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(57) ABSTRACT

An ultrasound observation apparatus for generating an ultra-
sound image based on an ultrasound signal obtained by an
ultrasound probe having an ultrasound transducer for trans-
mitting an ultrasound wave to an observation target and
receiving the ultrasound wave reflected from the observation
target. The ultrasound observation apparatus includes: a
frequency analysis unit that analyzes a frequency of the
ultrasound signal to calculate frequency spectra depending
on a reception depth and a reception direction of the ultra-
sound signal; a frequency band setting unit that sets a
frequency band used for calculating a feature of each of the
frequency spectra by use of parameters associated with a
frequency spectrum in each of candidate bands having
different bandwidths; a feature calculation unit that calcu-
lates the feature of each of the frequency spectra based on
the frequency band; and a feature image data generation unit
that generates feature image data based on the feature.
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ULTRASOUND OBSERVATION APPARATUS,
METHOD FOR OPERATING ULTRASOUND
OBSERVATION APPARATUS, AND
COMPUTER-READABLE RECORDING
MEDIUM

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of PCT interna-
tional application Ser. No. PCT/JP2015/078547, filed on
Oct. 7, 2015 which designates the United States, incorpo-
rated herein by reference, and which claims the benefit of
priority from Japanese Patent Application No. 2014-259473,
filed on Dec. 22, 2014, incorporated herein by reference.

BACKGROUND
[0002] 1. Technical Field
[0003] The disclosure relates to an ultrasound observation

apparatus for observing tissues as an observation target by
use of ultrasound waves. The disclosure also relates to a
method for operating the ultrasound observation apparatus,
and a computer-readable recording medium.

[0004] 2. Related Art

[0005] There has been conventionally known a technique
for calculating a feature of a frequency spectrum of an
ultrasound signal having a property depending on tissue
characteristics and generating a feature image for distin-
guishing the tissue characteristics based on the feature in an
ultrasound observation apparatus for observing tissues as an
observation target by use of ultrasound waves (see WO
2012/011414 A, for example). With the technique, a fre-
quency of a received ultrasound signal is analyzed thereby
to obtain a frequency spectrum, and then an approximate
equation of the frequency spectrum in a predetermined
frequency band is calculated thereby to extract a feature
based on the approximate equation.

SUMMARY

[0006] In some embodiments, an ultrasound observation
apparatus is configured to generate an ultrasound image
based on an ultrasound signal obtained by an ultrasound
probe, the ultrasound probe having an ultrasound transducer
for transmitting an ultrasound wave to an observation target
and receiving the ultrasound wave reflected from the obser-
vation 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 depending on a reception depth and a
reception direction of the ultrasound signal; a frequency
band setting unit configured to set a frequency band used for
calculating a feature of each of the frequency spectra cal-
culated by the frequency analysis unit by use of parameters
associated with a frequency spectrum in each of a plurality
of candidate bands having different bandwidths; a feature
calculation unit configured to calculate the feature of each of
the frequency spectra based on the frequency band set by the
frequency band setting unit; and a feature image data
generation unit configured to generate feature image data for
displaying information on the feature calculated by the
feature calculation unit. The frequency band setting unit
includes: an envelope curve detection unit configured to
detect an envelope curve of each of the frequency spectra; a
parameter extraction unit configured to extract the param-
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eters in the plurality of candidate bands, respectively, the
parameters being associated with an approximate line
obtained by approximating the envelope curve; a variation
calculation unit configured to calculate a variation between
two parameters respectively extracted in two candidate
bands of the plurality of candidate bands having a prede-
termined relationship, among the parameters extracted per
candidate band by the parameter extraction unit; and a
determination unit configured to determine the frequency
band based on the variation calculated by the variation
calculation unit.

[0007] In some embodiments, a method for operating an
ultrasound observation apparatus is provided. The ultra-
sound observation apparatus is configured to generate an
ultrasound image based on an ultrasound signal obtained by
an ultrasound probe, the ultrasound probe having an ultra-
sound transducer for transmitting an ultrasound wave to an
observation target and receiving the ultrasound wave
reflected from the observation target. The method includes:
by a frequency analysis unit, analyzing a frequency of the
ultrasound signal to calculate a plurality of frequency spec-
tra depending on a reception depth and a reception direction
of the ultrasound signal; by a frequency band setting unit,
setting a frequency band used for calculating a feature of
each of the frequency spectra by use of parameters associ-
ated with a frequency spectrum in each of a plurality of
candidate bands having different bandwidths; by a feature
calculation unit, calculating the feature of each of the
frequency spectra based on the frequency band; and by a
feature image data generation unit, generating feature image
data based on the feature. The setting of the frequency band
includes: by an envelope curve detection unit, detecting an
envelope curve of each of the frequency spectra; by a
parameter extraction unit, extracting the parameters in the
plurality of candidate bands, respectively, the parameters
being associated with an approximate line obtained by
approximating the envelope curve; by a variation calculation
unit, calculating a variation between two parameters respec-
tively extracted in two candidate bands of the plurality of
candidate bands having a predetermined relationship, among
the parameters extracted per candidate band; and by a
determination unit, determining the frequency band based
on the variation.

[0008] In some embodiments, a non-transitory computer-
readable recording medium with an executable program
stored thereon is provided. The program causes an ultra-
sound observation apparatus that is configured to generate
an ultrasound image based on an ultrasound signal obtained
by an ultrasound probe, the ultrasound probe having an
ultrasound transducer for transmitting an ultrasound wave to
an observation target and receiving the ultrasound wave
reflected from the observation target, to execute: by a
frequency analysis unit, analyzing a frequency of the ultra-
sound signal to calculate a plurality of frequency spectra
depending on a reception depth and a reception direction of
the ultrasound signal; by a frequency band setting unit,
setting a frequency band used for calculating a feature of
each of the frequency spectra by use of parameters associ-
ated with a frequency spectrum in each of a plurality of
candidate bands having different bandwidths; by a feature
calculation unit, calculating the feature of each of the
frequency spectra based on the frequency band; and by a
feature image data generation unit, generating feature image
data based on the feature. The setting of the frequency band
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includes: by an envelope curve detection unit, detecting an
envelope curve of each of the frequency spectra; by a
parameter extraction unit, extracting the parameters in the
plurality of candidate bands, respectively, the parameters
being associated with an approximate line obtained by
approximating the envelope curve; by a variation calculation
unit, calculating a variation between two parameters respec-
tively extracted in two candidate bands of the plurality of
candidate bands having a predetermined relationship, among
the parameters extracted per candidate band; and by a
determination unit, determining the frequency band based
on the variation.

[0009] The above and other features, advantages and tech-
nical and industrial significance of this invention will be
better understood by reading the following detailed descrip-
tion of presently preferred embodiments of the invention,
when considered in connection with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a block diagram illustrating a functional
structure of an ultrasound diagnosis system including an
ultrasound observation, apparatus according to a first
embodiment of the present invention;

[0011] FIG. 2 is a diagram illustrating a relationship
between reception depth and amplification rate in an ampli-
fication processing performed by a signal amplification unit
in the ultrasound observation apparatus according to the first
embodiment of the present invention;

[0012] FIG. 3 is a diagram illustrating a relationship
between reception depth and amplification rate in an ampli-
fication correction processing performed by an amplification
correction unit in the ultrasound observation apparatus
according to the first embodiment of the present invention;
[0013] FIG. 41is a diagram schematically illustrating a data
arrangement in one sound ray of an ultrasound signal,
[0014] FIG. 5 is a diagram illustrating an exemplary
envelope curve of a frequency spectrum detected by an
envelope curve detection unit in the ultrasound observation
apparatus according to the first embodiment of the present
invention;

[0015] FIG. 6 is a diagram schematically illustrating an
outline of a parameter extraction processing performed by a
parameter extraction unit in the ultrasound observation
apparatus according to the first embodiment of the present
invention;

[0016] FIG. 7 is a diagram illustrating an outline of a
frequency band determination processing performed by a
determination unit in the ultrasound observation apparatus
according to the first embodiment of the present invention;
[0017] FIG. 8 is a diagram illustrating an outline of an
approximation processing performed by an approximation
unit in the ultrasound observation apparatus according to the
first embodiment of the present invention;

[0018] FIG. 9 is a flowchart illustrating an outline of the
processing performed by the ultrasound observation appa-
ratus according to the first embodiment of the present
invention;

[0019] FIG. 10 is a flowchart illustrating an outline of a
processing performed by a frequency analysis unit in the
ultrasound observation apparatus according to the first
embodiment of the present invention;

[0020] FIG. 11 is a flowchart illustrating an outline of a
frequency band setting processing performed by a frequency
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band setting unit in the ultrasound observation apparatus
according to the first embodiment of the present invention;
[0021] FIG. 12 is a diagram for explaining the effects of
the first embodiment of the present invention;

[0022] FIG. 13 is a diagram for explaining an outline of a
conventional technique;

[0023] FIG. 14 is a diagram illustrating an outline of a
frequency band setting processing performed by the fre-
quency band setting unit in the ultrasound observation
apparatus according to a first modification of the first
embodiment of the present invention;

[0024] FIG. 15 is a diagram illustrating an outline of a
frequency band setting processing performed by the fre-
quency band setting unit in the ultrasound observation
apparatus according to a second modification of the first
embodiment of the present invention;

[0025] FIG. 16 is a flowchart illustrating an outline of a
parameter extraction processing performed by the parameter
extraction, unit in the ultrasound observation apparatus
according to a second embodiment of the present invention;
[0026] FIG. 17A is a diagram schematically illustrating an
outline (first example) of a parameter extraction processing
performed by the parameter extraction unit in the ultrasound
observation apparatus according to the second embodiment
of the present invention;

[0027] FIG. 17B is a diagram schematically illustrating an
outline (second example) of a parameter extraction process-
ing performed by the parameter extraction unit in the
ultrasound observation apparatus according to the second
embodiment of the present invention; and

[0028] FIG. 18 is a diagram schematically illustrating a
processing of calculating the slope of a line orthogonal to a
projection line by the parameter extraction unit in the
ultrasound observation apparatus according to the second
embodiment of the present invention.

DETAILED DESCRIPTION

[0029] Modes for carrying out the present invention (here-
inafter referred to as “embodiment(s)”) will be described
below with reference to the accompanying drawings.

First Embodiment

[0030] FIG. 1 is a block diagram illustrating a functional
structure of an ultrasound diagnosis system including an
ultrasound observation apparatus according to a first
embodiment of the present invention. The illustrated ultra-
sound diagnosis system 1 includes an ultrasound endoscope
2 for transmitting an ultrasound wave to a subject as an
observation target and receiving an ultrasound wave
reflected by the subject, an ultrasound observation apparatus
3 for generating an ultrasound image based on the ultra-
sound signal obtained by the ultrasound endoscope 2, and a
display device 4 for displaying the ultrasound image gen-
erated by the ultrasound observation apparatus 3.

[0031] The ultrasound endoscope 2 at the distal end has an
ultrasound transducer 21 for converting an electric pulse
signal received from the ultrasound observation apparatus 3
into an ultrasound pulse (acoustic pulse) and irradiating a
subject with the ultrasound pulse, and converting an ultra-
sound echo reflected by the subject into an electric echo
signal expressed by voltage change and outputting the
electric echo signal. The ultrasound transducer 21 may be
any of convex transducer, linear transducer, and radial
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transducer. The ultrasound endoscope 2 may cause the
ultrasound transducer 21 to mechanically scan, or may cause
the ultrasound transducer 21 to electronically scan by pro-
viding a plurality of devices in an array shape as the
ultrasound transducer 21, and electronically switching the
devices for transmission or reception or delaying transmis-
sion or reception of each device.

[0032] The ultrasound endoscope 2 generally has an imag-
ing optical system and an imaging device, and is configured
to be inserted into a digestive tract (esophagus, stomach,
duodenum, or large bowel) or an organ of respiration (tra-
ches or bronchus) of a subject thereby to image a digestive
tract, an organ of respiration, or its surrounding organ. (such
as pancreas, gallbladder, bile duct, biliary tract, lymph
nodes, mediastinal organ, and blood vessel). Further, the
ultrasound endoscope 2 has a light guide for guiding an
illumination light with which a subject is irradiated during
imaging. The light guide is such that its distal end reaches
the distal end of the insertion portion of the ultrasound
endoscope 2 into a subject while its proximal end is con-
nected to alight source device for generating an illumination
light.

[0033] The ultrasound observation apparatus 3 includes a
transmitting and receiving unit 31, electrically connected to
the ultrasound endoscope 2, for transmitting a transmission
signal (pulse signal) made of high-voltage pulses based on
a predetermined waveform and a transmission timing to the
ultrasound transducer 21 and receiving an echo signal as
electric reception signal from the ultrasound transducer 21
thereby to generate and output data of a digital RF (Radio
Frequency) signal (which will be denoted as RF data below),
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 computation unit 33 for
making a predetermined computation on the RF data
received from the transmitting and receiving unit 31, an
image processing unit 34 for generating various items of
image data, an input unit 35, realized by use of a user
interface such as keyboard, mouse or touch panel, for
receiving various items of input information, a control unit
36 for controlling the entire ultrasound diagnosis system 1,
and a storage unit 37 for storing various items of information
required for the operations of the ultrasound observation
apparatus 3.

[0034] The transmitting and receiving unit 31 has a signal
amplification unit 311 for amplifying an echo signal. The
signal amplification unit 311 makes a STC (Sensitivity Time
Control) correction for amplifying an echo signal with a
larger reception depth at a higher amplification rate. FIG. 2
is a diagram illustrating a relationship between reception
depth and amplification rate in the amplification processing
performed by the signal amplification unit 311. The recep-
tion depth z illustrated in FIG. 2 is calculated based on an
elapsed time from the start of reception of an ultrasound
wave. As illustrated in FIG. 2, the amplification rate p (dB)
linearly increases from 3, to B, (>f,) along with an increase
in reception depth z when the reception depth z is smaller
than a threshold z,,. The amplification rate § (dB) takes a
constant value {3, when the reception depth z is the threshold
z,, or more. The value of the threshold Z,, is such that an
ultrasound signal received from an observation target is
almost attenuated and noises are dominant. More generally,
the amplification rate § may monotonically increase along
with an increase in reception depth z when the reception
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depth z is smaller than the threshold z,,. The relationship
illustrated in FIG. 2 is previously stored in the storage unit
37.

[0035] The transmitting and receiving unit 31 performs a
processing such as filtering on the echo signal amplified by
the signal amplification unit 311, and then performs A/D
conversion on the processed echo signal thereby to generate
temporal-domain RF data and to output it to the signal
processing unit 32 and the computation unit 33. When the
ultrasound endoscope 2 has a structure for causing the
ultrasound transducer 21 to electronically scan in which a
plurality of devices are provided in an array shape, the
transmitting and receiving unit 31 has a multichannel circuit
for beam combination corresponding to the devices.

[0036] Itis better that the frequency band of a pulse signal
transmitted by the transmitting and receiving unit 31 is a
wide band almost covering a linear response frequency band
of electroacoustic conversion from a pulse signal into an
ultrasound pulse in the ultrasound transducer 21. Further, it
is better that various processing frequency bands of an echo
signal in the signal amplification unit 311 are a wide band
almost covering a linear response frequency band of acous-
toelectric conversion from an ultrasound echo into an echo
signal in the ultrasound transducer 21. Thereby, when a
frequency spectrum approximation processing described
below is performed, approximation can be made with high
accuracy.

[0037] The transmitting and receiving unit 31 has a func-
tion of transmitting various control signals output by the
control unit 36 to the ultrasound endoscope 2, and receiving
various items of information including identification ID
from the ultrasound endoscope 2 and transmitting them to
the control unit 36.

[0038] The signal processing unit 32 performs a well-
known processing such as bandpass filter, envelope curve
detection or logarithmic conversion on the RF data thereby
to generate digital B-mode reception data. The logarithmic
conversion takes the common logarithm of the amount
obtained by dividing the RF data by a reference voltage to
be expressed in 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 is realized
by use of the CPU (Central Processing Unit) or various
computation circuits.

[0039] The computation unit 33 has an amplification cor-
rection unit 331 for making an amplification correction such
that the amplification rate is constant for the RF data output
by the transmitting and receiving unit 31 irrespective of the
reception depth, a frequency analysis unit 332 for perform-
ing fast Fourier transform (FFT) on the amplification-
corrected RF data thereby to make a frequency analysis and
calculating a plurality of frequency spectra depending on the
reception depth and the reception direction of an ultrasound
signal, a frequency band setting unit 333 for setting a
frequency band used for calculating a feature of each fre-
quency spectrum calculated by the frequency analysis unit
332 by use of parameters associated with a frequency
spectrum in each of a plurality of candidate bands having
mutually different bandwidths, and a feature calculation unit
334 for calculating a feature of each frequency spectrum
based on the frequency band set by the frequency band
setting unit 333. The computation unit 33 is realized by use
of the CPU or various computation circuits.



US 2016/0331348 Al

[0040] FIG. 3 is a diagram illustrating a relationship
between reception depth and amplification rate in the ampli-
fication correction processing performed by the amplifica-
tion correction unit 331. As illustrated in FIG. 3, the ampli-
fication rate p (dB) in the amplification processing
performed by the amplification correction unit 331 takes a
maximum value ,,-f, when the reception depth is zero, and
linearly decreases until the reception depth z reaches the
threshold z,,, and takes zero when the reception depth z is
the threshold z,, or more. The relationship illustrated in FIG.
3 is previously stored in the storage unit 37. The amplifi-
cation correction unit 331 makes the amplification correc-
tion of the digital RF signal based on the relationship
illustrated in FIG. 3, thereby compensating an effect of the
STC correction in the signal amplification unit 311 and
outputting a signal with a constant amplification rate ;. It
is natural that the relationship between the reception depth
7 and the amplification rate {3 in the amplification correction
unit 331 is different depending on a relationship between
reception depth and amplification rate in the signal ampli-
fication unit 311.

[0041] The reasons for making the amplification correc-
tion will be described. The STC correction is a correction
processing of amplifying amplitude of an analog signal
waveform uniformly over the entire frequency bands and at
an amplification rate monotonically increasing relative to a
depth, thereby to eliminate an effect of attenuation from the
amplitude of the analog signal waveform. Therefore, when
a B-mode image displayed by converting amplitude of an
echo signal into luminance is generated and when a tissue is
uniformly scanned, the STC correction is made so that the
luminance value is constant irrespective of depth. That is, 1t
is possible to obtain die effect that an effect of attenuation is
eliminated from the luminance value of the B-mode image.
[0042] On the other hand, when a frequency spectrum of
an ultrasound wave is calculated and its analysis result is
used as in the first embodiment, there is a problem that an
effect of attenuation along with propagation of an ultrasound
wave is not necessarily removed even by the STC correc-
tion. This is because the attenuation amount is generally
different per frequency (see Equation (1) described below)
but the amplification rate of the STC correction changes
along with only a distance and is not frequency-dependent.
[0043] 1In order to solve the above problem, when a
STC-corrected reception signal is output for generating a
B-mode image, while an image based on a frequency
spectrum is generated, new transmission different from
transmission for generating the B-mode image is performed
thereby to output a reception signal not subjected to the STC
correction. In this case, there is a problem that a frame rate
of the image data generated based on the reception signal is
deteriorated.

[0044] Thus, according to the first embodiment, the frame
rate of the generated image data is kept, while the amplifi-
cation rate is corrected by the amplification correction unit
331 in order to eliminate an effect of the STC correction
from the STC-corrected signal for B-mode image.

[0045] The frequency analysis unit 332 samples the RF
data (line data) of each sound ray amplification-corrected by
the amplification correction unit 331 at predetermined time
intervals thereby to generate sample data. The frequency
analysis unit 332 performs the FFT processing on sample
data groups thereby to calculate the frequency spectra at a
plurality of portions (data positions) on the RF data.
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[0046] FIG. 4 is a diagram schematically illustrating a data
arrangement in one sound ray of an ultrasound signal. In the
illustrated sound ray SR,, a white or black rectangle indi-
cates data at a sample point. Further, in the sound ray SR,
data toward the right side is sample data from a deeper
portion when it is measured along the sound ray SR, from
the ultrasound transducer 21 (see the arrows in FIG. 4). The
sound ray SR, is discretized at time intervals corresponding
to a sampling frequency (50 MHz, for example) in the A/D
conversion performed by the transmitting and receiving unit
31. FIG. 4 illustrates that the eighth data position in the
sound ray SR, with a number k is set as an initial value Z®,
in the direction of the reception depth z, but the position of
the initial value can be arbitrarily set. A calculation result by
the frequency analysis unit 332 is obtained in complex
numbers, and is stored in the storage unit 37.

[0047] A group of data I, (=1, 2, . . ., K) illustrated in
FIG. 4 is a sample data group to be subjected to the FFT
processing. Generally, the sample data group needs to have
as much data as a power of 2 in order to perform the FFT
processing. In this sense, the sample data group F, =1, 2, .
.., K-1) is a normal group of data including as much data
as 16 (=2%), while the sample data group Fj is an abnormal
group of data including as much data as 12. When the FFT
processing is performed on the abnormal group of data, zero
data is inserted to cover the shortfall thereby to generate a
normal sample data group. This point will be described
below in explaining the processing of the frequency analysis
unit 332 (see FIG. 10).

[0048] A “frequency spectrum” calculated by the fre-
quency analysis unit 332 indicates a “frequency distribution
of intensities at a reception depth z” obtained by performing’
the FFT processing on a sample data group. “Intensity”
herein indicates a parameter such as voltage of echo signal,
power of echo signal, acoustic pressure of ultrasound echo
or acoustic energy of ultrasound echo, amplitude or time
integral value of the parameters, or a combination thereof.

[0049] Generally, a frequency spectrum indicates a differ-
ent trend depending on a property of a biological tissue
scanned by an ultrasound wave when an observation target
is a biological tissue. This is because a frequency spectrum
has a correlation with size of a scattering body for scattering
ultrasound waves, number density, or acoustic impedance. A
“property of a biological tissue” indicates malignant tumor
(cancer), benign tumor, endocrine tumor, mucinous tumor,
normal tissue, cyst, vascular channel, and the like, for
example.

[0050] The frequency band setting unit 333 has an enve-
lope curve detection unit 333a for detecting an envelope
curve of a frequency spectrum, a parameter extraction unit
33354 for extracting parameters associated with an approxi-
mation curve for approximating an envelope curve in a
plurality of candidate bands including a frequency corre-
sponding to a maximum value of the envelope curve
detected by the envelope curve detection unit 333a per
candidate band, a variation calculation unit 333¢ for calcu-
lating a variation between two parameters extracted in two
candidate bands in a predetermined relationship among the
parameters extracted per candidate band by the parameter
extraction unit 3335, and a determination unit 3334 for
determining a frequency band based on the variation
between the parameters calculated by the variation calcula-
tion unit 333c.
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[0051] The envelope curve detection unit 333« detects an
envelope curve of a frequency spectrum by use of a well-
known envelope curve detection processing. FIG. 5 is a
diagram illustrating an exemplary envelope curve of a
frequency spectrum detected by the envelope curve detec-
tion unit 333a. The illustrated envelope curve C indicates a
distribution of common logarithm (in dB) 1=10 log,, (I,/.)
of the amount obtained by dividing an intensity I, by a
reference intensity I_ (constant) relative to a frequency f.
According to the first embodiment, a curve and a line are
made of a set of discrete points, respectively.

[0052] The parameter extraction unit 3335 makes the
regression analysis of the envelope curve detected by the
envelope curve detection unit 333a in a candidate band
thereby to linearly approximate the envelope curve, and
extracts the slope of the approximated line as a parameter.
FIG. 6 is a diagram schematically illustrating an outline of
the parameter extraction processing performed by the
parameter extraction unit 3335. The parameter extraction
unit 3334 calculates a line for approximating a candidate
band U =(0If <d<f ) for the envelope curve C by the regres-
sion analysis, and determines the slope of the resultant
approximate line (regression line) L, as a parameter. The
start frequency f, in the candidate band U, is set as a
frequency (constant) smaller than a peak frequency f,, taking
the maximum value of the envelope curve C by a predeter-
mined value. The maximum frequency f, (n=0, 1,2, ...)in
the candidate band U is at £ >f . and f =f _,+Af (Af>0)
is established. Herein, Af indicates a predetermined constant
which is sufficiently lower than the start frequency f,. The
parameter extraction unit 3335 calculates the slope of the
line while increasing the value of n until the determination
unit 3334 determines a frequency band. The increase Af of
the maximum frequency along with a change in the start
frequency f, and the candidate band can be arbitrarily set,
and may be set and input by the user via the input unit 35.
[0053] The variation calculation unit 333¢ calculates the
value P, -P, obtained by subtracting the parameter P,
calculated in the candidate band U, from the parameter P,,, |
calculated in the candidate band U,,, as a variation AP,
between the parameters. The variation calculation unit 333¢
calculates the variation AP, between parameters until the
determination unit 3334 determines a frequency band.
[0054] The determination unit 333d determines a fre-
quency band based on a sign of the variation between the
parameters calculated by the variation calculation unit 333c.
FIG. 7 is a diagram illustrating an outline of a frequency
band determination processing performed by the determi-
nation unit 3334. In FIG. 7, the horizontal axis indicates two
candidate bands (U, U, ) (=0, 1, . . . ) for which a
variation between parameters is calculated, and the vertical
axis indicates a variation AP, =P, ,,-P, between parameters
in the two candidate bands (U, U . ,). In the case of FIG. 7,
AP, =<0 is satisfied when the value of n indicating the two
candidate bands (U , U , )isn=0, 1, ..., N-1, while AP,
(=AP,)>0 is satisfied when the value of n is n=N. The
determination unit 3334 sets the candidate band U, with a
smaller band out of the two candidate bands (U, Uy, ;) as
a frequency band when the variation AP, between the
parameters changes from “0 or less” to “positive.” The
maximum frequency f,, of the candidate band U, as fre-
quency band is denoted as end frequency f,.

[0055] The feature calculation unit 334 has an approxi-
mation unit 334a for approximating an envelope curve with
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a frequency spectrum by a line by the regression analysis
thereby to calculate a pre-correction feature of the frequency
spectrum, and an attenuation correction unit 3345 for mak-
ing an attenuation correction based on each of a plurality of
attenuation candidate values on the pre-correction feature
calculated by the approximation unit 334¢ thereby to cal-
culate a corrected feature.

[0056] The approximation unit 334a makes the regression
analysis of an envelope curve with a frequency spectrum in
a predetermined frequency band and approximates it in a
linear equation, thereby calculating a pre-correction feature
characterizing the linear equation to approximate. For
example, in the case of the envelope curve C illustrated in
FIG. 5, the approximation unit 334a makes the regression
analysis in the frequency band (candidate band) set by the
frequency band setting unit 333 thereby to obtain an
approximate line of the envelope curve C. FIG. 8§ is a
diagram illustrating an outline of an approximation process-
ing performed by the approximation unit 334a. Theline L,
illustrated in FIG. 8 is an approximate line obtained by
approximating the envelope curve C in the candidate band U
by the linear equation I=a,f+b,. The approximation unit
334a calculates slope a,, intercept b,, and mid-band fit
co=ayfAb, as the value of the intensity I at the center
frequency f,,=(f+f,)/2 in the candidate band U, as the
pre-correction features corresponding to the line L. The
approximation unit 334q may approximate a frequency
spectrum by a second-order or higher polynomial equation
using regression analysis.

[0057] Among the three pre-correction features, the slope
a, has a correlation with a size of the scattering body of an
ultrasound wave, and it is generally believed that as the
scattering body is larger, the slope has a smaller value. The
intercept b, has a correlation with a size of the scattering
body, a difference in acoustic impedance, a number density
(density) of the scattering body, and the like. Specifically, it
is believed that the intercept b, has a larger value as the
scattering body is larger, has larger value as the difference in
acoustic impedance is larger, and has a larger value as the
number density of the scattering body is larger. The mid-
band fit ¢, is an indirect parameter derived from the slope a,
and the intercept b, and gives an intensity of a spectrum at
the center of an effective frequency band. Therefore, the
mid-band fit ¢, is assumed to have a certain correlation with
luminance of a B-mode image in addition to the size of the
scattering body, the difference in acoustic impedance, and
the number density of the scattering body.

[0058] The attenuation correction unit 3345 makes an
attenuation correction by use of an attenuation rate giving
attenuation of an ultrasound wave per unit length and umt
frequency. Generally, attenuation A(f, z) of an ultrasound
wave is defined as attenuation occurring while an ultrasound
wave reciprocates between the reception depth O and the
reception depth z and a change in intensity between after and
before the reciprocation (difference in dB). It is empirically
known that the attenuation A(f, z) is proportional to a
frequency in a uniform tissue, which is expressed in the
following Equation (1).

A(f D)=20zf O

where the proportional constant o indicates the amount
called attenuation, and gives attenuation of an ultrasound
wave per unit length and unit frequency. z indicates a
reception depth of an ultrasound wave, and f indicates a
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frequency. A specific value of the attenuation o is defined
depending on a site of a biological body when an observa-
tion target is a biological body. The unit of the attenuation
o is dB/cm/MHz, for example.

[0059] The attenuation correction unit 3345 makes the
attenuation correction of the pre-correction features (slope
a,, intercept by, and mid-band fit c,) extracted by the
approximation unit 334a according to the following Equa-
tions (2) to (4) thereby to calculate the corrected features a,
b, and c.

a=ag+2az @
b=by (3)
c=cotd(fip £)=Co20Zfof=afartb) @)

As is clear from the Equations (2) and (4), the attenuation
correction unit 3346 makes the correction with a larger.
correction amount as the reception depth z of an ultrasound
wave is larger. From the Equation (3), the correction for the
intercept is identical transformation. This is because the
intercept is a frequency component corresponding to the
frequency 0 (Hz) and is not influenced by attenuation.
[0060] The line L, illustrated in FIG. 8 is a line having the
correction features a, b, and ¢ corrected by the attenuation
correction unit 3345 as parameters. The equation for the line
L, 1s expressed as:

I=afvb=(ag+2az)f+b, (3)

As is clear from the Equation (5), the line L,, has a larger
slope than the line L, not subjected to the attenuation
correction (a>a,), and has the same intercept (b=b,).
[0061] The image processing unit 34 has a B-mode image
data generation unit 341 for generating B-mode image data
which is an ultrasound image displaying the amplitude of an
echo signal converted into luminance, and a feature image
data generation unit 342 for generating feature image data
displaying information on the features calculated by the
feature calculation unit 334.

[0062] The B-mode image data generation unit 341 gen-
erates B-mode image data by performing a signal processing
using well-known technique such as a gain processing or a
contrast processing on B-mode reception data received from
the signal processing unit 32, and thinning data depending
on a data step width defined depending on an image display
range in the display device 4. The B-mode image is a gray
scale image in which the values of the variables R (red), G
(green), and B (Blue) are matched with each other when the
color space employs a RGB color system.

[0063] The B-mode image data generation unit 341 per-
forms coordinate conversion on the B-mode reception data
such that the scanning range can be spatially correctly
expressed, and then embeds a gap between the B-mode
reception data by performing an interpolation processing
between the B-mode reception data, thereby generating
B-mode image data. The B-mode image data generation unit
341 outputs the generated B-mode image data to the feature
image data generation unit 342.

[0064] The feature image data generation unit 342 super-
imposes visual information associated with the features
calculated by the feature calculation unit 334 on each pixel
in an image in the B-mode image data thereby to generate
feature image data. The feature image data generation unit
342 assigns the visual information corresponding to the
features of the frequency spectrum calculated from a group
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of amplitude data F, to the pixel regions corresponding to the
amount of data of a sample data group I, =1, 2, . .. , K)
illustrated in FIG. 4, for example. The feature image data
generation unit 342 associates hue as visual information
with any one of slope, intercept, and mid-band fit described
above thereby to generate feature image data. The feature
image data generation unit 342 associates hue to either of the
two features selected from among slope. intercept and
mid-band fit, and associates contrast to the other thereby to
generate feature image data. The visual information associ-
ated with the features may include the variables of a color
space configuring a predetermined color system such as
color saturation, luminance value, R (red), G (green), and B
(Blue) in addition to hue and contrast (brightness).

[0065] The control unit 36 is realized by use of the CPU
(Central Processing Unit) having the computation and con-
trol functions, or various computation circuits. The control
unit 36 reads information stored in the storage unit 37 from
the storage unit 37 and performs various computation pro-
cessing associated with the method for operating the ultra-
sound observation apparatus 3 thereby to organize and
control the ultrasound observation apparatus 3. The control
unit 36 may be configured by use of the common CPU with
the signal processing unit 32 and the computation unit 33.
[0066] The storage unit 37 has a spectrum information
storage unit 371 for storing the information on the frequency
spectrum calculated by the frequency analysis unit 332
together with the reception depth and the reception direc-
tion, a parameter information storage unit 372 for storing the
information on the parameters extracted per candidate band
by the parameter extraction unit 3334, and a frequency band
information storage unit 373 for storing the information on
the frequency band set by the frequency band setting unit
333.

[0067] The storage unit 37 stores the information such as
the information required for the amplification processing
(the relationship between amplification rate and reception
depth illustrated in FIG. 2), the information required for the
amplification correction processing (the relationship
between amplification rate and reception depth illustrated in
FIG. 3), the information required for the attenuation correc-
tion processing (see Hquation (1)), and the window func-
tions (such as Hamming, Hanning, and Blackman) required
for the frequency analysis processing in addition to the
above.

[0068] The storage unit 37 stores various programs includ-
ing an operation program for performing the method for
operating the ultrasound observation apparatus 3. The opera-
tion program can be recoded in a computer readable record-
ing medium such as hard disk, flash memory, CD-ROM,
DVD-ROM, or flexible disk to be widely distributed. The
various programs can be downloaded and obtained via a
communication network. The communication network
described herein is realized by existing public line network,
LAN (Local Area Network), WAN (wide Area Network), or
the like, and may be wired or wireless.

[0069] The storage unit 37 having the above structure is
realized by use of ROM (Read Only Memory) previously
installing various programs therein, RAN (Random Access
Memory) storing computation parameters or data of each
processing therein, or the like.

[0070] FIG. 9 is a flowchart illustrating an outline of the
processing performed by the ultrasound observation appa-
ratus 3 having the above structure. Specifically, it is a
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flowchart illustrating an outline of the processing after the
ultrasound observation apparatus 3 receives an echo signal
from the ultrasound endoscope 2. The processing performed
by the ultrasound observation apparatus 3 will be described
below with reference to FIG. 9. At first, the ultrasound
observation apparatus 3 receives an echo signal as a mea-
surement result of an observation target by the ultrasound
transducer 21 from the ultrasound endoscope 2 (step S1).
[0071] The signal amplification unit 311 which receives
the echo signal from the ultrasound transducer 21 amplifies
the echo signal (step S2). Herein, the signal amplification
unit 311 amplifies (makes the STC correction of) the echo
signal based on the relationship between amplification rate
and reception depth illustrated in FIG. 2, for example.
[0072] Subsequently, the B-mode image data generation
unit 341 generates B-mode image data by use of the echo
signal amplified by the signal amplification unit 311 and
outputs it to the display device 4 (step S3). The display
device 4 which receives the B-mode image data displays a
B-mode image corresponding to the B-mode image data.
[0073] The amplification correction unit 331 makes the
amplification correction of the RF data output from the
transmitting and receiving unit 31 such that the amplification
rate is constant irrespective of the reception depth (step S4).
Herein, the amplification correction unit 331 makes the
amplification correction based on the relationship between
amplification rate and reception depth illustrated in FIG. 3,
for example.

[0074] Thereafter, the frequency analysis unit 332 makes
the FFT frequency analysis of the RF data of each ampli-
fication-corrected sound ray thereby to calculate the fre-
quency spectra for all the sample data groups to be stored in
the spectrum information storage unit 371 (step S5). FIG. 10
is a flowchart illustrating an outline of the processing
performed by the frequency analysis unit 332 in step S5. The
frequency analysis processing will be described below in
detail with reference to the flowchart illustrated in FIG. 10.
[0075] At first, the frequency analysis unit 332 sets a
counter k for identifying an sound ray to be analyzed as k,
(step S11).

[0076] Subsequently, the frequency analysis unit 332 sets
an initial value Z®,, at a data position (corresponding to the
reception depth) Z%® representative of a series of groups of
data (sample data groups) generated for the FFT computa-
tion (step S12). For example, FIG. 4 illustrates that the
eighth data position in the sound ray SR, is set as the initial
value Z®,, as described above.

[0077] Thereafter, the frequency analysis unit 332
acquires a sample data group (step S13) and applies the
window function stored in the storage unit 37 to the acquired
sample data group (step 14). The window function is applied
to the sample data group in this way thereby to avoid the
sample data group from being discontinuous at their bound-
aries and preventing artifact from occurring.

[0078] Subsequently, the frequency analysis unit 332
determines whether the sample data group at the data
position Z* a normal group of data (step S15). As described
with reference to FIG. 4, the sample data group needs to
have as much data as a power of 2. In the following, the
number of items of data in a normal sample data group is 2
(n is a positive integer). According to the embodiment, the
data position Z® is set at the center of a sample data group
to which Z* belongs as far as possible. Specifically, the
number of items of data in a sample data group is 2", and
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thus Z® is set at the 2"/2 (=2"")-th position near the center
of the sample data group. In this case, a normal sample data
group indicates that 2"~*~1 (=N items of data are present at
a shallower side than the data position. Z* and 2! (=M)
items of data are present at a deeper side than the data
position Z®. In the case illustrated in FIG. 4, the sample
data group F, (=1, 2, .. . , K~1) is normal. FIG. 4 illustrates
the case with n=4 (N=7, M=8).

[0079] As a result of the 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 below

[0080] As a result of the 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 thereby to generate a normal
sample data group (step S16). The window function is
operated on the sample data group (the sample data group F.
in FIG. 4, for example) determined. as not normal in step
S15 before zero data is added. Therefore, even when zero
data is inserted into the group of sampled data, discontinuity
between the data is not caused. After step S16, the frequency
analysis unit 332 proceeds to step S17 described below.
[0081] In step S17, the frequency analysis unit 332 per-
forms the FFT computation by use of the sample data group
thereby to obtain a frequency spectrum as a frequency
distribution of amplitudes (step S17).

[0082] Subsequently. the frequency analysis unit 332
changes the data position Z*’ the step width D (step S18).
The step width D is stored in the storage unit 37 in advance.
FIG. 4 illustrates the case with D=15. The step width D is
desirably matched with the data step width used when the
B-mode image data generation unit 341 generates B-mode
image data, but when the computation amount by the
frequency analysis unit 332 is to be reduced, the step width
D may be set to be larger than the data step width.

[0083] Thereafter, the frequency analysis unit 332 deter-
mines whether the data position Z® larger than a maximum
value Z®___inthe sound ray SR, (step S19). When the data
position Z%® is larger than the maximum value Z®  (step
S19: Yes), the frequency analysis unit 332 increments the
counter k by 1 (step S20). This indicates that the processing
proceeds to a next sound ray. On the other hand, when the
data position Z® is the maximum value Z©__or less (step
S19: No), the frequency analysis unit 332 returns to step
S13.

[0084] After step S20, the frequency analysis unit 332
determines whether the counter k is larger than a maximum
value k. (step S21). When the counter k is larger than the
maximum value k,, . (step S21: Yes), the frequency analysis
unit 332 terminates the series of frequency analysis process-
ing. On the other hand, when the counter k is the maximum
value k__orless (step S21: No), the frequency analysis unit
332 returns to step S12. The maximum value k, ,is a value
arbitrarily designated and input by the user such as operator
via the input unit 35, or a value previously set in the storage
unit 37.

[0085] In this way, the frequency analysis unit 332 per-
forms the FFT computation several times on each of (k.-
k,+1) sound rays within a region to be analyzed. A fre-
quency spectrum obtained as a result of the FFT
computation is stored in the spectrum information storage
unit 371 together with the reception depth, the reception
direction and identification information. The identification
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information herein is directed for identifying a frequency
spectrum during a frequency band setting processing
described below, and includes an identification number i=0,
1,2,....1,, sequentially given to each frequency spectrum,
for example. According to the first embodiment, the identi-
fication number i has a counter function in the frequency
band setting processing described below.

[0086] In the above explanation, the frequency analysis
unit 332 performs the frequency analysis processing on all
the regions in which an ultrasound signal is received, but the
input unit 35 may accept an input of setting a partial region
segmented by a specific depth width and sound ray width
thereby to perform the frequency analysis processing only in
the set partial region.

[0087] Subsequent to the frequency analysis processing in
step S5 described above, the frequency band setting unit 333
sets a frequency band for feature calculation per frequency
spectrum (step S6). FIG. 11 is a flowchart illustrating an
outline of the frequency band setting processing in step S6.
The frequency band setting processing will be described
below in detail with reference to FIG. 11.

[0088] At first, the frequency band setting unit 333 sets a
counter i for identifying a frequency spectrum at 0 (step
S31).

[0089] Subsequently, the envelope curve detection unit
333a obtains a frequency spectrum corresponding to the
counter i from the spectrum information storage unit 371,
and detects an envelope curve of the obtained frequency
spectrum (step S32). Consequently, the envelope curve C
illustrated in FIG. 5 is detected, for example.

[0090] Thereafter, the parameter extraction unit 3335 sets
the start frequency f, (step S33). Specifically, the parameter
extraction unit 333 extracts the peak frequency f, corre-
sponding to the peak value of the intensity of the envelope
curve to be processed, and determines a frequency smaller
than the peak frequency f, by a predetermined value as the
start frequency f. Step S33 may be a processing of reading
and setting the value of the start frequency f, previously set
and input by the user via the input unit 35 from the storage
unit 37.

[0091] The parameter extraction unit 3335 sets a repetitive
counter n at 0 (step S34). Subsequently, the parameter
extraction unit 3334 calculates an approximate line of the
envelope curve in the candidate band U, ={fIf <f<f,} by the
regression analysis and extracts the slope of the approximate
line as parameter P, to be written and stored in the parameter
information storage unit 372 (step S35).

[0092] Thereafter, the parameter extraction unit 3335
determines whether the counter n is 0 (step $36). When the
counter n is 0 (step S36: Yes), the parameter extraction unit
3334 increments the counter n by 1 (step S37), and returns
to the processing in step S35. Herein, when the counter n is
incremented by 1, the value of the maximum frequency in
the candidate band increments by Af as described above.
When the counter n is not 0 (step S36: No), the parameter
extraction unit 3335 proceeds to the processing in step S38.
[0093] In step S38, the variation calculation unit 333¢
calculates a difference in slope of the approximate lines in
two candidate bands (U,_,, U,) as the parameter variation
(step S38). Specifically, the variation calculation unit 333¢
subtracts the slope (parameter P,_,) of the approximate line
in the candidate band U from the slope (parameter P,) of the
approximate line in the candidate band U, calculated by the
parameter extraction unit 3335 thereby to calculate the
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parameter variation AP, =P, , =P, and writes and stores the
calculation result into the parameter information storage unit
372.

[0094] The determination unit 3334 determines whether
the sign of the parameter variation calculated by the varia-
tion calculation unit 333¢ changes from “0 or less” to
“positive” (step S39). Specifically, when the sign of the
latest variation amount AP, calculated by the variation
calculation unit 333c¢ is “positive,” the determination unit
333d confirms whether the sign of the parameter variation
AP,_, previously calculated by the variation calculation unit
333c¢ is “0 or less,” thereby determining whether the sign of
the parameter variation changes from “0 or less” to “posi-
tive.” As a result of the determination, when the sign of the
parameter variation changes from “0 or less” to “positive”
(step S39: Yes), the determination unit 3334 determines the
candidate band U, _, as the frequency band U (step S40). For
example, FIG. 7 illustrates that the candidate band U,
(N=n-1) is set as the frequency band U. On the other hand,
as a result of the determination, when the sign of the
parameter variation does not change from “0 or less” to
“positive” (step S39: No), the frequency band setting unit
333 proceeds to the processing in step S37.

[0095] Thereafter, the frequency band setting unit 333
determines whether the counter i is larger than a predeter-
mined value 1,,,. (step S41). As a. result of the determina-
tion, when i>i, . is established (step S41: Yes), the fre-
quency band setting unit 333 terminates the frequency band
setting processing. On the other hand, as a result of the
determination, when is=i, . is established (step S41: No), the
frequency band setting unit 333 increments the counter i by
1 (step S42), and returns to the processing in step S32.
[0096] After the frequency band setting processing in step
S6 described above, the approximation unit 334a calculates
the pre-correction features based on the approximate line in
the frequency band U={fif <f<f_} (step S7). The pre-cor-
rection feature may be at least one of slope, intercept,
mid-band fit of an approximate line described above, for
example.

[0097] Subsequently, the attenuation correction unit 3345
makes the attenuation correction of the pre-correction fea-
tures (step S8). Thereby, the feature, in which an influence
of attenuation in ultrasound propagation is eliminated, is
calculated. In the case illustrated in FIG. 8, the line L, is
obtained as a result of the attenuation correction processing.
[0098] Thereafter, the feature image data generation unit
342 generates feature image data by use of the features
calculated in step S8 and the B-mode image data generated
in step S3 (step S9). The feature image data generation umt
342 transmits the generated feature image data to the display
device 4. The display device 4 which receives the feature
image data displays a feature image corresponding to the
received feature image data.

[0099] After step S9, the ultrasound observation apparatus
3 terminates the series of processing. The ultrasound obset-
vation apparatus 3 periodically and repeatedly performs the
processing in steps S1 to S9.

[0100] FIG. 12 is a diagram for explaining the effects of
the first embodiment. In FIG. 12, the envelope curve C' is
detected from a frequency spectrum of the tissue having
different tissue characteristics at the same reception depth as
the envelope curve C. Specifically, it is illustrated that the
particle diameter of the tissue in the envelope curve C is
larger than the particle diameter of the tissue in the envelope
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curve C'. The line L, is an approximate line calculated by
the approximation unit 334a for the frequency band
U={N{,<f=<f'} set for the envelope curve C'. According to
the first embodiment, a frequency band for feature calcula-
tion is adaptively determined, and thus the frequency band
U set in the envelope curve C is different from the frequency
band U' set in the envelope curve C'. Consequently, the
slopes of the approximate lines L., and L., in the fre-
quency bands U and U are obviously different.

[0101] To the contrary, a conventional technique employs
the same frequency band at the same reception depth. FIG.
13 is a diagram illustrating the approximate lines obtained
when the conventional technique is applied to the same
envelope curves C and C' as in FIG. 12 for comparison. In
the case illustrated in FIG. 13, the approximate lines are
found in the same frequency band U(fix)={fIf <f<f (fix)} for
the envelope curves C and C'. Consequently, a large differ-
ence is not caused between the slope of the approximate line
Ly (fix) for the envelope curve C and the slope of the
approximate line L., (fix)' for the envelope curve C', and
thus the two tissues cannot be obviously distinguished.
[0102] In this way, according to the first embodiment of
the present invention, an optimum frequency band for analy-
sis is adaptively determined when a frequency spectrum is
approximated, and thus different tissue characteristics even
at the same reception depth can be more obviously distin-
guished as compared with the conventional technique in
which a frequency band is fixed at least per reception depth.
Therefore, according to the first embodiment, it is possible
to distinguish tissue characteristics of the observation target
with a high degree of accuracy.

[0103] Further, according to the first embodiment, the
slopes of the approximate lines are extracted as the param-
eters associated with an approximate line for approximating
an envelope curve in a plurality of candidate bands, and a
variation between two parameters extracted in two candidate
band, for which the values of the bandwidths of the candi-
date bands are adjacent among the parameters extracted per
candidate band, is calculated, and a frequency band is
determined based on a change in the sign of the variation,
thereby finely setting a frequency band depending on tissue
characteristics.

[0104] According the first embodiment, the parameter
extraction unit 3335 may linearly approximate an envelope
curve by making the regression analysis of the envelope
curve detected by the envelope curve detection unit 3334 in
a candidate band thereby to extract the intercept of the
approximate line as a parameter.

First Modification of First Embodiment

[0105] FIG. 14 is a diagram illustrating an outline of a
frequency band setting processing according to a first modi-
fication of the first embodiment. In the first modification, the
parameter extraction unit 3335 extracts the parameters P, for
a plurality of candidate bands U, (n=1, 2, . . ., n,,.)-
Subsequently, the variation calculation unit 333¢ calculates
a parameter variation AP, in two candidate regions (U,
U,,,,) for the candidate bands U, as in the first embodiment.
The determination unit 3334 calculates an approximate
curve in which an absolute value IAP,| of the parameter
variation AP, is represented as a function of the maximum
frequency f, in the candidate band U, with a smaller band-
width out of the two candidate bands. The approximate
curve is obtained by the regression analysis, for example.
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The curve K, illustrated in FIG. 14 is an exemplary approxi-
mate curve according to the first modification. The deter-
mination unit 3334 determines a frequency band by assum-
ing the frequency ., at the minimum value AP, |, of the
absolute value IAP, | as the end frequency f, in the curve K.
[0106] According to the first modification, the similar
effects as in the first embodiment can be obtained. Further,
according to the first modification, the frequency bands can
be set more finely, thereby further enhancing an accuracy of
distinguishing tissue characteristics.

Second Modification of First Embodiment

[0107] FIG. 15 is a diagram illustrating an outline of a
frequency band setting processing according to a second
modification of the first embodiment. According to the
second modification, the parameter extraction unit 333b
extracts the parameters P, for a plurality of candidate bands
U, =1, 2,...,n,,,) Subsequently, the variation calcu-
lation unit 333¢ calculates a parameter variation AP,, in two
candidate regions (U, U,.,) as in the first embodiment.
Thereafter, the determination unit 3334 calculates an
approximate curve with the parameter variation AP, as a
function of the maximum frequency f, of the candidate
region U,, for which the bandwidth is smaller out of the two
candidate bands. The approximate curve is also obtained by
the regression analysis, for example. The curve K, illus-
trated in FIG. 15 is an exemplary approximate curve accord-
ing to the second modification. The determination unit 3334
sets a frequency band with the frequency . with AP =0 as
the end frequency fe in the curve K,.

[0108] According to the second modification, the similar
effects as in the first embodiment can be obtained. Further,
according to the second modification, the frequency bands
can be set more finely as in the first modification, thereby
further enhancing an accuracy of distinguishing tissue char-
acteristics.

Second Embodiment

[0109] A second embodiment of the present invention is
different from the first embodiment in the parameter calcu-
lation method performed by the parameter extraction unit
3335. Specifically, according to the second embodiment, the
parameter extraction unit 3335 calculates a frequency dis-
tribution when sampling points are projected onto a plurality
of projection lines set in plane with an envelope curve,
determines a projection line with the smallest statistical
variation in the found frequency distribution, and extracts
the slope of a line orthogonal to the projection line as a
parameter of the envelope curve. The structure of the
ultrasound observation apparatus according to the second
embodiment is the same as the structure of the ultrasound
observation apparatus 3 described according to the first
embodiment.

[0110] FIG. 16 is a flowchart illustrating an outline of the
envelope curve parameter extraction processing (step S35 in
FIG. 11) performed by the parameter extraction unit 3335
according to the second embodiment. FIG. 17A and FIG.
17B are the diagrams schematically illustrating an outline of
the parameter extraction processing performed by the
parameter extraction unit 3335. The envelope curve param-
eter extraction processing will be described below with
reference to FIGS. 16, 17A, and 17B.
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[0111] At first, the parameter extraction unit 3335 sets a
counter u for identifying a projection line at 0 (step S51).

[0112] The parameter extraction unit 333b creates a pro-
jection line with an angle parameter 6, (step 852). The angle
parameter 6, is an angle associated with the slope of the
projection line in the plane (horizontal axis: frequency f,
vertical axis: intensity ) giving an envelope curve. In other
words, the slope of the projection line is given as tan0,,. FIG.
17A illustrates the projection line FL, when the counter
w=ul (angle parameter 0,=0,,, ) is established. Further, FIG.
17B illustrates the projection line FL , when the counter
w=u2 (angle parameter 0,=0,,,) is established. Herein, O=pl
and p2<y, .. are met assuming pl=p2 and the maximum
value W,,,, of the counter p.

[0113] Subsequently, the parameter extraction unit 3335
projects sampling points of the envelope curve C in the
candidate band U, onto a projection line thereby to obtain a
frequency distribution on the projection line (step S53). The
curve H,,) illustrated in FIG. 17A is a histogram correspond-
ing to the frequency distribution obtained for the projection
line FL, by the parameter extraction unit 3335. The curve
H,,; illustrated in FIG. 17B is a histogram corresponding to
the frequency distribution obtained for the projection line
FL,, by the parameter extraction unit 3335.

[0114] Thereafter, the parameter extraction unit 3335 cal-
culates a dispersion of the frequency distribution obtained in
step S53, and writes and stores it into the parameter infor-
mation storage unit 372 (step S54).

[0115] Thereafter, the parameter extraction unit 3335
determines whether the counter p is larger than the maxi-
mum value . (step S55). As a result of the determination,
when >, is established (step S55: Yes), the parameter
extraction unit 3335 proceeds to the processing in step S56.
On the other hand, as a result of the determination, p=p,, .
is established (step S55: No), the parameter extraction unit
333b increments the counter p by 1 (step S57), and returns
to the processing in step S52. Herein, the angle parameter
increment A8 is constant irrespective of y when the param-
eter extraction unit 3335 increments the counter w by 1. The
increment A6 can be arbitrarily set, and may be set and input
by the user via the input unit 35.

[0116] In step S56, the parameter extraction unit 333H
extracts a projection line for which a dispersion giving a
statistical variation of the frequency distribution is the
smallest when the sampling points are projected with refer-
ence to the parameter information storage unit 372 (step
S56). Subsequently, the parameter extraction unit 3334
calculates the slope of a line orthogonal to the projection line
extracted in step S56, and writes and stores the slope as the
parameter P, of the envelope curve C into the parameter
information storage unit 372 (step S58).

[0117] FIG. 18 is a diagram schematically illustrating the
processing in step S58. FIG. 18 illustrates that a projection
line for which the dispersion of a frequency distribution is
the smallest is the projection line FL,,. In this case, the
parameter extraction unit 3335 extracts the slope of the line
L,,, orthogonal to the projection line FL,,, as the parameter
P,,. The slope of the line L, is expressed as tan(6,,+90°) by
use of the angle parameter 6,,,.

[0118] According to the second embodiment of the present
invention described above, as in the first embodiment, an
optimum frequency band for analysis is adaptively deter-
mined when a frequency spectrum is approximated, and thus
different tissue characteristics even at the same reception
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depth can be more obviously distinguished as compared
with the conventional technique in which a frequency band
is fixed at least per reception depth. Therefore, according to
the second embodiment, it is possible to distinguish tissue
characteristics of the observation target with a high degree
of accuracy.

[0119] Further, also in the second embodiment, the param-
eters of an approximate line for approximating an envelope
curve in a plurality of candidate bands are extracted, a
variation between two parameters extracted in two candidate
bands, for which the values of the bandwidths in the
candidate bands are adjacent among the parameters
extracted per candidate band, is calculated, and a frequency
band is determined based on a change in the sign of the
variation, thereby more finely setting a frequency band
depending on tissue characteristics.

[0120] According to the second embodiment, the amount
giving a statistical variation of a frequency distribution when
sampling points within a candidate band are projected onto
a projection line may take any of a standard deviation, a
difference between the maximum value and the minimum
value of a feature in a population, or a half width of a
distribution of the features, for example. The reciprocal of a
dispersion may be applied as the amount giving a statistical
variation, but in this case, the parameters are of course
determined by use of a projection line whose value is
maximum.

[0121] Further, according to the second embodiment, the
parameter extraction unit 3335 may find a frequency distri-
bution when sampling points are projected onto a plurality
projection lines set in plane with an envelope curve, deter-
mine a projection line for which a statistical variation is the
smallest in the found frequency distribution, and extract the
intercept of a line orthogonal to the projection line and
passing through the highest frequency point on the projec-
tion line as a parameter of the envelope curve. The line L,
illustrated in FIG. 18 is a Line meeting the two conditions.
[0122] Further, according to the second embodiment, a
projection line for calculating parameters may be set based
on an index which is defined by use of a mode value of a
histogram corresponding to a frequency distribution in addi-
tion to a statistical variation of the frequency distribution
and which takes a larger value as the mode value is larger
and takes a larger value as the statistical variation is smaller.
Specifically, when a statistical variation is a dispersion, it is
calculated per projection line with an index of (mode
value)/(dispersion), and parameters of an envelope curve
may be calculated by use of a projection line for which the
value of the index is maximum.

Other Embodiments

[0123] The exemplary embodiments for carrying out the
present invention have been described above, but the present
invention is not limited to only the first and second embodi-
ments described above. For example, the frequency band
setting processing and the feature calculation processing
may be performed after the attenuation correction is made
on a frequency spectrum, for example. In this case, the
attenuation correction processing may not be performed in
the feature calculation processing.

[0124] Further, the present invention can be applied to
ultrasound probes other than ultrasound endoscopes. An
ultrasound miniature probe with a small diameter, which has
no optical system, can be applied as an ultrasound probe. An
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ultrasound miniature probe is typically inserted into biliary
tract, bile duct, pancreas duct, trachea, bronchi, urethra, or
urinary duct to be used for observing its surrounding organs
(such as pancreas, lung, prostate gland, bladder, and lymph
nodes). Further, an external ultrasound probe for applying
ultrasound waves from the surface of a subject may be
applied as ultrasound probe. The external ultrasound probe
is typically used for observing abdominal organs (liver,
gallbladder, and bladder), breast (mammary gland in par-
ticular), and thyroid gland.

[0125] According to some embodiments, a frequency band
used for calculating a feature of a frequency spectrum is set
by use of parameters associated with a frequency spectrum
in each of a plurality of candidate bands having different
bandwidths, and a feature of each frequency spectrum is
calculated based on the set frequency band. Hence, it is
possible to adaptively determine an optimum frequency
band for analysis in approximating the frequency spectrum,
thereby to distinguish tissue characteristics of an observation
target with a high degree of accuracy.

[0126] Additional advantages and modifications will read-
ily 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 for generating an
ultrasound image based on an ultrasound signal obtained by
an ultrasound probe, the ultrasound probe having an ultra-
sound transducer for transmitting an ultrasound wave to an
observation target and receiving the ultrasound wave
reflected from the observation target, the ultrasound obser-
vation apparatus comprising:

a frequency analysis unit configured to analyze a fre-
quency of the ultrasound signal to calculate a plurality
of frequency spectra depending on a reception depth
and a reception direction of the ultrasound signal;

a frequency band setting unit configured to set a fre-
quency band used for calculating a feature of each of
the frequency spectra calculated by the frequency
analysis unit by use of parameters associated with a
frequency spectrum in each of a plurality of candidate
bands having different bandwidths;

a feature calculation. unit configured to calculate the
feature of each of the frequency spectra based on the
frequency band set by the frequency band setting unit;
and

a feature image data generation unit configured to gener-
ate feature image data for displaying information on the
feature calculated by the feature calculation unit,
wherein the frequency band setting unit comprises:

an envelope curve detection, unit configured to detect an
envelope curve of each of the frequency spectra;

a parameter extraction unit configured to extract the
parameters in the plurality of candidate bands, respec-
tively, the parameters being associated with an approxi-
mate line obtained by approximating the envelope
curve;

a variation calculation unit configured to calculate a
variation between two parameters respectively
extracted in two candidate bands of the plurality of
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candidate bands having a predetermined relationship,
among the parameters extracted per candidate band by
the parameter extraction unit; and

a determination unit configured to determine the fre-

quency band based on the variation calculated by the
variation calculation unit.

2. The ultrasound observation apparatus according to
claim 1, wherein

the parameter extraction unit is configured to:

sequentially increase a maximum value of a frequency
in each candidate band while fixing a minimum
value thereof thereby to set the plurality of candidate
bands;
approximate the envelope curve by a line to extract a
parameter each time one of the candidate bands is
set; and
output the parameter to the variation calculation unit,
if the parameter extraction unit already performs param-
eter extraction processing at least twice, the variation
calculation unit is configured to calculate, as the varia-
tion, a difference between a latest parameter and a
parameter extracted in a previous parameter extraction
processing,

if the variation calculation unit already performs variation

calculation processing at least twice, the determination
unit is configured to compare a latest variation with a
variation calculated in a previous variation calculation
processing, and, if a sign of the variation changes from
zero or one sign to the other sign as a result of
comparison, the determination unit is configured to
determine, as the frequency band, one of the candidate
bands in extracting the parameter in the previous
parameter extraction processing, and

the parameter extraction unit, the variation calculation

unit, and the determination unit are configured to
repeatedly perform the parameter extraction process-
ing, the variation calculation processing, and the com-
parison, respectively, until the determination unit deter-
mines the frequency band.

3. The ultrasound observation apparatus according to
claim 2, wherein the parameter extraction unit is configured
to perform a regression analysis on the envelope curve to
calculate the line, and to determine a slope of the calculated
line as the parameters.

4. The ultrasound observation apparatus according to
claim 1, wherein

the parameter extraction unit is configured to sequentially

increase a maximum value of a frequency in each
candidate band while fixing a minimum value thereof
thereby to set the plurality of candidate bands, and to
approximate the envelope curve by a line in each
candidate band thereby to extract the parameters,

the variation calculation unit is configured to calculate, as

the variation, a difference between the two parameters
respectively extracted in the two candidate bands
whose bandwidths are adjacent, and

the determination unit is configured to calculate an

approximate curve in which an absolute value of the
variation is represented as a function of a maximum
frequency in one of the two candidate bands whose
bandwidth is smaller than that of the other of the two
candidate bands, and to determine the frequency band
based on the maximum frequency when the absolute
value is minimum in the approximate curve.
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5. The ultrasound observation apparatus according to
claim 1, wherein

the parameter extraction unit is configured to sequentially

increase a maximum value of a frequency in each
candidate band while fixing a minimum value thereof
thereby to set the plurality of candidate bands, and to
approximate the envelope curve by a line in each
candidate band thereby to extract the parameters,

the variation calculation unit is configured to calculate, as

the variation, a difference between the two parameters
respectively extracted in the two candidate bands
whose bandwidths are adjacent, and

the determination unit is configured to calculate an

approximate curve in which the variation is represented
as a function of a maximum frequency in one of the two
candidate bands whose bandwidth is smaller than that
of the other of the two candidate bands, and 1o deter-
mine the frequency band based on the maximum fre-
quency when a value of the variation is zero in the
approximate curve.

6. The ultrasound observation apparatus according to
claim 2, wherein the parameter extraction unit is configured
to:

calculate a frequency distribution in each of a plurality of

projection lines when sampling points on the envelope
curve in each candidate band are projected onto the
plurality of projection lines;

calculate a slope of the line based on one of the projection

lines whose statistical dispersion in the frequency dis-
tribution is the smallest; and

determine the calculated slope of the line as the param-

eters.

7. The ultrasound observation apparatus according to
claim 2, wherein the parameter extraction unit is configured
to:

calculate a frequency distribution in each of a plurality of

projection lines when sampling points on the envelope
curve in each candidate band are projected onto the
plurality of projection lines;

select a projection line among the plurality of projection

lines that is used for calculating a slope of the line,
based on an index which is defined by use of a mode
value and a statistical dispersion in the frequency
distribution and takes a larger value as the mode value
is larger and takes a larger value as the statistical
dispersion is smaller;

calculate the slope of the line based on the selected

projection line; and

determine the calculated slope of the line as the param-

eters.

8. The ultrasound observation apparatus according to
claim 1, wherein the feature calculation unit is configured to
approximate the envelope curve in the frequency band by a
regression analysis, and then to perform an attenuation
correction for reducing a contribution of attenuation occur-
ring when the ultrasound wave propagates, thereby to cal-
culate the feature of each of the frequency spectra.

9. A method for operating an ultrasound observation
apparatus that is configured to generate an ultrasound image
based on an ultrasound signal obtained by an ultrasound
probe, the ultrasound probe having an ultrasound transducer
for transmitting an ultrasound wave to an observation target
and receiving the ultrasound wave reflected from the obser-
vation target, the method comprising:

by a frequency analysis unit, analyzing a frequency of the

ultrasound signal to calculate a plurality of frequency
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spectra depending on a reception depth and a reception
direction of the ultrasound signal;

by a frequency band setting unit, setting a frequency band

used for calculating a feature of each of the frequency
spectra by use of parameters associated with a fre-
quency spectrum in each of a plurality of candidate
bands having different bandwidths;

by a feature calculation unit, calculating the feature of

each of the frequency spectra based. on the frequency
band; and

by a feature image data generation unit, generating feature

image data based on the feature, wherein

setting of the frequency band comprises:

by an envelope curve detection unit, detecting an
envelope curve of each of the frequency spectra;

by a parameter extraction unit, extracting the param-
eters in the plurality of candidate hands, respectively,
the parameters being associated with an approximate
line obtained by approximating the envelope curve;

by a variation calculation unit, calculating variation
between two parameters respectively extracted in
two candidate bands of the plurality of candidate
bands having a predetermined relationship, among
the parameters extracted per candidate band; and

by a determination unit, determining the frequency
band based on the variation.

10. A non-transitory computer-readable recording
medium with an executable program stored thereon, the
program causing an ultrasound observation apparatus that is
configured to generate an ultrasound image based on an
ultrasound signal obtained by an ultrasound probe, the
ultrasound probe having an ultrasound transducer for trans-
mitting an ultrasound wave to an observation target and
receiving the ultrasound wave reflected from the observation
target, to execute:

by a frequency analysis unit, analyzing a frequency of the

ultrasound signal to calculate a plurality of frequency
spectra depending on a reception depth and a reception
direction of the ultrasound signal;

by a frequency band setting unit, setting a frequency band

used for calculating a feature of each of the frequency
spectra by use of parameters associated with a fre-
quency spectrum in each of a plurality of candidate
bands having different bandwidths;

by a feature calculation unit, calculating the feature of

each of the frequency spectra based on the frequency
band; and

by a feature image data generation unit, generating feature

image data based on the feature, wherein setting of the

frequency band comprises:

by an envelope curve detection unit, detecting an
envelope curve of each of the frequency spectra;

by a parameter extraction unit, extracting the param-
eters in the plurality of candidate bands, respectively,
the parameters being associated with an approximate
line obtained by approximating the envelope curve;

by a variation calculation unit, calculating a variation
between two parameters respectively extracted in
two candidate bands of the plurality of candidate
bands having a predetermined relationship, among
the parameters extracted per candidate band; and

by a determination unit, determining the frequency
band based on the variation.
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