section 41, the phase

information calculation section 43 calculates the phase ¢(t)
by formula 12.

[Formula 10]

[Formula 11]

p(F=tan" /0

[0079] The quadrature detection section 41 and the ampli-
tude information calculation section 42 constitute an ampli-
tude information acquisition device that acquires u(t) as
amplitude information corresponding to the amplitude of the
ultrasound echo. Further, the quadrature detection section 41
and the phase information calculation section 43 constitute a
phase information acquisition device that acquires ¢(t) as
phase information that corresponds to the phase of the ultra-
sound echo.

[Formula 12]
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[0080] The attenuation factor deriving section 44 derives
changes in a phase ¢(t) obtained by the phase information
calculation section 43, and an attenuation factor of ultrasound
in a depth direction inside the subject. More specifically, the
attenuation factor deriving section 44 derives an attenuation
factor based on changes in the phase of an ultrasound echo in
a depth direction of the subject.

[0081] Theimage processing section 50 performs process-
ing that generates an image based on information that is
acquired by the signal processing section 40.

[0082] The image processing section 50 of the present
example includes an amplitude tomogram generating section
51, a phase difference tomogram generating section 52, an
attenuation factor tomogram generating section 53, and an
image synthesis section 54.

[0083] The amplitude tomogram generating section 51
converts an amplitude u(t) that is calculated at the amplitude
information calculation section 42 to amplitude information
corresponding to each reflection position in a tomographic
section (diagnosis site cross-section) of the subject. Further,
the amplitude tomogram generating section 51 performs a
logarithmic amplification process or correction of attenuation
corresponding to each depth at ultrasound reflection positions
and the like, and generates an amplitude tomogram (B mode
tomogram) as an amplitude image showing the amplitude of
an ultrasound echo from each reflection position in a tomo-
graphic section of the subject.

[0084] The phase difference tomogram generating section
52 converts a phase §(t) that is calculated at the phase infor-
mation calculation section 43 to phase difference information
corresponding to each reflection position in a tomographic
section (cross-section of diagnosing region) of the subject,
and generates a phase difference tomogram as a phase differ-
ence image that shows phase differences of an ultrasound
echo from each reflection position in the tomographic section
of the subject.

[0085] The attenuation factor tomogram generating section
53 converts an attenuation factor that is derived by the attenu-
ation factor deriving section 44 into attenuation factor infor-
mation corresponding to each reflection position in a tomo-
graphic section (cross-section of diagnosing region) of the
subject, and generates an attenuation factor tomogram as an
attenuation factor image that shows the attenuation factors of
ultrasound at each reflection position in a tomographic sec-
tion of the subject.

[0086] The image synthesis section 54 selects and synthe-
sizes required images in accordance with an instruction from
the mode switching section 62 from among the amplitude
tomogram generated by the amplitude tomogram generating
section 51, the phase difference tomogram generated by the
phase difference tomogram generating section 52, and the
attenuation factor tomogram generated by the attenuation
factor tomogram generating section 53. The image synthesis
section 54, for example, superimposes the amplitude tomo-
gram and the phase difference tomogram with respect to each
other by modulating the brightness or color of the amplitude
tomogram in accordance with the phase difference tomo-
gram. Further, for example, the image synthesis section 54
superimposes the amplitude tomogram and the attenuation
factortomogram with respect to each other by modulating the
brightness or color of the amplitude tomogram in accordance
with the attenuation factor tomogram. The image synthesis
section 54 may also superimpose the amplitude tomogram,
the phase difference tomogram, and the attenuation factor
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tomogram with respect to each other. An image that is syn-
thesized with the image synthesis section 54 is input as a
video signal to the display section 14 via the display control
section 64.

[0087] The display control section 64 selects an arbitrary
image in accordance with an instruction from the mode
switching section 62 from among the amplitude tomogram,
the phase difference tomogram, the attenuation factor tomo-
gram, and images that are synthesized by the image synthesis
section 54, performs enlargement/reduction processing and
layout processing on the selected image, and inputs the image
to the display section 14. Various combinations of images
may be displayed. For example, the amplitude tomogram and
the attenuation factor tomogram may be arranged side by side
and displayed on the display section 14. A synthesized image
of the amplitude tomogram and the attenuation factor tomo-
gram may also be displayed side by side with the amplitude
tomogram. Alternatively, only the attenuation factor tomo-
gram or only a synthesized image may be displayed.

[0088] The mode switching section 62 switches image dis-
play modes. For example, the mode switching section 62
switches between a mode that displays an attenuation factor
tomogram (attenuation factor tomogram display mode) and a
mode that does not display an attenuation factor tomogram
(attenuation factor tomogram non-display mode). Further, for
example, the mode switching section 62 switches between a
mode (superimposed display mode) that superimposes an
amplitude tomogram and an attenuation factor tomogram
with respect to each other and displays the superimposed
image, and a mode that displays an amplitude tomogram and
an attenuation factor tomogram side by side without super-
imposing these tomograms (side-by-side display mode).
[0089] In the present example, the resolution of a phase in
the arraying direction of the elements of the ultrasound probe
20 is greater or equal to an interval between the elements of
the ultrasound probe 20. That is, the resolution in the element
arraying direction of phase information calculated at the
phase information calculation section 43 is greater than or
equal to an interval between the elements (for example, ultra-
sound transducers) of the ultrasound probe 20.

[0090] The signal processing section 40, the image pro-
cessing section 50, the mode switching section 62, and the
display control section 64, for example, are constituted by a
CPU (Central Processing Unit). A part of these components
may also be constituted by a circuit.

[0091] FIG. 8 is a view that illustrates an abbreviated flow
of one example of ultrasound signal processing according to
the present invention.

[0092] In step S1, phase information that shows the phase
of an ultrasound echo in a depth direction of a subject is
acquired from a reception signal of an ultrasound echo. More
specifically, when ultrasound is transmitted towards a subject
from the ultrasound probe 20 and an ultrasound echo from
inside the subject is received by the ultrasound probe 20, a
reception signal y(t) that represents the ultrasound echo is
output from the transmitting/receiving section 30, and a phase
¢(t) is acquired from the reception signal y(t) by the quadra-
ture detection section 41 and the phase information calcula-
tion section 43.

[0093] In step S2, an attenuation factor ¢ of ultrasound
inside the subject is derived based on changes in the phase of
the ultrasound echo in the depth direction of the subject. More
specifically, the attenuation factor deriving section 44 derives
the attenuation factor o by determining a second-order dif-
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ferential value (d¢/dt*) of the phase ¢(t). A specific example
of this attenuation factor derivation processing is described in
detail later.

[0094] In step S3, various kinds of tomograms are gener-
ated. More specifically, an amplitude tomogram is generated
by the amplitude tomogram generating section 51 based on an
amplitude u(t) that is calculated by the amplitude information
calculation section 42. Further, a phase difference tomogram
is generated by the phase difference tomogram generating
section 52 based on phases ¢(t) calculated by the phase infor-
mation calculation section 43. Furthermore, an attenuation
factor tomogram is generated by the attenuation factor tomo-
gram generating section 53 based on attenuation factors cal-
culated by the attenuation factor deriving section 44. Further,
a synthesized image is generated by the image synthesis
section 54.

[0095] In step S4, various kinds of tomograms are output.
More specifically, various kinds of tomograms are output to
the display section 14 by the display control section 64 in
accordance with the display mode that is switched to by the
mode switching section 62.

<Attenuation Factor Deriving Section and Attenuation Factor
Derivation Processing>

[0096] Hereunder, the attenuation factor deriving section
44 and attenuation factor derivation processing are described
by dividing the description among various embodiments.
[0097] FIG.9 is a block diagram that shows the configura-
tion of the attenuation factor deriving section 44 according to
the first embodiment.

[0098] The attenuation factor deriving section 44 of the
present embodiment comprises a phase difference calculation
section 71, a phase difference center value calculation section
72, a second-order phase difference calculation section 73,
and an attenuation factor conversion section 74. The phase
difference calculation section 71 calculates phase differences
(first-order differential value of a phase) of an ultrasound
echo corresponding to each reflection position inside a sub-
ject by differentiating a phase ¢(t) of a reception signal rep-
resenting an ultrasound echo with respect to t, that is, by
differentiating the phase with respect to the depth direction of
the subject. The phase difference center value calculation
section 72 calculates a center value (representative value) of
the phase differences in each region of interest that are cen-
tered on each reflection position inside the subject. The sec-
ond-order phase difference calculation section 73 calculates
second-order phase differences (second-order differential
value of phase) of an ultrasound echo corresponding to each
reflection position within a subject by differentiating a center
value of the phase differences calculated by the phase differ-
ence center value calculation section 72 with respect to t, that
is, by differentiating a center value of the phase differences
with respect to the depth direction inside the subject. The
attenuation factor conversion section 74 converts a second-
order phase difference calculated by the second-order phase
difference calculation section 73 into an attenuation factor.
[0099] FIG. 10 is a flowchart showing one example of the
flow of attenuation factor derivation processing according to
the first embodiment. The present processing is executed in
accordance with a program by a CPU comprising the attenu-
ation factor deriving section 44.

[0100] InstepS11, phase differences of an ultrasound echo
corresponding to each reflection position in a depth direction
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(distance direction) of a subject are calculated by the phase
difference calculation section 71.

[0101] According to this example, the phase difference cal-
culation section 71 calculates a phase difference (d¢(t)/dt) of
an ultrasound echo corresponding to each reflection position
within a subject by differentiating a phase ¢(t) that is calcu-
lated with the phase information calculation section (desig-
nated by reference numeral 43 in FIG. 7) with respect to t, that
is, by differentiating the phase with respect to the depth direc-
tion of the subject.

[0102] Inthis connection, at the phase difference tomogram
generating section (designated by reference numeral 52 in
FIG. 7), a phase difference tomogram is generated that shows
phase differences that correspond to each reflection position
in a tomographic section of the inside of the subject.

[0103] In step S12, the phase difference center value cal-
culation section 72 determines a phase difference (center
value of phase difference) that is the frequency maximum in
each region of interest at a kernel of a predetermined size as a
representative value of the phase difference in each region of
interest.

[0104] For example, first, as shown in FIG. 11A, the phase
difference center value calculation section 72 sequentially
focuses attention on each pixel 112 comprising a phase dif-
ference tomogram 111, and takes as a region of interest 113 a
region that comprises NxM pixels (for example, 5x5 pixels)
that is centered on the pixel 112 on which interest is focused.
Next, as shown in FIG. 11(B), the phase difference center
value calculation section 72 detects a frequency of the phase
difference for each region of interest 113, and determines a
phase difference 114 that is the frequency maximum as a
representative value of the phase difference for each region of
interest. More specifically, since a pixel value corresponds to
a phase difference, the number of pixels is counted for each
pixel value. In this manner, the representative value 114 of the
phase difference is determined for each region of interest 113
corresponding to each pixel 112 inside the phase difference
tomogram 111. Thereby, a phase difference tomogram (des-
ignated by reference numeral 115 in FIG. 11C) that comprises
the representative values 114 that respectively correspond to
each pixel 112 is generated.

[0105] InstepS13, adifferential value (second-order phase
difference) of the representative values of the phase differ-
ences corresponding to each reflection position in the depth
direction (distance direction) of the subject is determined by
the second-order phase difference calculation section 73.

[0106] According to the present example, a second-order
phase difference (d¢/dt®) corresponding to each reflection
position is calculated by determining a difference between
representative values of adjoining phase differences in the
depth direction of a subject, that is, by differentiating repre-
sentative values of phase differences calculated by the sec-
ond-order phase difference calculation section 73 with
respect to the depth direction of the subject.

[0107] Instep S14, the second-order phase differences cal-
culated by the second-order phase difference calculation sec-
tion 73 are converted to attenuation factors by the attenuation
factor conversion section 74. According to the present
example, attenuation factors that correspond to each reflec-
tion position within the subject are obtained.

[0108] In this connection, the attenuation factor tomogram
generating section (designated by reference numeral 53 in
FIG. 7) generates an attenuation factor tomogram showing
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attenuation factors that correspond to each reflection position
in a tomographic section of the inside of the subject.

[0109] A method that converts second-order phase differ-
ences to attenuation factors may use a conversion table, and in
the case of a Gaussian pulse, since attenuation factors are
proportional to second-order phase differences, attenuation
factors may be calculated using the aforementioned formula
8. Further, in the case of a Gaussian pulse, since the attenua-
tion factors are proportional to the second-order phase differ-
ences, it is also possible to use the second-order phase differ-
ences as they are without converting the second-order phase
differences into attenuation factors.

[0110] In this connection, although a case in which phase
differences as the frequency maximum in each region of
interest are employed as representative values has been
described as one example of the present embodiment, a con-
figuration may also be adopted in which a mean value of
phase differences within each region of interest is employed
as a representative value of the phase differences for each
region of interest. In this case, a configuration may also be
adopted in which the mean value of phase differences in only
non-speckle regions inside each region of interest is
employed as a representative value of the phase differences
for each region of interest. A non-speckle region, for example,
may also be taken as a region in which an amplitude value
exceeds a threshold value, or may be taken as a region in
which an amplitude value is greater than a predetermined
proportion of a mean value within the region of interest or
greater than a mean value from which a predetermined
amount has been subtracted. A non-speckle region may also
be distinguished based on phase differences.

[0111] Although according to the present embodiment a
second-order phase difference (second-order differential
value of phase) is determined afier determining a phase dif-
ference (first-order differential value of phase) and excluding
a speckle component, the second-order phase difference may
also be determined directly from the phase ¢(t).

[0112] FIG. 12 is a block diagram that shows the configu-
ration of the attenuation factor deriving section 44 according
to the second embodiment.

[0113] The attenuation factor deriving section 44 of the
present embodiment comprises a second-order phase differ-
ence calculation section 81, a region separating section 82, a
second-order phase difference mean value calculation section
83, and an attenuation factor conversion section 84. The sec-
ond-order phase difference calculation section 81 calculates a
second-order phase difference. (second-order differential
value of the phase) of an ultrasound echo corresponding to
each reflection position inside a subject by differentiating a
phase ¢(t) of a reception signal that represents an ultrasound
echo with respect to t twice, that is, by differentiating a phase
with respect to the depth direction of the subject twice. The
region separating section 82 separates a tomographic section
of the subject into speckle regions and non-speckle regions.
The second-order phase difference mean value calculation
section 83 calculates a second-order phase difference mean
value of only pixels belonging to non-speckle regions in each
region of interest that is centered on each reflection position
inside the subject. The attenuation factor conversion section
84 converts a mean value of second-order phase differences
calculated with the second-order phase difference mean value
calculation section 83 into an attenuation factor.

[0114] FIG. 13 is a flowchart that shows an example of the
flow of attenuation factor derivation processing in the second
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embodiment. This processing is executed in accordance with
aprogram by a CPU comprising the attenuation factor deriv-
ing section 44.

[0115] In step S21, second-order phase differences of an
ultrasound echo corresponding to each reflection position in
the depth direction (distance direction) of the subject are
calculated by the second-order phase difference calculation
section 81.

[0116] In this example, the second-order phase difference
calculation section 81 calculates second-order phase differ-
ences (second-order differential values of the phase) of an
ultrasound echo corresponding to each reflection position
inside the subject by differentiating a phase ¢(t) that is calcu-
lated with the phase information calculation section (desig-
nated by reference numeral 43 in FIG. 7) with respect to t
twice, that is, by differentiating the phase with respect to the
depth direction of the subject twice.

[0117] Instep S22, a tomographic section of the subject is
separated into speckle regions and non-speckle regions by the
region separating section 82.

[0118] According to the present example, the region sepa-
rating section 82 separates regions based on the amplitude
u(t) calculated with the amplitude information calculation
section (designated by reference numeral 42 in FIG. 7). For
example, the region separating section 82 sequentially
focuses interest on each pixel comprising an amplitude tomo-
gram generated by the amplitude tomogram generating sec-
tion (designated by reference numeral 51in FIG. 7), and when
an amplitude value for the pixel on which interest is focused
is greater than a predetermined threshold value, the region
separating section 82 determines that the pixel of interest
belongs to a non-speckle region. When the amplitude value
for the pixel of interest is less than or equal to a threshold
value, the region separating section 82 determines that the
pixel of interest belongs to a speckle region. Thus, the region
separating section 82 determines whether a pixel belongs to a
speckle region or a non-speckle region for each reflection
position of a tomographic section of the subject.

[0119] A configuration may also be adopted in which a
region comprising NxM pixels (for example, 5x5 pixels) that
is centered on the pixel of interest is taken as a region of
interest. In this case, when an amplitude value at the pixel of
interest is smaller than a predetermined proportion of a mean
value within the region of interest or a mean value from which
apredetermined amount has been subtracted, it is determined
that the pixel of interest belongs to a speckle region. In con-
trast, when the amplitude value is larger than the aforemen-
tioned value, it is determined that the pixel of interest belongs
to a non-speckle region.

[0120] An example of a result obtained by separating a
tomographic section into non-speckle regions and speckle
regions is shown in FIGS. 14A and 14B.

[0121] In step S23, mean values of second-order phase
differences of only non-speckle regions within region of
interests of a predetermined size that are centered on each
pixel are determined as second-order phase differences for
each pixel.

[0122] In step S24, the attenuation factor conversion sec-
tion 84 converts the second-order phase differences into
attenuation factors.

[0123] According to the present example, attenuation fac-
tors corresponding to each pixel in the tomographic section of
the subject are obtained based on second-order phase differ-
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ences for each pixel that are calculated by the second-order
phase difference mean value calculation section 83.

[0124] According to the present embodiment, attenuation
factors are determined by excluding low echo regions
(speckle regions) that are produced by random interference
(speckle) in an ultrasound echo (reflected wave) from a plu-
rality of reflectors inside a subject. Since a speckle becomes a
low echo produced by interferences that cancel each other
out, by distinguishing a speckle region based on amplitude
information and then determining attenuation factors in a
manner that excludes the speckle region, it is possible to
obtain accurate attenuation factors from which phase change
components produced by interference are excluded.

[0125] A configuration may also be adopted in which the
user separates a tomographic section of a subject into speckle
regions and non-speckle regions. That is, a configuration may
be adopted in which a tomogram (amplitude tomogram,
phase difference tomogram, synthesized image, or the like) is
displayed on the display control section 64 by the display
section 14, and the user is allowed to designate non-speckle
regions (or speckle regions) using the operation section 12.

[0126] An outline of an example in which regions are sepa-
rated based on phase differences will now be described. Since
aspeckle is produced by random interference in an ultrasound
echo, phase differences in a reception signal increase when a
speckle occurs. Therefore, phase differences corresponding
to each reflection position (or region of interest) are deter-
mined based on a phase ¢(t) that is acquired from the recep-
tion signal, and when a phase difference is greater than a
threshold value it is determined that the relevant reflection
position (or region of interest) belongs to a speckle region.
Preferably, phase differences used for separating regions are
calculated in both the depth direction of the subject and the
element arraying direction.

[0127] Although only examples in which the present inven-
tion determines atteruation factors for respective pixels have
been described in the foregoing, the present invention may
also separate regions for each tissue in an amplitude tomo-
gram, and determine a mean attenuation factor for each
region. A configuration may also be adopted in which regions
are separated for respective tissues in accordance with a des-
ignation by the user, or in which regions are separated based
on differences in the mean or dispersion of amplitudes or
based on differences in frequency spectra in the scan direc-
tion. Regions may also be separated based on speckle density.

[0128] Recent software-based ultrasound apparatuses hold
reception signals as digital data, and for example, it has
become possible to generate RF data (reception data that has
been subjected to reception focusing) of two sound rays or
more in an azimuth direction by utilizing reception signals
obtained from the same transmission (single transmission).
The same effect can also be achieved with an analog-based
circuit configuration that has advanced functions. According
to this apparatus configuration, since adjoining sound ray data
or frame RF data can be obtained at a high speed, phase
information can be calculated with a high degree of accuracy.

[0129] Itshould be understood that the present invention is
not limited to the examples described in the present specifi-
cation or the examples illustrated in the drawings, and natu-
rally various design changes and modifications can be made
thereto without departing from the spirit and scope of the
present invention.
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What is claimed is:

1. An ultrasound signal processing apparatus, comprising:

an ultrasound transmitting/receiving device which trans-
mits ultrasound towards a subject and receives an ultra-
sound echo from inside the subject to generate a recep-
tion signal that represents the ultrasound echo;

a phase information acquisition device which acquires
phase information showing a phase of the ultrasound
echo from the reception signal; and

an attenuation factor deriving device which derives an
attenuation factor of the ultrasound inside the subject
based on changes in the phase of the ultrasound echo in
a depth direction of the subject.

2. The ultrasound signal processing apparatus according to
claim 1, wherein the attenuation factor deriving device
derives the attenuation factor by determining a second-order
differential value of the phase of the ultrasound echo in the
depth direction of the subject.

3. The ultrasound signal processing apparatus according to
claim 1, wherein the attenuation factor deriving device
derives the attenuation factor based on a phase change exclud-
ing a speckle component.

4. The ultrasound signal processing apparatus according to
claim 2, wherein the attenuation factor deriving device
derives the attenuation factor based on a phase change exclud-
ing a speckle component.

5. The ultrasound signal processing apparatus according to
claim 3, wherein the attenuation factor deriving device
derives the attenuation factor by taking a phase difference for
which a frequency is greatest in a region of interest of a
tomographic section ofthe subject as a representative value of
the region of interest, and differentiating the representative
value with respect to the depth direction.

6. The ultrasound signal processing apparatus according to
claim 4, wherein the attenuation factor deriving device
derives the attenuation factor by taking a phase difference for
which a frequency is greatest in a region of interest of a
tomographic section ofthe subject as a representative value of
the region of interest, and differentiating the representative
value with respect to the depth direction.

7. The ultrasound signal processing apparatus according to
claim 3, wherein the attenuation factor deriving device
derives the attenuation factor by dividing a tomographic sec-
tion of the subject into speckle regions and non-speckle
regions, determining a mean value of phase differences
belonging to the non-speckle regions for each region of inter-
est, taking the mean value as a representative value of the
region of interest, and differentiating the representative value
with respect to the depth direction.

8. The ultrasound signal processing apparatus according to
claim 4, wherein the attenuation factor deriving device
derives the attenuation factor by dividing a tomographic sec-
tion of the subject into speckle regions and non-speckle
regions, determining a mean value of phase differences
belonging to the non-speckle regions for each region of inter-
est, taking the mean value as a representative value of the
region of interest, and differentiating the representative value
with respect to the depth direction.

9. The ultrasound signal processing apparatus according to
claim 3, wherein the attenuation factor deriving device
derives the attenuation factor by dividing a tomographic sec-
tion of the subject into speckle regions and non-speckle
regions, and determining a second-order differential value of
phases of the ultrasound echo belonging to the non-speckle
regions.
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10. The ultrasound signal processing apparatus according
to claim 4, wherein the attenuation factor deriving device
derives the attenuation factor by dividing a tomographic sec-
tion of the subject into speckle regions and non-speckle
regions, and determining a second-order differential value of
phases of the ultrasound echo belonging to the non-speckle
regions.

11. The ultrasound signal processing apparatus according
to claim 1, wherein the ultrasound transmitting/receiving
device transmits a Gaussian pulse.

12. The ultrasound signal processing apparatus according
to claim 1, wherein the phase information acquisition device
utilizes data in which a resolution of a phase in an arraying
direction of elements of the ultrasound transmitting/receiving
device is equal to or greater than an interval between the
elements.

13. The ultrasound signal processing apparatus according
to claim 1, wherein the ultrasound transmitting/receiving
device is capable of generating the reception data of two
sound rays or more in an arraying direction of the elements of
the ultrasound transmitting/receiving device with a single
ultrasound transmission, and

the phase information acquisition device utilizes the recep-

tion data of two sound rays or more that is generated with
the ultrasound transmitting/receiving device.

14. The ultrasound signal processing apparatus according
to claim 1, further comprising an attenuation factor tomogram
generating device which generates an attenuation factor
tomogram that shows a distribution of attenuation factors in a
tomographic section of the subject based on the attenuation
factors derived by the attenuation factor deriving device.

15. The ultrasound signal processing apparatus according
to claim 14, further comprising:

an amplitude information acquisition device which

acquires amplitude information that shows an amplitude
of the ultrasound echo from a reception signal of the
ultrasound echo;

an amplitude tomogram generating device which generates

an amplitude tomogram based on the amplitude infor-
mation acquired with the amplitude information acqui-
sition device; and

an image synthesis device which superimposes the attenu-

ation factor tomogram and the amplitude tomogram
with respect to each other.

16. The ultrasound signal processing apparatus according
to claim 15, wherein the image synthesis device modulates a
brightness or a color of the amplitude tomogram in accor-
dance with the attenuation factor tomogram.

17. The ultrasound signal processing apparatus according
to claim 14, further comprising:

an amplitude information acquisition device which

acquires amplitude information showing an amplitude
of the ultrasound echo from a reception signal of the
ultrasound echo;
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an amplitude tomogram generating device which generates
an amplitude tomogram based on the amplitude infor-
mation that is acquired with the amplitude information
acquisition device;

a display section which is capable of displaying an image;

and

a display control device which performs control to cause

the attenuation factor tomogram and the amplitude
tomogram to be displayed side by side on the display
section.

18. The ultrasound signal processing apparatus according
to claim 12, further comprising a mode switching device
which switches between a mode that outputs the attenuation
factor tomogram and a mode that does not output the attenu-
ation factor tomogram.

19. The ultrasound signal processing apparatus according
to claim 13, further comprising a mode switching device
which switches between a mode that outputs the attenuation
factor tomogram and a mode that does not output the attenu-
ation factor tomogram.

20. The ultrasound signal processing apparatus according
to claim 14, further comprising a mode switching device
which switches between a mode that outputs the attenuation
factor tomogram and a mode that does not output the attenu-
ation factor tomogram.

21. The ultrasound signal processing apparatus according
to claim 15, further comprising a mode switching device
which switches between a mode that outputs the attenuation
factor tomogram and a mode that does not output the attenu-
ation factor tomogram.

22. The ultrasound signal processing apparatus according
to claim 15, further comprising a mode switching device
which switches between a mode that synthesizes the attenu-
ation factor tomogram and the amplitude tomogram and a
mode which does not synthesize the amplitude tomogram.

23. The ultrasound signal processing apparatus according
to claim 16, further comprising a mode switching device
which switches between a mode that synthesizes the attenu-
ation factor tomogram and the amplitude tomogram and a
mode which does not synthesize the amplitude tomogram.

24. An ultrasound signal processing method, comprising
the steps of:

transmitting ultrasound towards a subject and receiving an

ultrasound echo from the subject;

acquiring phase information that shows a phase of the

ultrasound echo from a reception signal that represents
the ultrasound echo; and

deriving an attenuation factor of the ultrasound inside the

subject based on changes in the phase of the ultrasound
echo in a depth direction of the subject.
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