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(57) ABSTRACT

An ultrasound observation apparatus includes: a frequency
analysis unit that analyzes a frequency of the ultrasound
signal to calculate frequency spectra according to a recep-
tion depth and a reception direction of the ultrasound signal;
an optimal attenuation rate setting unit configured to: cal-
culate features of the frequency spectra; perform attenuation
correction on the features of the frequency spectra for
eliminating influence of attenuation of the ultrasound wave,
using attenuation rate candidate values providing different
attenuation characteristics which are attenuation character-
istics in propagating the ultrasound wave through the obser-
vation target, thereby to calculate corrected features of the
frequency spectra for each of the attenuation rate candidate
values; and set an optimal attenuation rate to the observation

(Continued)




US 10,201,329 B2
Page 2

target from among the attenuation rate candidate values,
based on the corrected features; and an attenuation rate
image data generation unit that generates attenuation rate
image data for displaying information on the optimal attenu-
ation rate.
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ULTRASOUND OBSERVATION APPARATUS,
METHOD FOR OPERATING ULTRASOUND
OBSERVATION APPARATUS, AND
COMPUTER-READABLE RECORDING
MEDIUM

CROSS REFERENCES TO RELATED
APPLICATIONS

This application is a continuation of PCT international
application Ser. No. PCT/IP2015/078534, filed on Oct. 7,
2015 which designates the United States, incorporated
herein by reference, and which claims the benefit of priority
from Japanese Patent Application No. 2014-259471, filed on
Dec. 22, 2014, incorporated herein by reference.

BACKGROUND

1. Technical Field

The disclosure relates to an ultrasound observation appa-
ratus for observing tissue to be observed using ultrasound
waves, a method for operating the ultrasound observation
apparatus, and a computer-readable recording medium.

2. Related Art

Conventionally, for an ultrasound observation apparatus
for observing tissue to be observed with the use of ultra-
sound waves, various attempts have been made to accurately
estimate characteristics of tissue to be observed using ultra-
sound attenuation characteristics. For example, a technique
for displaying hue information to be superimposed on tomo-
graphic image data is known. In the technique, intensity
change rates (attenuation characteristics) are calculated in a
small interval in a depth direction of a living body for
reception signals of ultrasound signals having different
frequencies, the intensity change rates are compared with
one another to add hue information according to the char-
acteristics of tissue at each point on a tomographic image,
and the hue information is displayed to be superimposed on
the tomographic image data (e.g., see JP 2010-51553 A).

SUMMARY

In some embodiments, provided is an ultrasound obset-
vation apparatus for generating an ultrasound image based
on an ultrasound signal obtained by an ultrasound probe
having an ultrasound transducer that is configured to trans-
mit an ultrasound wave to an observation target and to
receive the ultrasound wave reflected from the observation
target. The ultrasound observation apparatus includes: a
frequency analysis unit configured to analyze a frequency of
the ultrasound signal to calculate a plurality of frequency
spectra according to a reception depth and a reception
direction of the ultrasound signal; an optimal attenuation
rate setting unit configured to: calculate features of the
plurality of frequency spectra; perform attenuation correc-
tion on the features of the frequency spectra for eliminating
influence of attenuation of the ultrasound wave, using a
plurality of attenuation rate candidate values providing
different attenuation characteristics which are attenuation
characteristics in propagating the ultrasound wave through
the observation target, thereby to calculate corrected fea-
tures of the frequency spectra for each of the attenuation rate
candidate values; and set an optimal attenuation rate to the
observation target from among the plurality of attenuation
rate candidate values, based on a calculation result of the
corrected features; and an attenuation rate image data gen-
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2

eration unit configured to generate attenuation rate image
data for displaying information on the optimal attenuation
rate.

In some embodiments, a method for operating an ultra-
sound observation apparatus is provided. The ultrasound
observation apparatus generates an ultrasound image based
on an ultrasound signal obtained by an ultrasound probe
having an ultrasound transducer that is configured to trans-
mit an ultrasound wave to an observation target and to
receive the ultrasound wave reflected from the observation
target. The method includes: analyzing, by a frequency
analysis unit, a frequency of the ultrasound signal to calcu-
late a plurality of frequency spectra according to a scanning
position of the ultrasound transducer; calculating, by an
optimal attenuation rate setting unit, features of the plurality
of frequency spectra, performing attenuation correction on
the features of the frequency spectra for eliminating influ-
ence of attenuation of the ultrasound wave by using a
plurality of attenuation rate candidate values providing
different attenuation characteristics which are attenuation
characteristics in propagating the ultrasound wave through
the observation target, thereby to calculate corrected fea-
tures of the frequency spectra for each of the attenuation rate
candidate values, and setting an optimal attenuation rate to
the observation target from among the plurality of attenua-
tion rate candidate values based on a calculation result of the
corrected features; and generating, by an attenuation rate
image data generation unit, attenuation rate image data for
displaying information on the optimal attenuation rate.

In some embodiments, a non-transitory computer-read-
able recording medium with an executable program stored
thereon is provided. The program causes an ultrasound
observation apparatus that generates an ultrasound image
based on an ultrasound signal obtained by an ultrasound
probe having an ultrasound transducer that is configured to
transmit an ultrasound wave to an observation target and to
receive the ultrasound wave reflected from the observation
target, to execute: analyzing, by a frequency analysis unit, a
frequency of the ultrasound signal to calculate a plurality of
frequency spectra according to a scanning position of the
ultrasound transducer; calculating, by an optimal attenuation
rate setting unit, features of the plurality of frequency
spectra, performing attenuation correction on the features of
the frequency spectra for eliminating influence of attenua-
tion of the ultrasound wave by using a plurality of attenu-
ation rate candidate values providing different attenuation
characteristics which are attenuation characteristics in
propagating the ultrasound wave through the observation
target. thereby to calculate corrected features of the fre-
quency spectra for each of the attenuation rate candidate
values, and setting an optimal attenuation rate to the obser-
vation target from among the plurality of attenuvation rate
candidate values based on a calculation result of the cor-
rected features; and generating, by an attenuation rate image
data generation unit, attenuation rate image data for display-
ing information on the optimal attenuation rate.

The above and other features, advantages and technical
and industrial significance of this invention will be better
understood by reading the following detailed description of
presently preferred embodiments of the invention, when
considered in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a functional con-
figuration of an ultrasound diagnostic system including an
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ultrasound observation apparatus according to a first
embodiment of the present invention;

FIG. 2 is a graph illustrating a relationship between a
reception depth and an amplification factor in amplification
processing performed by a signal amplification unit of the
ultrasound observation apparatus according to the first
embodiment of the present invention;

FIG. 3 is a graph illustrating a relationship between a
reception depth and an amplification factor in amplification
correction processing performed by an amplification correc-
tion unit of the ultrasound observation apparatus according
to the first embodiment of the present invention;

FIG. 4 is a schematic diagram illustrating a data array in
one sound ray of an ultrasound signal;

FIG. 5 is a graph illustrating an example of a frequency
spectrum calculated by a frequency analysis unit of the
ultrasound observation apparatus according to the first
embodiment of the present invention;

FIG. 6 is a graph illustrating a straight line having, as a
parameter, a corrected feature corrected by an attenuation
correction unit of the ultrasound observation apparatus
according to the first embodiment of the present invention;

FIG. 7 is a graph schematically illustrating an exemplary
distribution of corrected features each subjected to attenu-
ation correction based on two different attenuation rate
candidate values, for the same region of interest;

FIG. 8 is a flowchart illustrating an outline of a process
performed by the ultrasound observation apparatus accord-
ing to the first embodiment of the present invention;

FIG. 9 is a flowchart illustrating an outline of a process
performed by the frequency analysis unit of the ultrasound
observation apparatus according to the first embodiment of
the present invention;

FIG. 10 is a flowchart illustrating an outline of an optimal
attenuation rate setting process for each region of interest,
performed by the ultrasound observation apparatus accord-
ing to the first embodiment of the present invention;

FIG. 11 is a graph illustrating an outline of processing
performed by an optimal attenuation rate setting unit of the
ultrasound observation apparatus according to the first
embodiment of the present invention;

FIG. 12 is a schematic diagram illustrating an example of
an attenuation rate image displayed on a display device in
the first embodiment of the present invention;

FIG. 13 is a graph illustrating an outline of processing
performed by an optimal attenuation rate setting unit of an
ultrasound observation apparatus according to a first modi-
fication of the first embodiment of the present invention;

FIG. 14 is a schematic diagram illustrating an outline of
a method for setting an optimal attenuation rate for each
region of interest, performed by an ultrasound observation
apparatus according to a second modification of the first
embodiment of the present invention;

FIG. 15 is a block diagram illustrating a functional
configuration of an ultrasound diagnostic system including
an ultrasound observation apparatus according to a second
embodiment of the present invention;

FIG. 16 is a flowchart illustrating an outline of an optimal
attenuation rate setting process for each region of interest,
which is performed by the ultrasound observation apparatus
according to the second embodiment of the present inven-
tion;

FIG. 17 is a schematic diagram illustrating an exclusion
region extracted by an exclusion region extraction unit of the
ultrasound observation apparatus according to the second
embodiment of the present invention;
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FIG. 18 is a flowchart illustrating an outline of an optimal
attenuation rate setting process for each region of interest,
performed by an ultrasound observation apparatus according
to a modification of the second embodiment of the present
invention; and

FIG. 19 is a schematic diagram illustrating an example of
an attenuation rate image displayed on a display device in
the modification of the second embodiment of the present
invention.

DETAILED DESCRIPTION

Modes for carrying out the present invention (hereinafter
referred to as “embodiment(s)”) will be described below
with reference to the accompanying drawings.

First Embodiment

FIG. 1 is a block diagram illustrating a functional con-
figuration of an ultrasound diagnostic system including an
ultrasound observation apparatus according to a first
embodiment of the present invention. An ultrasound diag-
nostic system 1 illustrated in FIG. 1 includes an ultrasound
endoscope 2, an ultrasound observation apparatus 3, and a
display device 4. The ultrasound endoscope 2 transmits an
ultrasound wave to a subject as an observation target, and
receives an ultrasound wave reflected from the subject, the
ultrasound observation apparatus 3 generates an ultrasound
image based on an ultrasound signal acquired by the ultra-
sound endoscope 2, and the display device 4 displays the
ultrasound image generated by the ultrasound observation
apparatus 3.

The ultrasound endoscope 2 has a distal end portion
provided with an ultrasound transducer 21 for converting an
electrical pulsed signal received from the ultrasound obset-
vation apparatus 3 to an ultrasound pulse (acoustic pulse) to
irradiate the subject, converting ultrasound echo reflected
from the subject to an electrical echo signal indicating
voltage change, and outputting the echo signal. The ultra-
sound transducer 21 may employ any of a convex trans-
ducer, a linear transducer, and a radial transducer. The
ultrasound endoscope 2 may cause the ultrasound transducer
21 to perform mechanical scanning, or may be provided with
an array of elements as the ultrasound transducer 21 to
electronically switch between elements relating to transmis-
sion and reception, or delay transmission and reception of
each element, for electronic scanning.

The ultrasound endoscope 2 normally has an imaging
optical system and an image sensor, is inserted into a
subject’s digestive tract (esophagus, stomach, duodenum,
large intestine) or a subject’s respiratory tract (trachea,
bronchial tube), and images the digestive tract, the respira-
tory tract, or nearby organs (pancreas, gallbladder, bile duct,
biliary tract, lymph node, mediastinal organs, blood vessel,
or the like). The ultrasound endoscope 2 further has a light
guide for introducing illumination light for irradiating the
subject upon imaging. The light guide has a distal end
portion reaching a distal end of an insertion section of the
ultrasound endoscope 2 which is inserted into the subject,
and a proximal end portion connected to a light source
device for generating illumination light.

The ultrasound observation apparatus 3 includes a trans-
mitting and receiving unit 31 electrically connected to the
ultrasound endoscope 2, transmitting a transmission signal
(pulsed signal) including a high-voltage pulse to the ultra-
sound transducer 21 based on a predetermined waveform
and transmission timing, receiving an echo signal as an
electrical reception signal from the ultrasound transducer 21
to generate digital radio frequency (RF) signal data (here-
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inafter, referred to as RF data) and output the data, a signal
processing unit 32 for generating digital B-mode reception
data based on the RF data received from the transmitting and
receiving unit 31, a calculation unit 33 for performing
predetermined calculation on the RF data received from the
transmitting and receiving unit 31, an image processing unit
34 for generating various image data, an input unit 35 using
a user interface such as a keyboard, a mouse, or a touch
panel, and receiving input of various information, a control
unit 36 for controlling the ultrasound diagnostic system 1 as
a whole, and a storage unit 37 for storing various informa-
tion required for operation of the ultrasound observation
apparatus 3.

The transmitting and receiving unit 31 has a signal
amplification unit 311 for amplifying the echo signal. The
signal amplification unit 311 performs sensitivity time con-
trol (STC) correction for amplifying an echo signal having
a larger reception depth with a higher amplification factor.
FIG. 2 is a graph illustrating a relationship between the
reception depth and the amplification factor in amplification
processing performed by the signal amplification unit 311. A
reception depth z illustrated in FIG. 2 represents an amount
of an ultrasound wave calculated based on time elapsed from
reception start time of the ultrasound wave. As illustrated in
FIG. 2, when the reception depth z is smaller than a
threshold z,, an amplification factor  (dB) linearly
increases from P, to f,5, (>f,) with increase of the reception
depth z. Furthermore, when the reception depth z is not less
than the threshold z,,, the amplification factor (§ (dB) takes
a fixed value f,,. The threshold z,, has a value representing
that an ultrasound signal received from the observation
target almost decays, and noise is dominantly generated.
More generally, when the reception depth z is smaller than
the threshold z,,, the amplification factor f} preferably mono-
tonically increases with increase of the reception depth z.
Note that, the relationship illustrated in FIG. 2 is previously
stored in the storage unit 37.

The transmitting and receiving unit 31 performs process-
ing such as filtering on the echo signal amplified by the
signal amplification unit 311 and then performs A/D con-
version to generate time domain RF data, and output the
time domain RF data to the signal processing unit 32 and the
calculation unit 33. Note that, when the ultrasound endo-
scope 2 is configured to cause the ultrasound transducer 21
provided with the array of elements to perform electronic
scanning, the transmitting and receiving unit 31 has a
multichannel circuit for beam synthesis corresponding to the
elements.

A frequency range of the pulsed signal transmitted by the
transmitting and receiving unit 31 is preferably a broadband
substantially covering a linear response frequency range for
electroacoustic conversion of the pulsed signal to the ultra-
sound pulse in the ultrasound transducer 21. The frequency
range of various processing for the echo signal in the signal
amplification unit 311 preferably is a broadband substan-
tially covering the linear response frequency range for
acoustic electrical conversion of the ultrasound echo to the
echo signal performed by the ultrasound transducer 21. The
above configuration allows accurate approximation during
performance of approximation of a frequency spectrum
described later.

The transmitting and receiving unit 31 also has functions
of transmitting various control signals output from the
control unit 36, to the ultrasound endoscope 2, and trans-
mitting various information including identification 1D,
received from the ultrasound endoscope 2, to the control unit
36.
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The signal processing unit 32 performs publicly known
processing, such as use of bandpass filter, envelope detec-
tion, or logarithmic conversion on the RF data, and gener-
ates the digital B-mode reception data. In the logarithmic
conversion, an amount obtained by dividing the RF data
with a reference voltage V. is expressed in the form of
common logarithm, and expressed as a decibel value. The
signal processing unit 32 outputs the generated B-mode
reception data, to the image processing unit 34. The signal
processing unit 32 uses a central processing unit (CPU),
various calculation circuit, or the like.

The calculation unit 33 has an amplification correction
unit 331, a frequency analysis unit 332, and an optimal
attenuation rate setting unit 333. The amplification correc-
tion unit 331 performs amplification correction on the RF
data output from the transmitting and receiving unit 31 to
have a constant amplification factor regardless of the recep-
tion depth thereof, the frequency analysis unit 332 performs
fast Fourier transform (FFT) on the RF data subjected to the
amplification correction for frequency analysis to calculate
a plurality of frequency spectra according to a reception
depth and a reception direction of an ultrasound signal, and
the optimal attenuation rate setting unit 333 calculates
features of the frequency spectra, performs attenuation cor-
rection for eliminating influence of ultrasound attenuation
on the features of the frequency spectra (hereinafter, referred
to as uncorrected features), using a plurality of attenuation
rate candidate values providing different attenuation char-
acteristics in propagating an ultrasound wave through the
observation target, thereby to calculate corrected features of
the frequency spectra for the attenuation rate candidate
values, and sets an optimal attenuation rate suitable for the
observation target from among the attenuation rate candidate
values based on the calculation result. The calculation unit
33 uses a CPU, various calculation circuits, or the like.

FIG. 3 is a graph illustrating a relationship between the
reception depth and the amplification factor in amplification
correction processing performed by the amplification cor-
rection unit 331. As illustrated in FIG. 3, the amplification
factor B (dB) in the amplification processing performed by
the amplification correction unit 331 takes a maximum value
B,,—B, when the reception depth z is zero, linearly reduces
when the reception depth z is zero to the threshold z,,, and
reaches zero when the reception depth z is not less than the
threshold z,,. Note that, the relationship illustrated in FIG. 3
is previously stored in the storage unit 37. The amplification
correction unit 331 performs amplification correction on a
digital RF signal based on the relationship illustrated in FIG.
3, cancels influence of the STC correction in the signal
amplification unit 311, and outputs a signal having a con-
stant amplification factor f,,. As a matter of course, the
relationship between the reception depth z and the amplifi-
cation factor f§ in the amplification correction processing
performed by the amplification correction unit 331 differs
depending on the relationship between the reception depth
and the amplification factor in the signal amplification unit
311.

A reason of such amplification correction will be
described here. The STC correction is correction processing
for eliminating influence of attenuation from an amplitude of
an analog signal waveform. The STC correction amplifies
the amplitude of the analog signal waveform uniformly over
the whole frequency range. and amplifies the depth with a
monotonically increasing amplification factor. Therefore,
for generation of a B-mode image displaying amplitude of
an echo signal converted to brightness, and scanning of
homogeneous tissue, the STC correction is performed to



US 10,201,329 B2

7

make a luminance value constant regardless of depth. That
is, the influence of attenuation is effectively removed from
the luminance value of the B-mode image.

In contrast, when an analysis result of calculation of an
ultrasound frequency spectrum is used, as described in the
embodiment, even the STC correction cannot accurately
eliminate the influence of attenuation caused by ultrasound
transmission. This is because an attenuation amount genet-
ally differs depending on frequency (see formula (1)
described later), but the STC correction has an amplification
factor only changing depending on distance without fre-
quency dependence.

In order to solve the above-mentioned problem, that is use
of a result of calculation of the ultrasound frequency spec-
trum cannot accurately eliminate the influence of attenuation
caused by ultrasound transmission, even using the STC
correction, it may be conceivable to output a reception signal
subjected to the STC correction upon generating a B-mode
image, and perform new transmission different from trans-
mission for generation of the B-mode image upon generat-
ing an image based on the frequency spectrum to output a
reception signal not subjected to the STC correction. How-
ever, in this configuration, a frame rate of image data
generated based on the reception signal is disadvantageously
reduced.

Therefore, in the first embodiment, in order to eliminate
influence of the STC correction from a signal subjected to
the STC correction for a B-mode image, while maintaining
a frame rate of image data to be generated, correction of the
amplification factor is performed by the amplification cor-
rection unit 331.

The frequency analysis unit 332 samples RF data (line
data) of each sound ray subjected to amplification correction
by the amplification correction unit 331, at predetermined
time intervals, and generates sample data. The frequency
analysis unit 332 performs FFT processing on a sample data
group to calculate a frequency spectrum at a plurality of
locations (data positions) on the RF data.

FIG. 4 is a schematic diagram illustrating a data array on
a single sound ray of an ultrasound signal. On a sound ray
SR, illustrated in FIG. 4, each white or black rectangle
represents data at one sampling point. On the sound ray SR,,
data located on the right side indicates sample data obtained
from a deeper location relative to the ultrasound transducer
21 along the sound ray SR, (see arrow in FIG. 4). The sound
ray SR, is discretized at time intervals corresponding to a
sampling frequency (e.g., 50 MHz) in the A/D conversion
performed by the transmitting and receiving unit 31. In FIG.
4, the eighth data position of the sound ray SR, having a
number k is set as an initial value Z%®, in a direction of the
reception depth z, but the position of the initial value can be
arbitrarily set. A result of calculation performed by the
frequency analysis unit 332 is obtained as a complex num-
ber, and the complex number is stored in the storage unit 37.

Data groups F; (j=1, 2, . . . K) illustrated in FIG. 4 are the
sample data groups to be subjected to the FFT processing.
For performance of the FFT processing, generally, a sample
data group needs to have the number of data elements of a
power of 2. In this sense, the sample data groups F, (=1,
2, ..., K-1) has the number of data elements of 16 (=2%)
as a normal data group, but a sample data group Fy, has the
number of data elements of 12 as an abnormal data group.
When the FFT processing is performed on the abnormal data
group, zero data is inserted to cover the shortfall, thereby to
generate a normal sample data group. This point will be
described later in detail during an explanation of the pro-
cessing of the frequency analysis unit 332 (see FIG. 9).
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FIG. 5 is a graph illustrating an example of the frequency
spectrum calculated by the frequency analysis unit 332. The
term “frequency spectrum” described here represents “fre-
quency distribution of intensities at a reception depth z”
obtained by performing the FFT processing on the sample
data groups. Furthermore, the term “intensity” described
here represents for example a parameter, such as voltage of
echo signal, power of echo signal. acoustic pressure of
ultrasound echo, or acoustic energy of ultrasound echo, or
amplitude or a time integration value of a parameter, or
combination thereof.

In FIG. 5, the horizontal axis represents frequency f. In
addition, in FIG. 5, the vertical axis represents a common
logarithm (decibel expression) I=10 log,, (I,/1.). The com-
mon logarithm has an amount obtained by dividing intensity
I, by reference intensity I, (constant). In FIG. 5, the recep-
tion depth z is constant. A straight line L, illustrated in FIG.
5 will be described later. Note that, in the first embodiment,
a curved line and a straight line each include a set of discrete
points.

In the frequency spectrum C, illustrated in FIG. 5, a lower
limit frequency f; and an upper limit frequency f;, of a
frequency range used for subsequent calculation are param-
eters determined based on the frequency range of the ultra-
sound transducer 21, a frequency range of the pulsed signal
transmitted by the transmitting and receiving unit 31, or the
like. Hereinafter, in FIG. 5, a frequency range determined by
the lower limit frequency f; and the upper limit frequency f,,
is referred to as “frequency range F”.

In general, if the observation target is living tissue, the
frequency spectrum tends to differ depending on character-
istics of living tissue over which an ultrasound wave is
scanned. This is because the frequency spectrum correlates
with the size and number density of a scatterer scattering the
ultrasound wave, an acoustic impedance, or the like. The
term “characteristics of living tissue” described here repre-
sents for example malignant tumor (cancer), benign tumor,
endocrine tumor, mucinous tumor, normal tissue, cyst, vas-
cular channel, or the like.

The optimal attenuation rate setting unit 333 includes an
approximation unit 333a, an attenuation correction umt
333b, and a statistical processing unit 333¢. The approxi-
mation unit 333« approximates the frequency spectrum with
a straight line to calculate the uncorrected features of the
frequency spectrum, the attenuation correction unit 3334
performs the attenuation correction on the uncorrected fea-
tures calculated by the approximation unit 333a based on a
plurality of attenuation rate candidate values to calculate the
corrected feature, and the statistical processing unit 333¢
calculates a statistical dispersion of the corrected features
calculated for all frequency spectra by the attenuation cor-
rection unit 3335, to extract an optimal attenuation rate from
among the attenuation rate candidate values based on the
calculated statistical dispersion. The optimal attenuation rate
setting unit 333 calculates the optimal attenuation rate for
one or more regions of interest (ROI) set in an ultrasound
scan area (observation target region). In the first embodi-
ment, the regions of interest are set without intersecting one
another.

The approximation unit 333a performs regression analy-
sis on the frequency spectrum in a predetermined frequency
range, approximates the frequency spectrum with a linear
expression (regression line), and calculates uncorrected fea-
tures featuring the approximated linear expression. For
example, in the frequency spectrum C, illustrated in FIG. 5,
the approximation unit 333¢ performs regression analysis in
the frequency range F, and approximates the frequency
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spectrum C, with the linear expression to obtain the regres-
sion line L. In other words, the approximation unit 333a
calculates a slope a, and an intercept b, of the regression line
Lo, and mid-band fit c,=a,f;+b, as a value on the regres-
sion line at a center frequency f,~(f; +{;,)/2 in the frequency
range F, as the uncorrected features.

The slope a, of the three uncorrected features correlates
with the size of the scatterer scattering the ultrasound wave,
and is generally considered to have a smaller value as the
size of the scatterer is increased. Furthermore, the intercept
b, correlates with the size of the scatterer, a difference in
acoustic impedance, the number density (concentration) of
the scatterers, or the like. Specifically, the intercept by, has a
larger value as the size of the scatterer is increased, has a
larger value as the difference in acoustic impedance is
increased, and has a larger value as the number density of the
scatterer is increased. The mid-band fit ¢, is an indirect
parameter derived from the slope a, and the intercept by, and
intensifies a spectrum at the center of an effective frequency
range. Therefore, the mid-band fit ¢, is considered to have
some correlation with the luminance value of the B-mode
image in addition to the size of the scatterer, the difference
in acoustic impedance, and the number density of the
scatterer. The optimal attenuation rate setting unit 333 may
approximate the frequency spectrum by a quadratic expres-
sion or higher order polynomial using regression analysis.

Correction performed by the attenuation correction unit
333b will be described. Generally, an ultrasound attenuation
amount A (f,z) represents attenuation generated during
reciprocation of an ultrasound wave between reception
depth 0 and reception depth z, and is defined as change in
intensity before and after the reciprocation (difference in
decibel expression). The attenuation amount A(f,z) is
empirically known to be proportional to frequency in homo-
geneous tissue, and is expressed by the following formula

).
A(fz)=20zf Y]

In this formula, a constant o of proportion is an amount
called attenuation rate, and is an attenuation amount per unit
length and unit frequency. Furthermore, z is a reception
depth of an ultrasound wave, and f is a frequency. When the
observation target is a living body, a specific value of the
attenuation rate o is determined depending on a portion of
the living body. A unit of the attenuation rate o is for
example dB/cm/MHz. In the first embodiment, in order to
set the attenuation rate (optimal attenuation rate) most
suitable for the observation target, the attenuation correction
unit 3335 performs attenuation correction on the attenuation
rate candidate values. The attenuation rate candidate values
will be described in detail with reference to FIGS. 10 and 11.

The attenuation correction unit 3335 performs attenuation
correction on the uncorrected feature (slope a,, intercept by,
mid-band fit c,) extracted by the approximation unit 3334
according to the following formulas (2) to (4) to calculate
the corrected features a, b, and c.

a=ap+20z
b=b,

c=cotd(fip2)=cot 20z y(=afartb) 4

As apparent from formulas (2) and (4), the attenuation
correction unit 3335 performs correction on a larger recep-
tion depth z of ultrasound wave with a larger correction
amount. Furthermore, according to formula (3), correction
relating to the intercept is identity transformation. This is
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because the intercept is a frequency component correspond-
ing to frequency O (Hz), and is not influenced by the
attenuation.

FIG. 6 is a graph illustrating a straight line having, as
parameters, the corrected features a, b, and ¢ corrected by
the attenuation correction unit 3335. A straight line L, is
expressed as the following formula:

I=af+b=(ag+20z)f+b, (5)

As is clear from formula (5), the straight line L, has a larger
slope (a>a,) and the same intercept (b=b,), compared with
the straight line L, before the attenuation correction.

The statistical processing unit 333¢ calculates variance as
the statistical dispersion of the corrected features, for each
region of interest. The corrected features are calculated for
the attenuation rate candidate values by the attenuation
correction unit 3334, for all frequency spectrums. Then, the
statistical processing unit 333¢ extracts an attenuation rate
candidate value at which the variance is minimum, as the
optimal attenuation rate for each region of interest. Note
that, when the attenuation correction is performed for a
plurality of kinds of features, the statistical processing unit
333c¢ only needs to calculate variance of one kind of cor-
rected features appropriately set. If there is a plurality of
attenuation rate candidate values at which the variance is
minimum in the same region of interest. the statistical
processing unit 333¢ preferably employs, as the optimal
attenuation rate, an average value of the attenuation rate
candidate values at which the variance is minimum, for
example.

Two of the above-mentioned three corrected features a, b,
and c are independent. In addition, the corrected feature b
does not depend on the attenuation rate. Therefore, when the
optimal attenuation rate is set for the corrected features a and
¢, the statistical processing unit 333¢ may calculate variance
of one of the corrected features a and c. However, a
corrected feature used to set the optimal attenuation rate by
the optimal attenuation rate setting unit 333 is preferably a
corrected feature used to generate an attenuation rate image
data by an attenuation rate image data generation unit 342.
That is, when the attenuation rate image data generation unmt
342 uses the slope as a corrected feature to generate the
attenuation rate image data, the variance of the corrected
feature a is further preferably applied, and when the attenu-
ation rate image data generation unit 342 uses the mid-band
fit as a corrected feature to generate the attenuation rate
image data, the variance of the corrected feature ¢ is further
preferably applied. This is because formula (1) for providing
the attenuation amount A(f,z) is merely ideal formula, and
the following formula (6) is an appropriate formula in fact.

A(fz)=20zf+20,7 (6)

In formula (6), o, of the second term on the right side is
a coefficient representing a magnitude of change in signal
intensity in proportion to the reception depth z of ultrasound
wave, and corresponds to the attenuation rate per unit length.
The coeflicient ., is a coeflicient representing the change in
signal intensity caused by inhomogeneous tissue to be
observed, change of the number of channels upon beam
synthesis, or the like. For the presence of the second term on
the right side of formula (6), when the corrected feature ¢ is
used to set the optimal attenuation rate, the variance of the
corrected feature ¢ is preferably applied for accurate attenu-
ation correction (see formula (4)). In contrast, when the
corrected feature a is used to set the optimal attenuation rate,
the variance of the corrected feature a is preferably applied
for accurate attenuation correction, eliminating influence of
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the second term on the right side. The corrected feature a is
a coeflicient in proportion to the frequency f. Note that,
when the unit of attenuation rate o is dB/cm/MHz, the unit
of coefficient a1, is dB/cm.

Here, the reason why the optimal attenuation rate can be
set based on the statistical dispersion will be described.
When the optimal attenuation rate is applied to the obser-
vation target, it is considered that the features are converged
to a value unique to the observation target, regardless of a
distance between the observation target and the ultrasound
transducer 21, and the statistical dispersion is reduced. In
contrast, when an attenuation rate candidate value, unsuit-
able for the observation target, is employed as the optimal
attenuation rate, it is considered that excessive or insufficient
attenuation correction causes inconsistency in the feature
according to the distance between the observation target and
the ultrasound transducer 21, and statistical dispersion of the
features is increased. Accordingly, an attenuation rate can-
didate value at which the statistical dispersion is minimum
is the optimal attenuation rate for the observation target.

FIG. 7 is a graph schematically illustrating an exemplary
distribution of corrected features each subjected to attenu-
ation correction based on two different attenuation rate
candidate values, for the same region of interest. In FIG. 7,
the horizontal axis represents corrected feature and the
vertical axis represents frequency. Two distribution curves
N, and N, illustrated in FIG. 7 have the same sum of
frequency. As illustrated in FIG. 7, the distribution curve N,
has a small statistical dispersion of the features (small
variance), compared with the distribution curve N,, and
results in a steep peak. Accordingly, when setting the opti-
mal attenuation rate from two attenuation rate candidate
values corresponding to these two distribution curves N, and
N,, the optimal attenuation rate setting unit 333 sets an
attenuation rate candidate value corresponding to the distri-
bution curve N, as the optimal attenuation rate.

The image processing unit 34 has a B-mode image data
generation unit 341 for generating a B-mode image data as
an ultrasound image displaying brightness obtained by con-
verting the amplitude of the echo signal, and the attenuation
rate image data generation unit 342 for generating the
attenuation rate image data displaying information on the
optimal attenuation rate set by the optimal attenuation rate
setting unit 333.

The B-mode image data generation unit 341 performs
signal processing using a known technique such as gain
processing or contrast processing, on the B-mode reception
data received from the signal processing unit 32, performs
decimation of data or the like according to a data step width
determined according to a display range of an image in the
display device 4, and generates the B-mode image data. The
B-mode image is a grayscale image having equal R (red), G
(green), and B (blue) values, as variables, in an RGB color
system employed as a color space.

The B-mode image data generation unit 341 performs
coordinate conversion on the B-mode reception data output
from the signal processing unit 32 to rearrange the B-mode
reception data so that a scanned range may be spatially
appropriately expressed, then, performs interpolation
between B-mode reception data to fill voids in the B-mode
reception data, and generates the B-mode image data. The
B-mode image data generation unit 341 outputs the gener-
ated B-mode image data to the attenuation rate image data
generation unit 342.

The attenuation rate image data generation unit 342
superimposes visual information corresponding to the opti-
mal attenuation rate determined for each region of interest,
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on a corresponding region of interest in the B-mode image
data, and generates the attenuation rate image data. The
visual information is stored in a visual information storage
unit 374 (described later) of the storage unit 37. In the first
embodiment, one set of visual information is added for one
region of interest.

The control unit 36 uses a central processing unit (CPU),
various calculation circuits, or the like having a calculation
and control functions. The control unit 36 reads information
stored in the storage unit 37 from the storage unit 37, and
executes various calculation processing relating to an opera-
tion method for the ultrasound observation apparatus 3 to
collectively control the ultrasound observation apparatus 3.
Note that, the control unit 36 can share a CPU or the like
with the signal processing unit 32 and the calculation unit
33.

The storage unit 37 has a spectral information storage unit
371 for storing information on the frequency spectra calcu-
lated by the frequency analysis unit 332 with the reception
depth and reception direction thereof, a region-of-interest
information storage unit 372 for storing information on the
regions of interest set in an observation target region, a
feature information storage unit 373 for storing information
on feature, for each region of interest, and the visual
information storage unit 374 for storing the visual informa-
tion added to an image according to a value of the optimal
attenuation rate.

The regions of interest stored in the region-of-interest
information storage unit 372 do not intersect one another. If
a user may change settings of a region of interest through the
input unit 35, the region-of-interest information storage unit
372 may only store the latest region-of-interest information
in which the settings of the region of interest has changed
most recently, or may store, together with the latest region-
of-interest information, part or all of region-of-interest infor-
mation in which the setting of the region of interest has
changed in the past.

The feature information storage unit 373 stores the uncor-
rected feature calculated by the approximation unit 3334, in
association with a reception depth and reception direction at
a point where the uncorrected feature is calculated, and
region-of-interest information to which the point belongs.
Furthermore, the feature information storage unit 373 stores
a plurality of corrected features calculated by the attenuation
correction unit 3334 and variance for the statistical disper-
sion of the corrected features, in association with the attenu-
ation rate candidate values and the region of interest.

The visual information stored in the visual information
storage unit 374 is for example any of luminance, hue,
brightness, and saturation, and has a value determined
according to a value of the attenuation rate. Note that, the
visual information storage unit 374 may store a plurality of
kinds of visual information in association with the attenu-
ation rate. In this configuration, the user preferably selects
desired visual information through the input unit 35.

Besides the above, the storage unit 37 stores, for example,
information required for the amplification processing (rela-
tionship between the amplification factor and the reception
depth illustrated in FIG. 2), information required for the
amplification correction processing (relationship between
the amplification factor and the reception depth illustrated in
FIG. 3), information required for the attenuation correction
processing (see formula (1)), information for a window
function required for the frequency analysis processing
(Hamming, Hanning, Blackman, et al.), and the like.

Furthermore, the storage unit 37 stores various programs
including an operation program for executing the operation



US 10,201,329 B2

13

method for the ultrasound observation apparatus 3. The
operation program can be recorded in a computer-readable
recording medium such as a hard disk, a flash memory, a
CD-ROM, a DVD-ROM, or a flexible disk, for wide distri-
bution. Note that, the above-mentioned various programs
can be obtained by being downloaded through a communi-
cation network. Here, the communication network includes
for example an existing wired or wireless public switched
telephone network, local area network (LAN), or wide area
network (WAN).

The storage unit 37 having above-mentioned configura-
tion uses a read only memory (ROM) in which various
programs or the like are previously installed, a random
access memory (RAM) storing calculation parameters, data,
or the like for processing, or the like.

FIG. 8 is a flowchart illustrating an outline of a process
performed by the ultrasound observation apparatus 3 having
a configuration described above. Specifically, FIG. 8 is a
flowchart illustrating an outline of a process of reception of
the echo signal from the ultrasound endoscope 2 by the
ultrasound observation apparatus 3 and processes subse-
quent thereto. Processing performed by the ultrasound
observation apparatus 3 will be described below with ref-
erence to FIG. 8. First, the ultrasound observation apparatus
3 receives, from the ultrasound endoscope 2, an echo signal
as a result of measuring the observation target by the
ultrasound transducer 21 (step S1).

The signal amplification unit 311 receiving the echo
signal from the ultrasound transducer 21 performs amplifi-
cation of the echo signal (step S2). Here, the signal ampli-
fication unit 311 for example performs the amplification
(STC correction) of the echo signal based on the relationship
between the amplification factor and the reception depth
illustrated in FIG. 2.

Then, the B-mode image data generation unit 341 uses the
echo signal amplified by the signal amplification unit 311 to
generate output B-mode image data and output the B-mode
image data to the display device 4 (step S3). The display
device 4 receiving the B-mode image data displays a
B-mode image corresponding to the B-mode image data.

The amplification correction unit 331 performs amplifi-
cation correction on RF data output from the transmitting
and receiving unit 31 to have a constant amplification factor
regardless of the reception depth (step S4). Here, the ampli-
fication correction unit 331 performs the amplification cor-
rection for example to establish the relationship between the
amplification factor and the reception depth illustrated in
FIG. 3.

Thereafter, the frequency analysis unit 332 performs
frequency analysis using FFT on the RF data of each sound
ray after performance of the amplification correction to
calculate the frequency spectra for all the sample data
groups (step S5). FIG. 9 is a flowchart illustrating an outline
of a process performed by the frequency analysis unit 332 in
step S5. The frequency analysis processing will be described
in detail below with reference to the flowchart illustrated in
FIG. 9.

First, the frequency analysis unit 332 sets a counter k for
identifying a sound ray to be analyzed, to k, (step S11).

Next, the frequency analysis unit 332 sets the initial value
7% of a data position (corresponding to reception depth)
7™ representative of a series of data groups (sample data
groups) generated for FFT calculation (step S12). For
example, FIG. 4 illustrates the eighth data position of the
sound ray SR, set as the initial value Z*,, as described
above.
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Then, the frequency analysis unit 332 obtains the sample
data groups (step S13), and applies the window function
stored in the storage unit 37 to the obtained sample data
groups (step S14). As described above, the window function
is applied to the sample data groups to avoid the sample data
groups being made discrete on a boundary, and to prevent
artifact from being generated.

Next, the frequency analysis unit 332 determines whether
the sample data group at the data position Z% is a normal
data group (step S15). As described with reference to FIG.
4, the sample data group needs to have the number of data
elements of a power of 2. Hereinafter, the number of data
elements of the normal sample data group is defined as 2" (n
is a positive integer). In the embodiment, the data position
7® is set to be at the center of the sample data group to
which Z® belongs, as much as possible. Specifically, the
number of data elements of the normal sample data group is
2", so that Z* is set at the 2"/2 (=2""")-th position near the
center of the sample data group. In this configuration, the
normal sample data group represents that the sample data
group has 2”'-1 (=N) data elements previous to the data
position Z®, and 2" (=M) data elements subsequent to the
data position Z®. As illustrated in FIG. 4, the sample data
groups F; =1, 2, . .., K-1) are normal. Note that, in FIG.
4, an example of n=4 (N=7, M=8) is illustrated.

As a result of determination in step S15, when the sample
data group at the data position Z® is normal (step S15: Yes),
the frequency analysis unit 332 proceeds to step S17
described later.

As a result of determination in step S15, when the sample
data group at the data position Z* is not normal (step S15:
No), the frequency analysis unit 332 inserts zero data to
cover the shortfall to generate the normal sample data group
(step S16). To the sample data group (for example, the
sample data group F .- in FIG. 4) determined not to be normal
in step S15, the window function is applied, before addition
of the zero data. Therefore, even if the zero data is inserted
into the sample data group, discrete data is not generated.
After step S16, the frequency analysis unit 332 proceeds to
step S17 described later.

In step S17, the frequency analysis unit 332 perform FFT
computation using the sample data groups, and obtain the
frequency spectra as an amplitude frequency distribution
(step S17). The frequency spectrum C, illustrated in FIG. §
is an example of frequency spectrum obtained as a result of
step S17.

Next, the frequency analysis unit 332 changes the data
position Z® to have a step width D (step S18). The step
width D is previously stored in the storage unit 37. In FIG.
4, an example of D=15 is illustrated. The step width D
preferably coincides with the data step width used for
generation of the B-mode image data by the B-mode image
data generation unit 341, but when a calculation amount in
the frequency analysis unit 332 is desired to be reduced, a
value larger than the data step width may be set as the step
width D.

Then, the frequency analysis unit 332 determines whether
the data position Z*’ is larger than a maximum value 2%
in the sound ray SR, (step S19). When the data position Z*
is larger than the maximum value Z®, __(step $19: Yes), the
frequency analysis unit 332 increments the counter k by 1
(step S20). This means that the processing is shifted to a next
sound ray. In contrast, when the data position Z® is not
larger than the maximum value Z®,_(step $19: No), the
frequency analysis unit 332 returns to step S13.

After step S20, the frequency analysis unit 332 deter-
mines whether the counter k has a value larger than the
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maximum value k,,,. (step S21). When the counter k has a
value larger than the maximum value k __ (step S21: Yes),
the frequency analysis unit 332 finishes a series of frequency
analysis processing. In contrast, when the counter k has a
value not larger than the maximum value k, . (step S21:
No), the frequency analysis unit 332 returns to step S12. The
maximum value k,, is an arbitrary value input for instruc-
tion through the input unit 35 by the user such as an operator,
or a value previously set in the storage unit 37.

As described above, the frequency analysis unit 332
performs a plurality of FFT calculations for each of (k,, .~
ky+1) sound rays in an analysis target region. Results of the
FFT calculations are stored in the spectral information
storage unit 371 together with the reception depths and the
reception directions.

Note that, in the above explanation, the frequency analy-
sis unit 332 performs the frequency analysis processing for
all areas receiving the ultrasound signal, but the input unit 35
may be configured to receive input of settings of a partial
region which is divided into a specific depth width and
sound ray width, and perform frequency analysis processing
only in the set partial region.

Following the above-described frequency analysis pro-
cessing in step S5, the optimal attenuation rate setting unit
333 sets an optimal attenuation rate for each region of
interest (step S6). FIG. 10 is a flowchart illustrating an
outline of a process in step S6. The processing in step S6 will
be described in detail below with reference to FIG. 10.

First, the approximation unit 333a performs regression
analysis on the frequency spectra calculated by the fre-
quency analysis unit 332 to calculate uncorrected features
corresponding to the frequency spectra (step S31). Specifi-
cally, the approximation unit 333¢ performs regression
analysis on the frequency spectra for approximate with a
linear expression to calculate the slope a,, the intercept by,
and the mid-band fit ¢, as the uncorrected features. For
example, the straight line L, illustrated in FIG. 5 is a
regression line which is obtained by approximation of the
frequency spectrum C, in the frequency range F by the
approximation unit 333aq, using regression analysis. The
uncorrected feature is stored in the feature information
storage unit 373, together with the reception depth and the
reception direction at the point where the uncorrected fea-
ture is calculated, and the region-of-interest information to
which the calculated point belongs.

Then, the optimal attenuation rate setting unit 333 sets a
counter i for identifying a region of interest to an initial
value 1 (step S32).

Then, the optimal attenuation rate setting unit 333 sets a
value of an attenuation rate candidate value a., applied upon
attenuation correction described later, to a predetermined
initial value ay, (step S33). The value of the initial value
is preferably stored by the storage unit 37 previously so that
the optimal attenuation rate setting unit 333 may refer to the
storage unit 37.

Next, the attenuation correction unit 3334 performs
attenuation correction on an uncorrected feature correspond-
ing to each frequency spectrum in a region of interest
ROI(1), with the attenuation rate candidate value as a, to
calculate a corrected feature, and stores the corrected feature
in the feature information storage unit 373, in association
with the attenuation rate candidate value o and information
of the region of interest ROI(i) (step S34). The straight line
L, illustrated in FIG. 6 is an example of a straight line
obtained by the attenuation correction processing performed
by the attenuation correction unit 3335.
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In step S34, the attenuation correction unit 3335 calcu-
lates the corrected features by substituting a data position
Z=(f,,/2v,) Dn obtained by using a data array of a sound ray
of a ultrasound signal, into the reception depth z in the
above-mentioned formulas (2) and (4). Here, f,, is sampling
frequency of data, v, is a sound velocity, D is a data step
width, n is the number of data steps from the first data of a
sound ray to a data position of a sample data group to be
processed. For example, when the sampling frequency of
data £, is 50 MHz, the sound velocity v, is 1530 m/sec, and
the step width D is 15 employing the data array illustrated
in FIG. 4, z=0.2295 n (mm) is obtained.

Thereafter, the statistical processing unit 333¢ calculates
variance of the corrected features obtained by attenuation
correction performed on the frequency spectra by the attenu-
ation correction unit 3335, and stores the variance in the
feature information storage unit 373, in association with the
attenuation rate candidate values o and the information of
the region of interest ROI(i) (step S35). When the corrected
features include the slope a and the mid-band fit c, the
statistical processing unit 333¢ calculates variance of one of
the corrected features a and ¢, as described above. In step
S35, when the attenuation rate image data generation unit
342 uses the slope to generate attenuation rate image data,
the variance of the corrected feature a is preferably applied,
and when the attenuation rate image data generation unit 342
uses the mid-band fit to generate attenuation rate image data,
the variance of the corrected feature ¢ is preferably applied.

Next, the optimal attenuation rate setting unit 333
increases the value of the attenuation rate candidate value o
by Aa (step S36), and compares the increased attenuation
rate candidate value o with a predetermined maximum value
Q.. (step S37). As a result of the comparison in step S37,
when the attenuation rate candidate value o is larger than the
maximum value o, (step S37: Yes), processing of the
optimal attenuation rate setting unit 333 proceeds to step
S38. In contrast, as a result of the comparison in step S37,
when the attenuation rate candidate value o is not larger than
the maximum value a, . (step S37: No), processing of the
optimal attenuation rate setting unit 333 returns to step S34.

In step S38, the statistical processing unit 333c¢ refers to
variance for each attenuation rate candidate value in the
region of interest ROI(i) stored in the feature information
storage unit 373 to extract an attenuation rate candidate
value at which the variance is minimum, and sets this
attenuation rate candidate value as the optimal attenuation
rate of the region of interest ROI(i) (step S38).

FIG. 11 is a graph illustrating an outline of processing
performed by the statistical processing unit 333c. Specifi-
cally, FIG. 11 is a graph illustrating an example of a
relationship between the attenuation rate candidate value o
and variance S(at), where a,=0 (dB/cm/MHz), «,,,=1.0
(dB/cm/MHz), and Aa=0.2 (dB/cm/MHz). As illustrated in
FIG. 11, when the attenuation rate candidate value o is 0.2
(dB/cm/MHz), the variance takes a minimum value S(ct),;,,-
Accordingly, as illustrated in FIG. 11, the statistical pro-
cessing unit 333¢ sets 0=0.2 (dB/cm/MHz) as the optimal
attenuation rate.

Thereafter, the optimal attenuation rate setting unit 333
increments the counter i by 1 (step S39), and compares the
counter i with a predetermined maximum value i, (step
S40). As a result of the comparison in step S40, when the
counter i is larger than the maximum value i, (step S40:
Yes), the optimal attenuation rate setting unit 333 finishes a
series of processing. In contrast, as a result of the compari-
son in step S40, when the counter i is not larger than the



US 10,201,329 B2

17
maximum value i, (step S40: No), processing of the
optimal attenuation rate setting unit 333 returns to step S33.

Returns to the flowchart of FIG. 8, the processing in step
S7 will be described. The attenuation rate image data
generation unit 342 refers to the visual information storage
unit 374, and adds visual information corresponding to the
optimal attenuation rate of each region of interest to pixels
constituting each region of interest in the B-mode image
data to generate the attenuation rate image data, and outputs
the attenuation rate image data to the display device 4 (step
S7). The display device 4 receives the attenuation rate image
data, and displays an attenuation rate image corresponding
to the attenuation rate image data.

After step S7, the ultrasound observation apparatus 3
finishes a series of processing. Note that processing of the
ultrasound observation apparatus 3 is periodically repeated
between steps S1 to S7.

FIG. 12 is a diagram illustrating an example of the
attenuation rate image displayed on the display device 4. In
an attenuation rate image 101 illustrated in FIG. 12, different
sets of visual information are added to the regions of interest
102, respectively. Note that, FIG. 12 schematically illus-
trates the sets of visual information with patterns. Further-
more, in FIG. 12, specific display of the B-mode image is
omitted for convenience. In the attenuation rate image 101
illustrated in FIG. 12, an example of a sector scan area of the
ultrasound transducer 21 is illustrated. The sector scan area
corresponds to the ultrasound transducer 21 being a convex
transducer. In the attenuation rate image 101, 15 regions of
interest 102 are set without intersecting one another. Spe-
cifically, the attenuation rate image 101 are divided into
three parts along a radial direction (depth direction) of a
sector, and further divided into five parts along a circum-
ferential direction (scan direction) of the sector. The radial
direction and the circumferential direction are divided at
equal intervals, respectively. Note that, when the ultrasound
transducer 21 is a linear transducer, the transducer has a
rectangular (oblong, square) scan area, and when the ultra-
sound transducer 21 1s a radial transducer, the transducer has
a sector or annular scan area.

According to the first embodiment of the present inven-
tion having been described above, the optimal attenuation
rates are set for the observation target, and the attenuation
rate image data for displaying the information on the optimal
attenuation rates is generated, and image data can be pro-
vided including information on the attenuation rates set
according to the observation target. Thus, even if tissue to be
observed has an inhomogeneous structure, the characteris-
tics of the tissue can be accurately estimated based on
ultrasound attenuation characteristics suitable for the obser-
vation target.

Furthermore, according to the first embodiment, for the
regions of interest each partially constituting the observation
target region, the optimal attenuation rates are calculated,
visual information is added to each region of interest accord-
ing to the optimal attenuation rate in each region of interest
to generate the attenuation rate image data, so that even if
tissue has an inhomogeneous structure, an image accurately
displaying the attenuation characteristics according to the
structure can be obtained. Accordingly, the user such as a
physician can further accurately diagnose the characteristics
of tissue while looking at the attenuation rate image.

First Modification of First Embodiment

FIG. 13 is a graph illustrating an outline of processing
performed by the optimal attenuation rate setting unit of an
ultrasound observation apparatus according to a first modi-
fication of the first embodiment. In the first modification, the
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optimal attenuation rate setting unit 333 obtains the variance
as a function of attenuation rate candidate value, and sets a
minimum value of the function as the optimal attenuation
rate.

A curved line R illustrated in FIG. 13 is a curved line
obtained by interpolating values of the variance S(at) in the
attenuation rate candidate values o, by the regression analy-
sis performed by the approximation unit 333a before extrac-
tion of the optimal attenuation rates by the statistical pro-
cessing unit 333¢. Note that, in the first modification, values
of variance S() in the attenuation rate candidate values
a=0, 0.2, 0.4, 0.6, 0.8, 1.0 (all dB/cm/MHz) are the same as
those of FIG. 11. The statistical processing unit 333¢ uses
this curved line R to calculate a minimum value S'(ct),,,,, i
0 (dB/em/MHz)zc<1.0 (dB/cm/MHz), and extracts an
attenuation rate candidate value ' corresponding to the
minimum value S' (@),,,,, as the optimal attenuation rate. As
illustrated in FIG. 13, the optimal attenuation rate o' has a
value between 0 (dB/cm/MHz) and 0.2 (dB/cm/MHz).

According to the first modification, since the statistical
processing unit 333¢ calculates the variance as the function
of the attenuation rate candidate value, the optimal attenu-
ation rate can be further accurately set.

Second Modification of First Embodiment

FIG. 14 is a schematic diagram illustrating an outline of
a method for setting an optimal attenuation rate for each
region of interest, performed by an ultrasound observation
apparatus according to a second modification of the first
embodiment. In the second modification, the regions of
interest are set to intersect another region of interest includ-
ing a nearest region of interest. Therefore, the ultrasound
observation apparatus 3 adds visual information according
to optimal attenuation rates of the regions of interest, to
pixels at the centers of the regions of interest, while moving
each region of interest on a pixel-by-pixel basis. For
example, as illustrated in FIG. 14, the optimal attenuation
rate setting unit 333 calculates an optimal attenuation rate
for a region of interest ROI(j), and then adds visual infor-
mation according to this optimal attenuation rate to a pixel
P(j) at the center of the region of interest ROI(j). Similarly,
the optimal attenuation rate setting unit 333 calculates
optimal attenuation rates for regions of interest ROI(j+1)
and ROI(j+2), and then adds visual information according to
calculation results to a pixel P(j+1) at the center of the region
of interest ROI(j+1), and a pixel P(j+2) at the center of the
region of interest ROI(j+2).

Note that, in the second modification, instead of moving
the region of interest on a pixel-by-pixel basis, the region of
interest may be moved every several pixels within a range in
which the regions of interest overlap one another before and
after the movement. In this configuration, a pixel having the
visual information is decimated. Therefore, for a pixel
having no visual information, added based on the optimal
attenuation rate, visual information is preferably added
which is the same as that of a nearest one of the pixels
having the visual information. When there is a plurality of
nearest pixels, a statistical value (any of average value,
mode value, median value, and maximum value) of visual
information respectively added to a plurality of pixels is
preferably added.

Furthermore, in the second modification, the pixel to
which the visual information is added may be set at an
arbitrary position in the region of interest other than the
center thereof.

According to the second modification, the regions of
interest overlap one another, and each of the regions of
interest internally has a pixel at a predetermined position to
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which the visual information is added. Therefore, the attenu-
ation rate image having further detailed information on
attenuation rate can be provided.

Second Embodiment

FIG. 15 is a block diagram illustrating a functional
configuration of an ultrasound diagnostic system including
an ultrasound observation apparatus according to a second
embodiment of the present invention. The ultrasound diag-
nostic system 5 illustrated in FIG. 15 includes the ultrasound
endoscope 2, an ultrasound observation apparatus 6, and the
display device 4. The ultrasound endoscope 2 transmits an
ultrasound wave to a subject, and receives an ultrasound
wave reflected from the subject, the ultrasound observation
apparatus 6 generates an ultrasound image based on an
ultrasound signal acquired by the ultrasound endoscope 2,
and the display device 4 displays the ultrasound image
generated by the ultrasound observation apparatus 6.

The ultrasound observation apparatus 6 is different from
the above-mentioned ultrasound observation apparatus 3, in
configurations of a calculation unit 61 and a storage unit 62.
The configurations of the calculation unit 61 and the storage
unit 62 will be described below.

The calculation unit 61 includes the amplification correc-
tion unit 331, the frequency analysis unit 332, and an
optimal attenuation rate setting unit 611. The optimal attenu-
ation rate setting unit 611 includes an exclusion region
extraction unit 611a for extracting, as an exclusion region, a
set of points where values of the corrected features calcu-
lated in a region of interest fall within a predetermined
range, in addition to the approximation unit 333a, the
attenuation correction unit 3334, and the statistical process-
ing unit 333¢.

The exclusion region extracted by the exclusion region
extraction unit 611a is for example a portion having a
characteristic greatly different from a characteristic of tissue
desired to be particularly diagnosed, in value of feature. For
example, when using the mid-band fit as a feature, the value
of the feature largely differs between malignant tumor, and
a blood vessel and a blood vessel wall. Therefore, when the
ultrasound observation apparatus 6 uses mid-band fit as the
feature, a corrected feature value range may be set so that the
blood vessel and the blood vessel wall are included in the
exclusion region, and an attenuation rate image data suitable
for observation of the malignant tumor can be generated.

The statistical processing unit 333¢ averages corrected
features in a non-exclusion region in a corresponding region
of interest, as the corrected features at the points in the
exclusion region extracted by the exclusion region extrac-
tion unit 61la, and calculates variance of the corrected
features in the region of interest. Note that, the statistical
processing unit 333¢ may set, as the corrected feature, a
statistical value such as a mode value, a median value, or a
maximum value of the corrected features in the non-exclu-
sion region, for the exclusion region of the region of interest.

The storage unit 62 has an exclusion region information
storage unit 621 for storing a corrected feature value range
to be excluded, in addition to the spectral information
storage unit 371, the region-of-interest information storage
unit 372, the feature information storage unit 373, and the
visual information storage unit 374.

FIG. 16 is a flowchart illustrating an outline of an optimal
attenuation rate setting process for each region of interest,
which is performed by the ultrasound observation apparatus
6. Steps S51 to S54 are sequentially correspond to steps S31
to S34 of FIG. 10.

In step S55, the exclusion region extraction unit 611a
refers to the exclusion region information storage unit 621 to
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extract an exclusion region in the region of interest ROI(I)
(step S55). FIG. 17 is a schematic diagram illustrating the
exclusion region in the ultrasound scan area, which is
extracted by the exclusion region extraction unit 611¢. In a
scan area 201 illustrated in FIG. 17, two exclusion regions
211 and 212 are extracted. The exclusion region 211 is an
area extending over two regions of interest ROI(2) and
ROI(3), and the exclusion region 212 is an area in a region
of interest ROI(15).

Then, the statistical processing unit 333¢ calculates the
average of the corrected features in an area (non-exclusion
region) in the region of interest ROI(i), not included in the
exclusion region extracted by the exclusion region extrac-
tion unit 6114, and sets this average as a corrected feature at
each point in the exclusion region (step S56). For example,
as illustrated in FIG. 17, in the region of interest ROI(2), the
average of the corrected features in the non-exclusion region
is added to pixels constituting a partial region 211a included
in the region of interest ROI(2) of the exclusion region 211.
Similarly, in the region of interest ROI(3), the average of the
corrected features in the non-exclusion region is added to
pixels constituting a partial region 2115 included in the
region of interest ROI(3) of the exclusion region 211.

Next, the statistical processing unit 333¢ calculates vari-
ance of the corrected features at points in the region of
interest ROI(1), and stores the variance in the feature infor-
mation storage unit 373, in association with attenuation rates
candidate values o (step S57). At this time, the statistical
processing unit 333¢ calculates variance in the region of
interest ROI(1), after a corrected feature in the exclusion
region is set as the above-mentioned average.

Steps S58 to S62 are sequentially correspond to steps S36
to S40 of FIG. 10. Processing of the ultrasound observation
apparatus 6, excluding the above-mentioned optimal attenu-
ation rate setting process for each region of interest, is
similar to the processing of the ultrasound observation
apparatus 3 having been described above.

According to the second embodiment of the present
invention having been described above, similarly to the first
embodiment, even if tissue to be observed has an inhomo-
geneous structure, the characteristics of the tissue can be
accurately estimated based on ultrasound attenuation char-
acteristics suitable for the tissue to be observed. Further-
more, even if tissue has an inhomogeneous structure, an
image accurately displaying attenuation characteristics
according to the structure can be obtained.

Furthermore, according to the second embodiment, since
the exclusion target region is extracted, and the statistical
value of the corrected features of the non-exclusion region
in the corresponding region of interest is added to the
extracted exclusion target region, the optimal attenuation
rate can be further accurately calculated based on the char-
acteristics of tissue to be diagnosed.

Note that, in the second embodiment, the exclusion region
extraction unit 611a may extract an exclusion region based
on a luminance value of the B-mode image data. In this
configuration, the exclusion region information storage umt
621 preferably stores a range of luminance values as the
exclusion region.

Modification of Second Embodiment

FIG. 18 is a flowchart illustrating an outline of an optimal
attenuation rate setting process for each region of interest,
performed by an ultrasound observation apparatus 6 accord-
ing to a modification of the second embodiment of the
present invention. In the modification, the optimal attenua-
tion rate setting unit 611 adds the visual information only to
a region of interest not including the exclusion region
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extracted by the exclusion region extraction unit 611a. Steps
S71 to S75 of FIG. 18 are sequentially correspond to steps
S51 to S55 of FIG. 16.

As a result of exclusion region extraction processing in
step S75, when the exclusion region is not extracted (step
S76: No), processing of the optimal attenuation rate setting
unit 611 proceeds to step S77. In contrast, as a result of the
exclusion region extraction processing in step S75, when the
exclusion region is extracted (step S76: Yes), processing of
the optimal attenuation rate setting unit 611 proceeds to step
S81.

In step S77, the statistical processing unit 333¢ calculates
variance of the corrected features at points in the region of
interest ROI(i), and stores the variance in the feature infor-
mation storage unit 373 in association with the attenuation
rate candidate values a (step S77). In the modification, this
processing is performed only on the region of interest ROI(i)
not having the exclusion region. Accordingly, as in the
second embodiment described above, another value does not
need to be added to the corrected feature of the exclusion
region.

Steps S78 to S82 are sequentially correspond to steps S58
to S62 of FIG. 16.

FIG. 19 is a diagram illustrating an example of an
attenuation rate image displayed on the display device 4 in
the modification. An attenuation rate image 301 illustrated in
FIG. 19 is generated when the exclusion regions 211 and 212
are extracted as illustrated in FIG. 17, and displayed on the
display device 4. In the attenuation rate image 301, the
visual information is not added to the regions of interest
ROI(2) and ROI(3) including the exclusion region 211 and
the region of interest ROI(15) including the exclusion region
212.

Note that, in the modification, similarly to the second
modification of the first embodiment, the processing may be
performed while moving the region of interest on a pixel-
by-pixel basis or every several pixels.

In the modification, the region of interest may be set for
individual observation target so that the optimal attenuation
rate setting unit 611 does not include the extracted exclusion
region.

Other Embodiments

The modes for carrying out the present invention have
been described above, but the present invention is not
limited only to the above-mentioned first and second
embodiments. For example, the optimal attenuation rate
setting unit may calculate values equivalent to the optimal
attenuation rate which correspond to the optimal attenuation
rate, in all frames of an ultrasound image, and may set, as the
optimal attenuation rate, an average value, a median value,
or a mode value of a predetermined number of the values
equivalent to the optimal attenuation rate including a value
equivalent to the optimal attenuation rate in the last frame.
In this configuration, variation in optimal attenuation rate is
reduced to have a stable value thereof, compared with the
optimal attenuation rate set for each frame.

The optimal attenuation rate setting unit may set the
optimal attenuation rate in every predetermined frames of an
ultrasound image. Therefore, the calculation amount can be
reduced. In this configuration, until a next optimal attenu-
ation rate is set, a value of the last set optimal attenuation
rate is preferably used.

The region of interest may be set for each sound ray or
may be set as an area having a reception depth not less than
a predetermined value. The input unit may receive these
settings of the region of interest.
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The input unit may receive input for changing settings of
the initial value o, of the attenuation rate candidate value.

As the statistical dispersion, for example, any of standard
deviation, a difference between a maximum value and a
minimum value of features in a population, and a half width
of distribution of features may be applied. Note that, when
an inverse variance is considered to be applied as the amount
for the statistical dispersion, but, in this configuration, as a
matter of course, an attenuation rate candidate value having
a maximum value of the inverse variance is the optimal
attenuation rate.

The statistical processing unit may calculate statistical
dispersion for each of a plurality of kinds of corrected
features, and set, as the optimal attenuation rate, an attenu-
ation rate candidate value at which the calculated statistical
dispersion is minimum.

The attenuation correction unit may perform the attenu-
ation correction on the frequency spectrum using a plurality
of attenuation rate candidate values, before performing the
regression analysis on each frequency spectrum after the
attenuation correction by the approximation unit to calculate
the corrected feature.

In some embodiments, an ultrasound probe other than the
ultrasound endoscope may be employed. For example, a
miniature ultrasound probe having no optical system and
having a small diameter may be adopted as the ultrasound
probe. The miniature ultrasound probe is normally inserted
into biliary tract, bile duct, pancreatic duct, trachea, bron-
chial tube, urethra, or urinary duct to be used for observation
of nearby organs (pancreas, lung, prostate, bladder, lymph
node, or the like). Further, as the ultrasound probe, an
external ultrasound probe may be adopted to emit an ultra-
sound wave from a surface of the subject. The external
ultrasound probe is normally used for observation of
abdominal organs (liver, gallbladder, bladder), breast (in
particular, mammary gland), or thyroid gland.

According to some embodiments, since an optimal attenu-
ation rate is set to an observation target, and attenuation rate
image data for indicating information on the optimal attenu-
ation rate is generated, it is possible to provide image data
including information on the attenuation rate which is set
according to the observation target. Thus, even if tissue to be
observed has an inhomogeneous structure, characteristics of
the tissue can be accurately estimated based on ultrasound
attenuation characteristics suitable for the observation tar-
get.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in
its broader aspects is not limited to the specific details and
representative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. An ultrasound observation apparatus comprising:

a central processing unit configured to:

analyze a frequency of an ultrasound signal to calculate
a plurality of frequency spectra according to a recep-
tion depth and a reception direction of the ultrasound
signal, wherein the ultrasound signal is obtained by
an ultrasound probe comprising an ultrasound trans-
ducer configured to transmit an ultrasound wave to
an observation target and to receive the ultrasound
wave reflected from the observation target;

calculate uncorrected features of the plurality of fre-
quency spectra in a region of interest that is one of
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a plurality of regions of interest, wherein the uncor-
rected features express attenuation of the ultrasound
wave,
set a plurality of attenuation rate candidate values each
of which provides a different attenuation character-
istic in propagating the ultrasound wave through the
observation target;
perform attenuation correction on the uncorrected fea-
tures for eliminating influence of attenuation of the
ultrasound wave, using each of the plurality of
attenuation rate candidate values, to calculate cor-
rected features of the plurality of frequency spectra
for the region of interest;
calculate statistical dispersion of the corrected features
for the region of interest;
set an attenuation rate from among the plurality of
attenuation rate candidate values, having a minimum
statistical dispersion as an optimal attenuation rate
for the region of interest; and
generate attenuation rate image data for the region of
interest for displaying information on the optimal
attenuation rate for the region of interest.
2. The ultrasound observation apparatus according to
claim 1,
wherein the central processing unit is configured to gen-
erate the attenuation rate image data for the region of
interest by adding visual information according to the
optimal attenuation rate in the regions of interest.
3. The ultrasound observation apparatus according to
claim 2,
wherein the plurality of regions of interest do not intersect
one another, and
wherein the central processing unit is configured to add
one set of visual information to each of the plurality of
regions of interest.
4. The ultrasound observation apparatus according to
claim 2,
wherein each of the plurality of regions of interest inter-
sects at least another nearest region of interest, and
wherein the central processing unit is configured to add
the visual information to a pixel at a predetermined
position in each of the regions of interest.
5. The ultrasound observation apparatus according to
claim 2,
wherein the central processing unit is configured to:
extract, as an exclusion region, a set of points where
values of the corrected features calculated in the
region of interest fall within a predetermined range;
and
add, as the corrected features at the points in the
exclusion region, a statistical value of the corrected
features in a non-exclusion region in a corresponding
region of interest, thereby to calculate the optimal
attenuation rate.
6. The ultrasound observation apparatus according to
claim 2,
wherein the central processing unit is configured to:
extract, as an exclusion region, a set of points where
values of the corrected features calculated in each of
the plurality of regions of interest fall within a
predetermined range; and
add the visual information only to one or more of the
plurality of regions of interest that do not contain the
exclusion region extracted.
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7. The ultrasound observation apparatus according to
claim 1,

wherein the central processing unit is configured to cal-

culate the uncorrected features of the plurality of fre-

quency spectra in the region of interest by being

configured to:

approximate each of the frequency spectra by an n-th
order expression (n is a positive integer); and

calculate features of the n-th order expression as the
uncorrected features.

8. The ultrasound observation apparatus according to
claim 7,

wherein the central processing unit is configured to cal-

culate the uncorrected features of the plurality of fre-

quency spectra in the region of interest by being

configured to:

approximate a predetermined frequency range in each
of the frequency spectra by a linear expression; and

calculate one or more of an intercept and slope of the
linear expression, and a mid-band fit that is a value
of the linear expression at an intermediate frequency
in the frequency range, as the uncorrected features.

9. A method comprising:

providing a central processing unit to perform:

analyzing a frequency of an ultrasound signal to cal-
culate a plurality of frequency spectra according to a
reception depth and a reception direction of the
ultrasound signal, wherein the ultrasound signal is
obtained by an ultrasound probe comprising an ultra-
sound transducer configured to transmit an ultra-
sound wave to an observation target and to receive
the ultrasound wave reflected from the observation
target;

calculating uncorrected features of the plurality of
frequency spectra in a region of interest, wherein the
uncorrected features express attenuation of the ultra-
sound wave;

setting a plurality of attenuation rate candidate values
each of which provides a different attenuation char-
acteristic in propagating the ultrasound wave
through the observation target;

performing attenuation correction on the uncorrected
features for eliminating influence of attenuation of
the ultrasound wave, using each of the plurality of
attenuation rate candidate values, to calculate cor-
rected features of the plurality of frequency spectra
for the region of interest;

calculating statistical dispersion of the corrected fea-
tures for the region of interest:

setting an attenuation rate from among the plurality of
attenuation rate candidate values, having a minimum
statistical dispersion as an optimal attenuation rate
for the region of interest; and

generating attenuation rate image data for the region of
interest for displaying information on the optimal
attenuation rate for the region of interest.

10. A non-transitory computer-readable recording
medium with an executable program stored thereon, the
program causing a computer to at least execute:

analyzing a frequency of an ultrasound signal to calculate

a plurality of frequency spectra according to a reception
depth and a reception direction of the ultrasound signal,
wherein the ultrasound signal is obtained by an ultra-
sound probe comprising an ultrasound transducer con-
figured to transmit an ultrasound wave to an observa-
tion target and to receive the ultrasound wave reflected
from the observation target;
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calculating uncorrected features of the plurality of fre-
quency spectra in a region of interest, wherein the
uncorrected features express attenuation of the ultra-
sound wave;

setting a plurality of attenuation rate candidate values
each of which provides a different attenuvation charac-
teristic in propagating the ultrasound wave through the
observation target;

performing attenuation correction on the uncorrected fea-
tures for eliminating influence of attenuation of the
ultrasound wave, using each of the plurality of attenu-
ation rate candidate values, to calculate corrected fea-
tures of the plurality of frequency spectra for the region
of interest;

calculating statistical dispersion of the corrected features
for the region of interest;

setting an attenuation rate from among the plurality of
attenuation rate candidate values, having a minimum
statistical dispersion as an optimal attenuation rate for
the region of interest; and

generating attenuation rate image data for the region of
interest for displaying information on the optimal
attenuation rate for the region of interest.
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