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ULTRASOUND IMAGING APPARATUS,
ULTRASOUND IMAGING METHOD AND
ULTRASOUND IMAGING PROGRAM

TECHNICAL FIELD

[0001] The present invention is directed to a technique that
relates to an ultrasound imaging method and an ultrasound
imaging apparatus, allowing a tissue boundary to be clearly
discerned, upon imaging a living body through the use of
ultrasound waves.

BACKGROUND ART

[0002] Inanultrasoundimaging apparatus used formedical
diagnostic imaging, there is known a method for estimating a
distribution of elastic modulus of tissues, based on an amount
of change in a small area of a diagnostic image sequence
(B-mode image), converts a degree of stiffness to a color map
for display. However, in the case of peripheral zone of tumor,
for instance, there is not found a large difference in acoustic
impedance nor in elastic modulus, relative to surrounding
tissue, and in this situation, it is not possible to discern the
boundary between the tumor and the surrounding tissue, in
the diagnostic image sequence nor in the elasticity image.
[0003] Therefore, there is a method for obtaining a motion
vector of each region in a diagnostic image. according to a
block matching process on two diagnostic image data items
being different chronologically, and generating a scalar field
image from the motion vectors. With this configuration, it is
possible to discern the tissue boundaries where neither the
acoustic impedance nor the elastic modulus is different sig-
nificantly from the surroundings.

[0004] However, in a region of the image data including
high noise, such as a marginal domain for signal penetration
where echo signals become faint, an error vector may occur
due to noise influence, upon obtaining the motion vector, and
this may deteriorate the discerning degree of the boundary.
Therefore, in the Patent Document 1, upon obtaining the
motion vector, a degree of similarity of image data is calcu-
lated between a region of interest and multiple regions as
destination candidates of the region of interest, and according
to a distribution of the degree of similarity, a degree of reli-
ability is determined as to the motion vector that is obtained
with regard to the region of interest. If the degree of reliability
is low, it is possible to remove the motion vector, or the like,
and therefore this may enhance the degree of discerning the
boundary.

PRIOR ART DOCUMENT
Patent Document

Patent Document 1

[0005] PCT International Publication No. WQ02011/
052602

DISCLOSURE OF THE INVENTION

Problem to be Solved by the Invention
[0006] The method for discerning the tissue boundary by

obtaining the motion vector, as described in the Patent Docu-
ment 1, and the like, needs two steps; firstly, obtaining the
motion vector of each region on the image by the block
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matching process, and secondly, converting the motion vector
into scalar to generate a scalar field image.

[0007] An object of the present invention is to provide an
ultrasound imaging apparatus which generates the scalar field
image directly without obtaining the motion vector, so as to
make the boundaries in a test subject discernible.

Means to Solve the Problem

[0008] In order to achieve the object above, according to a
first aspect of the present invention, the ultrasound imaging
apparatus as described in the following will be provided. In
other words, the ultrasound imaging apparatus incorporates a
transmitter configured to transmit an ultrasound wave to an
object, a receiver configured to receive an ultrasound wave
coming from the object, and a processor 10, configured to
process the received signal in the receiver and generate
images of at least two frames. The processor sets multiple
regions of interest in one frame, out of at least the two frames
of images being generated, and sets on one of the other
frames, search regions each wider than the region of interest,
respectively for the multiple regions of interest. The proces-
sor sets in the search region, multiple candidate regions each
having a corresponding size of the region of interest, and
obtains norm between a pixel value of the region of interest
and a pixel value of the candidate region, for each of the
multiple candidate regions, thereby obtaining a norm distri-
bution within the search region and generating a value (scalar
value) representing a state of the norm distribution, as a pixel
value of the region of interest that is associated with the search
region.

Effect of the Invention

[0009] According to the present invention, a value repre-
senting the state of the norm distribution in the search region
is obtained. If there is a boundary, the norm indicates a low
value along the boundary. With the configuration above, an
image is generated assuming the value representing the state
of the norm distribution (scalar value), as the pixel value of
the region of interest being associated with the search region,
and therefore, it is possible to generate an image showing the
boundaries of a test subject, without generating a vector field.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 is a block diagram illustrating a system con-
figuration example of the ultrasound imaging apparatus
according to the first embodiment;

[0011] FIG. 2 is a flowchart illustrating a processing pro-
cedure for generating an image by the ultrasound imaging
apparatus according to the first embodiment;

[0012] FIG. 3 isa flowchart illustrating details of the step 24
in FIG. 2;
[0013] FIG. 4illustrates the process of the step 24 in FIG. 2

through the use of a test subject (phantom) having a double-
layered structure;

[0014] FIG. 5(a) illustrates a distribution chart indicating
the p-norm distribution in the search region, when the region
of interest is in a static part; F1G. 5(b) illustrates a histogram
of the p-norm distribution as shown in FIG. 5(a); FI1G. 5(c)
illustrates a distribution chart indicating the p-norm distribu-
tion in the search region, when the region of interest is in the
boundary part according to the first embodiment; and FIG.
5(d) illustrates a histogram of the p-norm distribution as
shown in FIG. 5(c);
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[0015] FIG. 6(a) illustrates a B-mode image of the first
embodiment, FIG. 6(5) illustrates a scalar field image of the
first embodiment, FIG. 6(c) illustrates a conventional vector
field image, and FIG. 6(d) illustrates a strain tensor image of
the conventional vector field image;

[0016] FIG. 7(a) illustrates a superimposed image of the
scalar field image and the B-mode image, according to the
first embodiment, FIG. 7(b) illustrates a superimposed image
of the scalar field image, the B-mode image, and the vector
field image, according to the first embodiment;

[0017] FIG. 8 is a flowchart showing a processing proce-
dure for image generation by the ultrasound imaging appara-
tus according to the first embodiment;

[0018] FIG. 9(a) illustrates an image showing an example
where a virtual image is generated in the scalar field image;
FIG. 9(b) illustrates a histogram showing an average value
and frequency of the p-norm values according to the second
embodiment; and FIG. 9(c) illustrates the scalar field image in
which a low-reliability portion is replaced with a dark color
display according to the second embodiment;

[0019] FIG. 10 is a flowchart showing a procedure for pro-
cessing an image according to the second embodiment;
[0020] FIG. 11 is a flowchart showing a procedure for gen-
erating an image according to the third embodiment;

[0021] FIG. 12(a) to FIG. 12(k) illustrate models in eight
directions to be set in the search region of the third embodi-
ment;

[0022] FIG. 13(a)to FIG. 13(c) illustrate pattern examples
each showing the orientation of the boundary and the vector
field according to the sixth embodiment;

[0023] FIG. 14 is a flowchart showing a procedure for
obtaining a boundary norm according to the sixth embodi-
ment;

[0024] FIG. 15 illustrates ROIs being configured by partial
superimposition according to the seventh embodiment;
[0025] FIG. 16 is a flowchart showing a processing proce-
dure for reducing computation by using a look-up table
according to the seventh embodiment;

[0026] FIG.17 is a graph showing information entropy that
is obtained as to successive frames according to the eighth
embodiment:

[0027] FIG. 18 is a flowchart showing a processing proce-
dure for displaying an image that uses the information
entropy according to the eighth embodiment;

[0028] FIG. 19(a) illustrates a superimposed image of the
extracted scalar field image, the vector field image, and the
B-mode image, according to the ninth embodiment; and FIG.
19(b) illustrates a histogram of the scalar values and fre-
quency of the scalar field image; and

[0029] FIG. 20 is a flowchart showing a processing proce-
dure for generating the scalar field image that is extracted
according to the ninth embodiment.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0030] The ultrasound imaging apparatus of the present
invention is provided with a transmitter configured to trans-
mit an ultrasound wave to an object, a receiver configured to
receive the ultrasound wave coming from the object, and a
processor configured to process a received signal in the
receiver and generate images of at least two frames. The
processor sets multiple regions of interest in one frame, out of
the two or more frames of images being generated, and sets in
one of the other frames, search regions each wider than the
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region of interest, respectively for the multiple regions of
interest. In the search region, there are provided multiple
candidate regions, each in a size corresponding to the region
of interest. The processor obtains the norm between the pixel
value of the region of interest and the pixel value of the
candidate region, for each of the multiple candidate regions,
thereby obtaining the norm distribution within the search
region, and generating an image assuming a value represent-
ing the state of the norm distribution (scalar value) as the pixel
value of the region of interest that is associated with the search
region. Here, it is also possible to calculate the norm by
directly using an amplitude value or a phase value of the
received signal, instead of the pixel value, in the region of
interest. A linear change is reflected on the original received
signal more accurately and higher resolution may be achieved
relative to the pixel value, since logarithmic compression
processing is applied to the pixel value.

[0031] Ifthereisaboundary, the norm indicates a low value
along the boundary. Therefore, an image is generated by
assuming the value representing the state of the norm distri-
bution (scalar value) as the pixel value of the region of interest
that is associated with the search region, and accordingly, the
ultrasound imaging apparatus of the present invention is
allowed to generate an image representing the boundary of
the test subject, without generating a vector field.

[0032] As the norm, the p-norm (also referred to as “power
norm”) expressed by the following formula (1) may be
employed.

[Formula 1]

p-Norm = (Z |Pmios io) = Pmen (i j)ll’]”” M

if

It is to be noted here that P, (i, j,) represents a pixel value of
the pixel at a predetermined position (i, j,) (e.g., a center
position) within the region of interest, P, A(1, j) represents a
pixel value of the pixel at the position (i, j) within the candi-
date region, and p represents a real number being predetet-
mined.

[0033] It is desirable that the aforementioned p is a real
number being larger than 1.

[0034] As the value representing the state of the norm dis-
tribution (scalar value), statistics of the norm distribution may
be employed. For example, as the statistics, it is possible to
use a rate of divergence that is defined by a difference
between a minimum norm value and an average value of the
norm values in the norm distribution within the search region.
It is alternatively possible to use a coefficient of variation as
the statistics, which is obtained by dividing a standard devia-
tion of the norm values by the average value, in the norm
distribution within the search region.

[0035] As the value representing the state of the norm dis-
tribution (scalar value), a value other than the statistics may
be used. By way of example, a first direction and a second
direction are obtained, out of multiple direction centering on
a specific region being set within the search region; the first
direction in which the average of the norm values in the
candidate regions located along the direction, becomes a
minimum and the second direction passing through the spe-
cific region and being orthogonal to the first direction. Then,
it is possible to use a value of ratio or a value of difference
between the average of the norm values in the candidate
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regions along the first direction and the average of the norm
values in the candidate regions along the second direction, as
the value representing the state of the norm distribution as to
the region of the interest that is associated with the search
region. On this occasion, the norm distribution within the
search region may be subjected to enhancement in advance,
using the Laplacian filter, and the value of ratio or the value of
difference may be obtained as to the distribution after the
enhancement.

[0036] Alternatively, a matrix may be generated represent-
ing the norm distribution within the search region, an eigen-
value decomposition process is applied to the matrix to obtain
an eigenvalue, and then this eigenvalue may be used as the
value (scalar value) representing the state of the norm distri-
bution as to the region of interest that is associated with the
search region.

[0037] Itis also possible to configure such that the proces-
sor further obtains the motion vector. By way of example, the
processor selects as a destination of the region of interest, the
candidate region in which the norm value becomes minimum
in the search region, and obtains the motion vector that con-
nects the position of the region of interest and the position of
the candidate region being selected. The motion vector is
generated for each of the multiple regions of interest, thereby
generating the motion vector field. It is further possible for the
processor to obtain as a boundary norm value, a total sum of
a squared value of derivative of y direction with respect to x
component and a squared value of derivative of x direction
with respect to y component, as to each of multiple specific
regions set in the motion vector field, and generates an image
assuming the boundary norm value as the pixel value of the
specific region.

[0038] If multiple regions of interest are set in a partially
overlapping manner, it is possible to configure such that the
processor stores a value obtained with regard to the overlap-
ping region in a lookup table of the storage region, upon
calculating the norm as to one region of interest, and the
processor reads the value from the lookup table and uses the
value, upon calculating the norm as to another region of
interest. Similarly, if multiple candidate regions are set in a
partially overlapping manner, it is also possible to store a
value obtained with regard to the overlapping region in the
lookup table of the storage region, and the processor reads the
value from the lookup table and uses the value, upon calcu-
lating the norm as to another candidate region. Those con-
figurations above may reduce the computations.

[0039] It is further possible for the processor to generate
multiple frames of images on a time-series basis, the image
being generated assuming the value representing the state of
the norm distribution as the pixel value, calculates the amount
of information entropy for each frame. If the amount of infor-
mation entropy is smaller than a predetermined threshold, it
may be determined not use the image as the image for dis-
playing the frame. This configuration allows elimination of
an abnormal image with a small amount of information
entropy, enabling display of successive images with prefer-
able visibility.

[0040] It is also possible to generate an extraction image
that is obtained by extracting pixels each having a value
representing the norm distribution, the value being equal to or
larger than a predetermined value, and display the extraction
imagein a superimposed manner on the B-modeimage. Since
the pixel with the value representing the norm distribution,
being equal to or higher than the predetermined value, corre-
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sponds to a pixel indicating a boundary, the extraction image
may be displayed only on the boundary part in the B-mode
image. In order to define the predetermined value, a histo-
gram may be generated as to the value representing the state
of the norm distribution and its frequency, with regard to the
image that is generated assuming the value representing the
state of the norm distribution as the pixel value. The histo-
gram is searched for a bell-shaped distribution, and a mini-
mum value of the bell-shaped distribution may be used as the
aforementioned predetermined value.

[0041] The ultrasound imaging apparatus according to
another aspect of the present invention is provided with a
transmitter configured to transmit an ultrasound wave to an
object, a receiver configured to receive the ultrasound wave
coming from the object, and a processor configured to process
a received signal in the receiver and generate images of at
least two frames. The processor sets multiple regions of inter-
est in a distribution of the received signals that correspond to
one frame, out of the received signals corresponding to two or
more frames of images being received. The processor sets a
search region wider than the region of interest in another one
frame, for each of the multiple regions of interest. The pro-
cessor sets within the search region, multiple candidate
regions in a size corresponding to the region of interest. The
processor obtains the norm, between an amplitude distribu-
tion or a phase distribution in the region of interest, and an
amplitude distribution or a phase distribution in the candidate
region, for each of the multiple candidate regions, thereby
obtaining the norm distribution within the search region. The
processor generates an image assuming the value represent-
ing the state of the norm distribution, as the pixel value of the
region of interest that is associated with the search region.

[0042] In addition, according to the present invention, an
ultrasound imaging method is provided. In other words, the
method transmits an ultrasound wave to an object, processes
a received signal obtained by receiving the ultrasound wave
coming from the object, and generates images of at least two
frames. The method selects two frames from the images, and
sets multiple regions of interest in one frame. The method sets
a search region wider than the region of interest in the other
frame, for each of the multiple regions of interest. The method
sets multiple candidate regions each in a size corresponding
to the region of interest within the search region. The method
obtains the norm between the pixel value in the region of
interest and the pixel value in the candidate region, for each of
the multiple candidate regions, thereby obtaining the norm
distribution within the search region. Then, the method gen-
erates an image, assuming the value representing the state of
the norm distribution, as the pixel value of the region of
Interest that is associated with the search region.

[0043] According to the present invention, a program for
imaging ultrasound waves is provided. In other words, this
program is provided for ultrasound imaging, allowing a com-
puter to execute a first step to fifth step. In the first step, two
frames are selected from ultrasound images of at least two
frames. In the second step, multiple regions of interest is setin
one frame. In the third step, a search region is set wider than
the region of interest in another one frame for each of the
multiple regions of interest. And multiple candidate regions
are set in a size corresponding to the region of interest within
the search region. In the fourth step, the norm between the
pixel value in the region of interest and the pixel value in the
candidate region is obtained, for each of the multiple candi-
date regions, thereby a norm distribution is obtained within
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the search region. In a fifth step, an image is generated assum-
ing the value representing the state of the norm distribution as
the pixel value of the region of interest that is associated with
the search region.

[0044] A specific explanation will be provided as to the
ultrasound imaging apparatus according to one embodiment
of the present invention.

First Embodiment

[0045] FIG. 1illustrates a system configuration of the ultra-
sound imaging apparatus according to the present embodi-
ment. This apparatus is provided with a ultrasound boundary
detecting function. As illustrated in FIG. 1, this apparatus is
provided with an ultrasound probe (probe) 1, a user interface
2, a transmit beamformer 3, a control system 4, a transmit-
receive switch 5, a receive beamformer 6, an envelope detec-
tor 7, a scan converter 8, a processor 10, a parameter setter 11,
a synthesizer 12, and a monitor 13.

[0046] The ultrasound probe 1 on which the ultrasound
elements are provided in one-dimensional array, serves as a
transmitter configured to transmit an ultrasound beam (an
ultrasound pulse) to a living body. The ultrasound probe 1
serves as a receiver configured to receive an echo signal (a
received signal) reflected from the living body. Under the
control of the control system 4, the transmit beamformer 3
outputs a transmit signal having a delay time in accordance
with a transmit focal point. And the transmit signal is sent to
the ultrasound probe 1 via the transmit-receive switch 5. The
ultrasound beam is reflected or scattered within the living
body and returned to the ultrasound probe 1. The ultrasound
beam is converted to electrical signals by the ultrasound
probe 1, and transferred to the receive beamformer 6 as the
received signal, via the transmit-receive switch 5.

[0047] The receive beamformer 6 is a complex beam
former for mixing two received signals which are out of phase
by 90 degrees. The receive beamformer 6 performs a dynamic
focusing to adjust the delay time in accordance with a receive
timing under the control of the control system 4, so as to
output radio frequency signals corresponding to the real part
and the imaginary part. The envelope detector 7 detects the
radio frequency signals. The signals are converted into video
signals. The video signals are inputted into the scan converter
8, 50 as to be converted into image data (B-mode image data).
The configuration described above is the same as the configu-
ration of a well-known ultrasonic imaging apparatus. Further
in the present invention, itis possible to implement ultrasound
boundary detection according to the configuration for directly
processing the RF signal.

[0048] Intheapparatus of the present invention, the proces-
sor 10 implements the ultrasound boundary detection pro-
cess. The processor 10 incorporates a CPU 10a and a memory
105. The CPU 10a executes the program stored in the
memory 105 in advance, thereby generating a scalar field
image on which tissue boundaries in the test subject are
detectable. With reference to FIG. 2, and the like, a process for
generating the scalar field image will be explained in detail
later. The synthesizer 12 performs processing for synthesiz-
ing the scalar field image and the B-mode image, and then
displays the combined image on the monitor 13.

[0049] Theparameter setter 11 performs a setting of param-
eters for the signal processing in the processor 10, and a
setting for selecting an image for display in the synthesizer
12. An operator (a device operator) inputs those parameters
from the user interface 2. As for the parameters for the signal
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processing, for instance, it is possible to accept from the
operator a setting of the region of interest on a desired frame
m, and a setting of a search region on the frame m+A that is
different from the frame m. As for the setting for selecting the
image for display, for instance, it is possible to accept from
the operator a setting for selecting either one of the following
to be displayed on a monitor; one image being obtained by
synthesizing an original image and a vector field image (or a
scalar image), and a sequence of at least two images being
placed side by side.

[0050] FIG. 2 is a flowchart that shows an operation of
processing for generating an image and synthesizing images
in the processor 10 and the synthesizer 12 according to the
present invention. The processor 10 firstly acquires a mea-
surement signal from the scan converter 8, subjects the mea-
surement signal to an ordinal signal processing to generate a
B-mode image sequence (steps 21 and 22). Next, the proces-
sor extracts two frames from the B-mode image sequence, a
desired frame m and a frame m+A at a different timing (step
23). By way of example, it is assumed that A=1 frame, and
two frames, that is, the desired frame m and the next frame
m+1 are extracted. It is possible to configure this extraction of
two frames as being accepted from the operator via the
parameter setter 11. It is also possible that two frames are
selected by the processor 10 automatically.

[0051] The processor 10 calculates a p-norm distribution
from thus extracted two frames, and generates a scalar field
image (step 24). The processor generates a synthesized image
obtained by superimposing the scalar field image being gen-
erated on the B-mode image, and display the synthesized
image on the monitor 13 (step 27). Itis further possible that in
the step 23, frames sequentially different on a time-series
basis are selected as the desired frame, the aforementioned
steps 21 to 27 are repeated. The synthesized images are suc-
cessively displayed, thereby displaying a moving picture
made up of the synthesized images.

[0052] FIG. 3 is a flowchart showing a detailed process of
the operation for generating the scalar field image of the
aforementioned step 24. Firstly, the processor 10 sets an ROI
(region of interest) 31 in the frame m extracted in the step 23,
as shown in FIG. 4, a ROI includes a predetermined number
N of pixel (step 51). A value of the pixel included in the ROI
31, which may be a brightness distribution for instance, is
represented as P, (i, j,). Here, the item “iy, j,” indicates a
position of the pixel within the ROI 31.

[0053] Next, as shown in FIG. 4, the processor 10 sets the
search region 32 in a predetermined size, within the frame
m+A that is extracted in the step 23 (step 52). The search
region 32 includes the position of the ROI 31 in the frame m.
By way of example, the search region 32 is configured as
matching the center position of the ROI 31. The size of the
search region 32 is set to be a predetermined size that is larger
than the ROI 31. Here, an explanation will be provided as to
the configuration where the ROI 31 is sequentially set on all
over the image of the frame m, and the search region 32 is
provided in a certain size centering on each ROI 31. However,
it is also possible to set the ROI 31 sequentially only within a
predetermined range ofthe frame m, the range being accepted
from the operator in the parameter setter 11.

[0054] The processor 10 sets multiple candidate regions 33
within the search region 32, each candidate region having the
size being equal to the size of the ROI 31 as shown in FIG. 4.
In FIG. 4, the search region 32 is partitioned like a matrix into
the size being equal to the ROI 31, thereby setting the candi-



US 2016/0213353 Al

date regions 33. It is further possible to provide neighboring
candidate regions 33 in such a manner as partially overlap-
ping. The value of the pixel included in the candidate region
33, being the brightness distribution, for instance, is repre-
sentedas P, , (1, j). Here, the item *“i, j” indicates a position of
the pixel within the candidate region 33.

[0055] The processor 10 uses the brightness distribution
P,..A(1, j) of the pixels in the candidate region 33 and the
brightness distribution P, (i, j,) in the ROI 31 to calculate
p-norm according to the aforementioned formula (1), and sets
this p-norm as the p-norm value of the candidate region 33.
By the aforementioned formula (1), P-th power of the abso-
lute value of the difference is calculated between the bright-
ness P, (i, o) of the pixel at the position (i, j,) in the ROI 31,
and the brightness P, ,(i,j) of the pixel at the position (i, j) in
the candidate region 33 being associated with the position (i,
Jo)- Then by the formula (1), the value of the P-th power is
added up, as to all the pixels in the candidate region 33, and
raised to the 1/p-th power, and this result is the p-norm
obtained. As the p-value, a predetermined real value, or a
value accepted from the operator via the parameter setter 11
may be employed. The p-value is not limited to an integer, but
it may be a decimal number.

[0056] The p-norm including “p” as power, as shown in the
aforementioned formula (1), is a value corresponding to a
concept of distance, and the p-norm represents similarity
between the brightness distribution P, (i, j,) in the ROI 31
and the brightness distribution P, (i, j) in the candidate
region 33. In other words, if the brightness distribution P, (i,
Jo) in the ROI 31 is identical to the brightness distribution
P,..A(i, j) in the candidate region 33, the p-norm becomes
zero. The larger is the difference between both the brightness
distributions, the larger becomes the value.

[0057] The processor 10 calculates the p-norm value, as to
all the candidate regions 33 in the search region (step 53).
Accordingly, it is possible to obtain the p-norm distribution
within the search region 32 that is associated with the ROI 31.
The p-norm value thus obtained is stored in the memory 105
in the processor 10.

[0058] FIG. 5(a) and FIG. 5(c) illustrate examples of the
p-norm distribution according to the present invention. FIG.
5(a) illustrates the norm distribution in the search region 32,
in the case where both the ROI 31 and the search region 32
thereof are positioned at a static part of the test subject. FIG.
5(c) illustrates the norm distribution in the search region 32,
in the case where the phantom 41 and the phantom 42 being
made of a gel material serving as a test subject, are superim-
posed one on another, and the ROI 31 is placed on the bound-
ary where the lower-side phantom slides relatively in hori-
zontal direction with respect to the upper-side phantom 41. It
is to be noted that in FIG. 5(a) and FIG. 5(c), the search region
32 is partitioned into 21x21 candidate regions 33. The can-
didate region 33 is 30x30 pixels and the search region 32 is
50x50 pixels, in block size. Then, the candidate region 33 is
made to shift, pixel by pixel within the search region 32. In
other words, 29 pixels overlap between the neighboring can-
didate regions 33. The center of the search region 32 corre-
sponds to the position of the ROI 31.

[0059] Asshownin FIG. 5(a), if the ROI 31 is positioned in
the static part, the center position corresponding to the posi-
tion of the ROI 31 indicates a minimum norm value in the
p-norm distribution. On the other hand, as shown in FIG. 5(c),
if the ROI 31 is placed on the boundary of the test subject,
being sliding, not only the center position of the search region
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32 becomes the minimum norm value, but also there is
formed an area where the p-norm value is small (p-norm
valley) in the norm distribution, in the direction along the
boundary of the test subject within the search region 32.
[0060] As described above, the p-norm distribution is dif-
ferent depending on whether the ROI 31 is positioned in the
static part of the test subject, or in the boundary being sliding,
and the present invention utilizes this difference to create an
image. Specifically, the statistics indicating the p-norm dis-
tribution in the search region 32 is obtained, and the obtained
statistics is assumed as a scalar value of the ROI 31 that is
associated with this search region (step 54). Any statistics
may be applicable, as far as it is able to represent a difference
of the p-norm distribution between the static part and the
boundary part. Here, a rate of divergence obtained in the
formula (2) is used as the statistics:

[Formula 2]

Rate of Divergence=S-S,,,;, @

[0061] S: Average of p-norm values

[0062] S,,.,: Minimum p-norm value
In other words, the processor 10 obtains the minimum value
and the average value from the entire p-norm values in the
search region 32, and calculates the rate of divergence accord-
ing to the formula (2).
[0063] Histograms in FIG. 5(b) and FIG. 5(d) illustrate the
rate of divergence according to the formula (2). F1G. 5(b) and
FIG. 5(d) are histograms indicating the p-norm values within
the search region 32, as illustrated in FI1G. 5(a) and FIG. 5(c),
respectively. As shown in FIG. 5(a), if the ROI 31 is posi-
tioned in the static part, the p-norm distribution of the search
region 32 indicates a minimum norm value at the center
position corresponding to the position of the ROI 31, and
p-norm values surrounding the center are high. Therefore,
there is found the characteristics that sufficiently wide diver-
gence exists between the minimum value of the p-norm val-
ues and the average of the distribution thereof. Therefore, the
rate of divergence becomes high. On the other hand, as shown
in FIG. 5(c), in the case where the ROI 31 is positioned in the
boundary part, the p-norm value at the center position corre-
sponding to the ROI 31 becomes the minimum value, but in
the surrounding area thereof, the p-norm values also become
small by an error. The distribution of overall histogram is
spreading. Therefore, a difference between the minimum
value of the p-norm and the average of the distribution thereof
becomes smaller, thereby reducing the rate of divergence.
[0064] As discussed above, in the step 54, the rate of diver-
gence of the p-norm distribution (scalar value) is obtained.
According to the scalar value, it is possible to indicate
whether the ROI 31 is positioned in the static part or in the
sliding part of the test subject.
[0065] Theaforementioned steps 51 to 54 are repeated until
the calculation is carried out as to all the ROIs 31 (step 55).
The rates of divergence (scalar values) obtained as to all the
ROIs 31 are converted into image pixel values (e.g., bright-
ness values), and thereby generating an image (scalar field
image) (step 56). According to the steps 51 to 56 as described
above, the scalar field image of the step 24 is generated.
[0066] FIG. 6(a) illustrates the B-mode image obtained in
the step 22, and FIG. 6(b) illustrates a specific example of the
scalar field image obtained in the step 24. The B-mode image
in FIG. 6(a) is obtained by superimposing the gel-material
phantoms 41 and 42 one on another in two-layers, and per-
forming the imaging along with lateral movement of the
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upper phantom 41 on which the ultrasound probe us fixed.
The upper phantom 41 onwhich the ultrasound probe is fixed,
is relatively in the static state. On the other hand, the lower
phantom 42 is in the vector field indicating lateral movement.
Ttis to be noted that calculations are carried out assuming p=2
in FIG. 6(b).

[0067] AsshowninFIG. 6(b), it is found that the scalar field
image of the present invention, which uses as the pixel value,
the rate of divergence (scalar value) in the p-norm distribution
ofthe present invention, shows a high rate of divergence in the
sliding boundary part between the phantoms 41 and 42. A
clear image of the sliding boundary is successfully generated.
Therefore, in the step 26, the scalar field image is displayed
independently or in a superimposed manner on the B-mode
image, thereby allowing the boundary that is hardly repre-
sented in the B-mode image to be displayed clearly by the
scalar field image; for example, for the case where neither the
acoustic impedance nor the elastic modulus is significantly
different from the surroundings.

[0068] Further in the scalar field image as shown in FIG.
6(b), no virtual image is generated even in the deep area
around the marginal domain of signal penetration, and it is
found that the virtual image is successfully restrained.
[0069] As acomparative example, FIG. 6(c) shows a vector
field image obtained by a conventional block matching pro-
cess. This vector field image is obtained by assuming the
B-mode image in FIG. 6(a) as the frame m, obtaining a moved
position of the ROI according to the block matching process
(step 24) with the next frame (frame m+A, A=1 frame), and
indicating the direction and the magnitude of the movement
by a vector (arrow). In FIG. 6(c), there is found in the lower
part (deep part) a phenomenon that the motion vectors are in
the state of turbulent. As the distance becomes larger from the
probeinstalled on the upper portion, the S/N ratio of detection
sensitivity is lowered, resulting in significant influence by the
electrical noise, and the like. This causes the situation above,
indicating the limitations of signal penetration. FIG. 6(d)
illustrates an image generated by obtaining strain tensor
based on the vector field as shown in FIG. 6(c) and using the
strain tensor as the pixel value (e.g., brightness value). In FIG.
6(c) similarly, there is found in the deep part, a phenomenon
that virtual image is generated, due to the influence of the
error vectors.

[0070] As discussed above, in the tensor field image (FIG.
6(b)) obtained from the p-norm according to the present
embodiment, it is possible to restrain the virtual image and
show the sliding boundary more clearly, in comparison to the
conventional vector field and the strain tensor field image
based on the conventional vector field as shown in FIG. 6(c)
and FIG. 6(d).

[0071] The scalar field image and the B-mode image
obtained in the present invention are displayed in a manner
superimposing one on another as shown in FIG. 7(a). Accord-
ingly, even in the case where the boundary in the B-mode
image is unclear, the scalar field image allows the boundary to
be discerned.

[0072] In the present embodiment, it is further possible to
generate the vector field image, and display this vector field
image, the scalar field image, and the B-mode image in a
superimposed manner. In this case, the process in step 25 is
performed after the step 24, as shown in FI1G. 8. The process
in the step 25 searches the p-norm values being calculated in
the step 24 for a minimum value, in all of the candidate
regions 33 within the search region 32, determines the can-
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didate region 33 having the minimum value as a destination
region of the ROI 31. The process in the step 25 decides a
motion vector connecting the position (iy, j,) of the ROT 31,
with the position (i,,,,, j,.,) Of the destination candidate
region. This process in the step 25 is executed for all the ROIs
31, thereby obtaining the vector field. Animage showing each
vector in the form of arrow is generated, and the vector field
image is obtained.

[0073] The vector field image being obtained, the scalar
field image, and the B-mode image are displayed in a supet-
imposed manner (step 26). F1G. 7(b) illustrates an exaniple of
the superimposed images. By displaying the vector field
image in a superimposed manner, it is possible to ascertain
clearly in which direction the test subject moves, placing
therebetween the boundary that is discerned in the scalar field
image.

[0074] In the present embodiment, it is sufficient if the
p-value of the p-norm in the formula (1) is a real number.
However, a parameter survey may be conducted on the
p-value using appropriate variation width, with respect to a
typical sample of the evaluation target, for instance. An opti-
mum p-value may be set as a value which enables acquisition
of a clear image with the least virtual images. In addition, it is
desirable that the p-value is a real number larger than 1. FIG.
9(a) illustrates an image examplein the case where the setting
is p=1, that is a scalar field image obtained according to the
flows as shown in FIG. 2 and FIG. 3, with regard to the
B-mode image of the two-layer sliding phantom of FIG. 6(a).
InFIG. 9(a) itis found that in the image lower part (deep part),
avirtual image is restrained in a similar manner as the case of
p=2, as shown in FIG. 6(b). However, in the static region
upper than the boundary, there is found a new virtual image.
This result leads us to surmise that the norm with p=1 is
vulnerable to influence of sparseness. Accordingly, in order to
restrain the virtual image in the static part, it is desirable that
p is set to be a value larger than 1. Here, it is also possible to
perform image processing for eliminating the virtual image.
As for this matter, an explanation will be provided in the
second embodiment.

[0075] In the explanation above, the rate of divergence is
obtained as the statistics representing the distribution of the
p-norm in the search region 32, and the scalar field image is
generated based on this value, but it is also possible to use a
parameter other than the rate of divergence. By way of
example, it is possible to use a coefficient of variation. The
coefficient of variation is defined by the following formula. It
is statistics obtained by normalizing the standard deviation by
the average, representing the magnitude of variation in the
distribution (i.c., a degree of difficulty in minimum value
separation).

[Formula 3]

. . as
Coefficient of Variation= ?

os: Standard Deviation

S: Average of p-norm values

Second Embodiment

[0076] In the second embodiment, if any virtual image
occurs in the scalar field image obtained in the first embodi-
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ment, this virtual image may be removed, or the like. In other
words, adegree of reliability of the image region is identified,
and a region with a low reliability is removed, or the like,
thereby eliminating the virtual image and enhancing the reli-
ability of the entire image. This will be explained with refer-
ence to FIG. 9 and FIG. 10.

[0077] FIG. 9(a) illustrates the scalar field image obtained
assuming p=1 in the formula (1), as described in the first
embodiment, and the virtual image is generated in the bound-
ary. FIG. 9(b) illustrates a histogram that is used for identi-
fying the degree of reliability, and FIG. 9(c) illustrates a scalar
field image in which the brightness in the low-reliability
region is replaced by a dark color. FIG. 10 is a flowchart
showing the operation of the processor 10 for removing the
virtual image.

[0078] Upon receiving an instruction for removing the vir-
tual image from the operator, the processor 10 reads and
executes a program for removing the virtual image, and opet-
ates as shown in the flow of FIG. 10. Firstly, one of the
multiple ROIs 31 set in the step 51 in the flow of FIG. 3 is
selected (step 102). A p-norm value obtained as to each of the
multiple candidate regions 33 within the search region 32
associated with the ROI 31 is read from the memory 105 in the
processor 10. An average of those values is calculated to
obtain the average value of the p-norm values corresponding
to the ROI 31 (step 103). Those steps 102 and 103 are repeated
as to all the ROIs 31 (step 101).

[0079] Ahistogram as shown in FIG. 9(b) is generated from
the average value and frequency of the p-norm values being
obtained as to all the ROIs 31 (step 104). It is estimated that
the larger is the average value of the p-norm values, the lower
is the degree of reliability of the ROI. If there is a bell-shaped
distribution with a low peak in the histogram, within a range
where the average value of the p-norm values is large, this
range is determined as a low reliability region 91. In other
words, the bell-shaped distribution with a high peak, posi-
tioned in the range where the average value of the p-norm
values is small, is determined as a high reliability region 90.
The bell-shaped distribution with a low peak positioned in the
range whete the average value of the p-norm values is larger,
is determined as the low reliability region 91. Then, a position
of the valley (minimum frequency value) 93 between the low
reliability region 91 and the high reliability region 90 is
obtained (step 105). The ROI 31 in the range where the
average value of the p-norm values is larger than the valley 93
(low reliability region 91) is determined as the low-reliability
region (step 106). In terms ofthis RO1 31, the scalar value (the
rate of divergence or the coefficient of variation) as obtained
in the step 54 in FIG. 3 is eliminated, and then, the scalar field
image is generated (step 107). By way of example, as shown
in FIG. 9(c), the ROI 31 of the low reliability region is dis-
played, being replaced by a predetermined dark color to
which certain brightness is assigned in advance. It is further
possibleto display the ROI 31, replacing the brightness of the
ROI 31 in thelow reliability region with a predetermined light
color, or with the same brightness as the surroundings.
[0080] Since the second embodiment enables elimination
of the virtual image, it is possible to provide a scalar field
image on which the boundary of the test subject can be dis-
cerned more clearly.

Third Embodiment

[0081] In the first embodiment, statistics (the rate of diver-
gence or the coefficient of variation) of the p-norm distribu-
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tion is obtained to generate an image. In the third embodi-
ment, an image is generated from the p-norm distribution
where a tissue boundary is discernible, through the use of a
different method. This processing method will be explained
with reference to FIG. 11 and FIG. 12.

[0082] Inthe p-norm value distribution in the search region
32 as described in the first embodiment, the candidate region
33 along the boundary in the test subject forms a region with
small p-norm values (a valley of p-norm values) along the
boundary. Therefore, the distribution of p-norm values has
the characteristics that the values of the candidate region 33
along the boundary indicate smaller values than the candidate
region 33 in the direction orthogonal to the boundary. With
the use of the characteristics, an image is generated in the
present embodiment.

[0083] FIG. 11 illustrates a processing flow ofthe processor
10 according to the present embodiment. In addition, FIG.
12(a) to F1G. 12(k) illustrate eight patterns of the candidate
regions 33 being selectable on the p-norm value distribution
of the search region 32. It is to be noted that in FIG. 12(a) to
FIG. 12(h), for the ease of illustration, the candidate regions
33 are arranged within the search region 32 in the 5x5 matrix-
like form, for instance, but actual arrangement of the candi-
date regions 33 corresponds to the arrangement as set in the
step 52.

[0084] Firstly, the processor 10 executes the processing
from the step 21 to the step 23 in FIG. 2 and from the step 51
to the step 53 in FIG. 3 according to the first embodiment.
Accordingly, a p-norm value distribution with regard to the
search regions 32 in association with the multiple ROIs 31 is
obtained. Next, the ROI 31 is selected (step 111). A predeter-
mined direction 151 passing through the center of the search
region 32 is set as shown in FIG. 12(a), in the norm value
distribution of the search region 32 that is associated with the
ROI 31. By way of example, in the case of FIG. 12(a), the
predetermined direction is a horizontal direction. Multiple
candidate regions 33 are selected being positioned along the
set direction 151, and an average of the norm values of those
candidate regions 33 is obtained (step 114).

[0085] The processes of the steps 113 and 114 are per-
formed as to each of the eight directions 151 respectively
illustrated in the eight patterns as shown in FIG. 12(a) to FIG.
12(%) (step 112). In the pattern of FIG. 12(), the predeter-
mined direction 151 is a direction inclined counterclockwise
approximately at 30° with respect to the horizontal direction.
In the patterns of F1IG. 12(c) to FIG. 12(%), the predetermined
direction 151 is inclined counterclockwise with respect to the
horizontal direction, approximately at 45°, 60°, 90°, 120°,
135°, and 150°, respectively.

[0086] A direction 151 in which the average of the p-norm
values becomes a minimum value is selected out of the eight
predetermined directions 151 (step 115). Next, the direction
152 orthogonal to the selected direction 151 is provided, and
an average of the p-norm values of the candidate regions 33
being positioned along the direction 152 is obtained (step
116). The directions 152 orthogonal to the eight directions
151 are as illustrated in F1G. 12(a) to FIG. 12(%), respectively.
A ratio (=the average of p-norm values in the orthogonal
direction 152/the average of the p-norm values in the mini-
mum direction 151) is calculated, between the average of the
p-norm values in the direction 151 where the average value of
the p-norm values becomes a minimum, being selected in the
step 115, and the average of the p-norm values in the direction
152 orthogonal to the selected direction 151 being obtained in
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the step 116. This ratio is assumed as the pixel value (e.g., the
brightness value) of the target ROI 31. By executing those
processing above as to all the ROIs 31, thereby generating an
image (step 117).

[0087] Since the candidate regions along the boundary of
the search region 32 in the test subject have small p-norm
values (valley), the ratio obtained in the step 117 becomes a
larger value, compared to the ROI 31 that is not located on the
boundary. Therefore, by assuming the ratio as the pixel value,
itis possible to generate an image which allows clear discern-
ing of the boundary.

[0088] In the present embodiment, the ratio of the average
of the p-norm values is used, but this is not the only example.
It is also possible to employ other function values, such as a
different value between the average of the p-norm values in
the minimum direction 151 and the average of the p-norm
values in the orthogonal direction 152.

[0089] In the explanation above, as shown in FIG. 12(a) to
FIG. 12(h). the present invention is directed to a configuration
to obtain a boundary in the test subject from the valley of the
p-norm value distribution in the candidate regions 33, each
arranged within the search region 32. However, the present
invention is not limited to this example, but it is further
possible to obtain the boundary in the test subject from the
distribution of the pixel values within one candidate region
33, according to a similar method. Specifically, it is consid-
ered that in FIG. 12(a) to FIG. 12(%), the search region 32 is
replaced by the candidate regions 33, and the candidate
regions 33 within the search region 32 are replaced by pixels.
For this case, in the example of FIG. 12(a) to F1G. 12(%), one
candidate region 33 is configured by 5x5 pixels. In the can-
didate region 33, eight directions 151 passing through the
central pixel of the candidate region 33, and the directions 152
respectively orthogonal thereto are provided. Each of the
eight directions 152 respectively orthogonal to the eight
directions 151, is made up of five pixels. If the pixel value of
the five pixels in each of the directions is assumed as P, A (i,
7). The pixel value of the central pixel of the five pixels is
assumed as P, (i,, jo). The p-norm value of the five pixels in
the direction is calculated according to the formula of the first
embodiment. Thus obtained p-norm value is divided by the
number of pixels (5, in the case of five pixels), thereby cal-
culating the p-norm average value. This p-norm average value
is obtained for each of the eight directions 151 as shown in
FIG. 12(a) and FIG. 12(5). The direction 151 where the
p-norm average value becomes a minimum is selected. A ratio
of the p-norm average value between the direction 151 having
the minimum value, and the direction 152 orthogonal thereto
is calculated.

[0090] In the candidate region 33 positioned at the bound-
ary part of the test subject, the p-norm average value of the
pixels in the direction along the boundary (the direction 151
along which the p-norm average value becomes minimum ) is
small, and the p-norm average value in the direction 152
being orthogonal thereto is large. Therefore, the ratio ther-
ebetween becomes a large value. On the other hand, in the
candidate region 33 positioned in a homogeneous area other
than the boundary of the test subject, the p-norm average
value in the direction 151 and the p-norm average value in the
direction 152 being orthogonal thereto becomes equivalent.
Therefore the ratio therebetween becomes nearly 1. When the

Jul. 28, 2016

ratio is calculated as to the candidate regions 33 of the entire
image of a target frame, the pixels in the candidate region 33
with a large ratio may correspond to the boundary part. Thus
by generating an image assuming the ratio, as the pixel value
of the central pixel of the candidate region 33, itis possible to
generate an image which allows estimation ofthe boundary in
units of pixels. Instead of the ratio, it is further possible to use
another function value such as a difference value between the
p-norm average value in the direction 151 having the mini-
mum value and the p-norm average value in the direction 152
orthogonal thereto.

Fourth Embodiment
[0091] The fourth embodiment will be explained.
[0092] In the fourth embodiment, prior to subjecting the

p-norm distribution in the search region 32 to the processing
of FIG. 11 by the processor 10 in the third embodiment,
Laplacian filter is applied to the p-norm distribution, and the
p-norm distribution is subjected to enhancement. By subject-
ing the p-norm distribution to the enhancement, the valley of
the p-norm value along the boundary direction is enhanced.
Thereafter, the processing of the third embodiment as shown
in FIG. 11 is performed, and this enables acquisition of an
image that has a significant contrast in the obtained ratio, and
the like, between the boundary and the region other than the
boundary.

[0093] Specifically, the processes in the steps 21 to 23 in
FIG. 2 and in the steps 51 to 53 in FIG. 3 according to the first
embodiment are executed, and a distribution of the p-norm
values is obtained as to the search regions 32 respectively
associated with the multiple ROIs 31. The spatial second-
derivative image processing (Laplacian filter) is applied to
thus obtained distribution of p-norm values to generate the
p-norm value distribution in which the outline of the valley of
the p-norm values along the boundary direction is enhanced.
The p-norm value distribution after the Laplacian filter is
applied is subjected to the processing of FIG. 11 according to
the third embodiment, and an image is generated.

[0094] Similarly, when the boundary of the test subject is
obtained from the distribution of the pixel values within the
candidate region 33 as explained in the latter half of the third
embodiment, it is also possible that the Laplacian filter is
applied to the pixel value distribution, subjecting the distri-
bution to the enhancement. Thereafter, the p-norm average
value or the ratio is obtained.

Fifth Embodiment

[0095] As the fifth embodiment, an explanation will be
provided as to a processing method to generate an image in
which the tissue boundary is discernible from the p-norm
distribution by using an eigenvalue decomposition process.

[0096] Firstly, the processor 10 executes the processes in
the steps 21 to 23 in FIG. 2 and in the steps 51 to 53 in FIG. 3,
and then obtains the distribution of the p-norm values as to the
search regions 32 respectively associated with multiple ROIs
31. The matrix A is generated by using the p-norm values
(N,,,,) of the candidate regions 33 within the search region 32
being obtained. The matrix A is substituted into the eigen
equation as shown in the following formula (4) and eigenval-
uesA,, A, |, ...and A, are obtained. A maximum eigenvalue

nd -1
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among the eigenvalues, or a linear combination of the eigen-
values is assumed as the scalar value of the ROI 31 that is
associated with the search region 32. Here, the linear combi-
nation of the eigenvalues may indicate, for example, that two
values, the maximum eigenvalue A, and the second large
eigenvalue A, , are used, and the function thereof, for
example, (h,~A,_) is assumed as the scalar value.

[Formula 4]
Av=Av &)
(i=1,...n
Nt oo Np
Aol o .
Ny oo N

A= [y Aprs e Ay

[0097] Here, “N,» represents the p-norm value obtained
by the formula (1) as to the candidate regions 33 within the
searchregion 32, and “m” and “n” indicate the positions of the
candidate regions 33 within the search region 32.

[0098] Themaximum eigenvalue or the linear combination
of eigenvalues is obtained as the scalar value, as to all the
ROIs 31, and a scalar field image is generated, assuming the
scalar value as the pixel value (brightness value, or the like),
similar to the step 56 in FIG. 3.

[0099] As described above, according to the present inven-
tion, the scalar field image is generated by using the eigen-
value.

[0100] In the present embodiment, the maximum eigen-
value among the eigenvalues, or the linear combination of
eigenvalues is employed, but it is not limited to those
examples. It is further possible to use another one or more
eigenvalues.

Sixth Embodiment

[0101] As the sixth embodiment, an explanation will be
provided as to a method for generating a scalar field image
that is capable of extracting a boundary based on a vector
field, when a motion vector field image is generated by per-
forming the process of the step 25 in FIG. 8 according to the
first embodiment.

[0102] Itis assumed that the motion vector field obtained in
the step 25 of FIG. 8 is any of the models as shown in FIG.
13(a), FIG. 13(b), and FIG. 13 (¢). The model as shown in
FIG. 13(a) is an example that the direction of the boundary in
the test subject is a horizontal, passing through the central
ROI (specific pixel) 131 The model as shown in FIG. 13(5) is
an example that the direction of the boundary is vertical. The
model as shown in FIG. 13(¢) is an example that the direction
of the boundary is in a slanting direction at an angle of 45
degrees. It is also assumed that in the test subject, the regions
placing the boundary therebetween move in the directions
opposite to each other, respectively, by the motion vector with
the magnitude c.

[0103] Firstly, anexplanation will be provided as to the case
where a conventional strain tensor is obtained for the vector
field in each of those models as described above, and the
strain tensor is converted into a scalar field. The formula for

Jul. 28, 2016

obtaining the strain tensor is publicly known as described in
the Patent Document 2, and it is defined by the following
formula:

[Formula 5]

ay +8XJ ®)
dx  dy

Strain Tensor = E(

In the formula (5), the x-component of the motion vector is
assumed as X, and the y-component thereof is assumed as Y.
[0104] The partial differential value expressed by the for-
mula (5) is calculated as a difference average of each of the
vector components on both sides of the ROI 131, for instance.
Specifically, it is calculated by the formula (6) as to each of
the models in FIG. 13(a), (b), and (c).

[Formula 6]

(0¥/a%,aX/3y) (6)

[0105] By way of example, in the vector field of FIG. 13(a),
the result is (0, C), in the vector field of FIG. 13(b), the result
is (=C, 0), and in the vector field of FIG. 13(c), the result is
(-C//2,CH?2). Therefore, even under the same condition that
the vector fields on both sides placing the boundary therebe-
tween have the magnitude C and directions opposite to each
other, if the boundary is a in a slant direction as shown in FIG.
13(c), the strain tensor becomes C/2 relative to the strain
tensor for the case where the boundary is in a horizontal or
vertical direction as shown in FIG. 13(a) or FIG. 13(5).
Therefore, if the vector field is converted into a scalar field
according to the strain tensor, and an image is generated
assuming the strain tensor as the pixel value of the ROI 131,
the boundary in the slanting direction becomes obscure, rela-
tive to the image where the boundary is in the horizontal or
vertical direction. Accordingly, the ability of detecting the
boundary in the slanting direction may be impaired.

[0106] In the present invention, the motion vector field is
converted into the scalar field by using the scalar value
defined by the following formula (7). Since the formula (7) is
in a format that includes the powers and the root of power,
similar to the formula (1), it is referred to as the “boundary
norm”.

[Formula 7]

0

1
Boundary N _( YV (90X 2]2
oundary INorm = (a] +(a—y]

[0107] When the boundary norm as shown above is
obtained as to each of the models in FIG. 13(a), FIG. 13(b),
and FIG. 13 (¢), the boundary norm value in any ofthe models
becomes C. Thus, irrespective of the vector direction, the
vector field is allowed to be equally converted to the scalar
field. Therefore, according to the boundary norm in the
present invention, the vector field is converted into the scalar
field, and an image is generated assuming the scalar value
(boundary norm value) as the pixel value of the ROI 131.
Therefore, it is possible to detect a boundary with high robust-
ness against a directional element.

[0108] FIG. 14 illustrates a procedure for generating the
scalar field image, by using the boundary norm of the present
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embodiment. In the beginning, the processes in the steps 21 to
25inFIG. 8 of the first embodiment are executed, and a vector
field image is generated. The processing as shown in FIG. 14
is executed on thus generated vector field image. Firstly,
multiple ROTs 131 are set on the vector field image (step 142).
Next, vector partial differentiation is performed in the x-di-
rection and in the y-direction as to one ROI 131, and by using
this result, the boundary norm of the formula (7) is calculated
(step 143). Thus obtained boundary norm value is assumed as
the scalar value of the ROI 131. Those processes above are
repeated for all the ROIs 131 (step 141). Then, the boundary
norm value is converted into the pixel value of the ROI 131
(e.g., brightness value), and the scalar field image is gener-
ated.

Seventh Embodiment
[0109] The seventh embodiment will be explained.
[0110] In the seventh embodiment, upon setting multiple

ROIs 31 in the step 51 of the FIG. 3 according to the first
embodiment, if the ROIs 31 are arranged partially overlap-
ping as shown in FIG. 15 in order to enhance the resolution, a
result of the computation in the overlapping region 151 is
stored in the lookup table provided in the memory 106 of the
processor 10 in the step 53, thereby reducing the amount of
computation. The configuration other than the above is the
same as the first embodiment.

[0111] FIG. 16illustrates a processing procedure of the step
53 according to the present embodiment. It is to be noted that
in the flow of FIG. 16, the steps being the same as those in the
flow of FIG. 3 are labeled the same.

[0112] Firstly, as shown in FIG. 15, in the case where over-
lapping regions 151-1 and 151-2 exist in the multiple ROIs 31
set in the step 51 of FIG. 2, a memory region is registered in
the memory 105 of the processor 10, for recording the p-norm
sum of the formula (8) described below regarding the pixels
of the overlapping region, as to each candidate region 33 of
the step 52, and a lookup table is generated (step 161).

[0113] Next, the target ROT 31-1 is selected (step 163), and
further the candidate region 33 is selected within the search
region 32 in association with the target ROI 31-1. According
to the following formula (8) the p-th root of which corre-
sponds to the formula (1), the p-norm sum is calculated, as to
the pixels whose p-norm sum is not stored in the lookup table
(i.e., the pixels notin the overlapping region 151-1), out of the
pixels in the ROI 31-1 (step 165). It is to be noted that in the
step 165, if the p-norm sum data of the overlapping region
151-1is not recorded yet, the p-norm sum is also calculated as
to the pixels in the overlapping region 151-1.

[Formula 8]
p-Norm Sum = (Z |Pmlio, jo) = pmeali, PIP ®
7
[0114] Next, the lookup table is referred to, and if there is

stored the p-norm sum data of the pixels in the overlapping
region 151-1 of the ROI 31-1, it is read out. Then, it is added
to the p-norm sum obtained in the step 165, and the p-th root
of the addition result is calculated, thereby obtaining the
p-norm of the formula (1) (step 166). Accordingly, it is pos-
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sible to obtain the p-norm value as to the candidate region of
the ROI 31-1. Thus obtained p-norm value is stored in the
memory 105.

[0115] If the p-norm sum calculated in the step 166
includes the data in the overlapping region 151-1 not recorded
yet in the lookup table, the p-norm sum of the overlapping
region 151-1 is recorded in the lookup table (step 167). This
is repeated as to all the candidate regions within the search
region 32 that is associated with the ROI 31-1. Accordingly, it
is possible to obtain a distribution of the p-norm values of the
ROI 31-1 (step 168). After obtaining the distribution of
p-norm values as to the ROI 31-1, the rate of divergence is
obtained by the step 54, and it is set as the scalar value of the
target ROI 31-1.

[0116] Next, the subsequent ROI31-2 is selected (steps 162
and 163), and a candidate region is selected (step 164).
According to the formula (8) the p-th root of which corre-
sponds to the formula (1), the p-norm sum is calculated, as to
a pixel whose p-norm sum is not stored in the lookup table
(i.e., a pixel not in the overlapping region 151-1), out of the
pixels in the ROI 31-2 (step 165). Since the p-norm sum data
of the pixels in the overlapping region 151-1 of the ROI 31-2
is already stored in the lookup table, it is read out. Then, it is
added to the p-norm sum obtained in the step 165, and the p-th
root of the addition result is calculated, thereby obtaining the
p-norm of the formula (1) (step 166). Accordingly, it is pos-
sible to obtain the p-norm value as to the candidate region of
the ROI 31-2, using a small amount of computation without
calculating the p-norm sum of the overlapping region 151-1.
[0117] Thus obtained p-norm value is stored in the memory
105. The p-norm sum of the overlapping region 151-2
obtained in the calculation of the step 165 is recorded in the
lookup table (step 167).

[0118] Repeating the processes in the above steps 163 to
168 as to all the ROIs allows a distribution of the p-norm
values to be obtained (step 55). This eliminates the need for
recalculation for the overlapping regions 151, enabling
reduction of the amount of computation.

[0119] Inthe present embodiment, for the case where adja-
cent ROIs 31 are partially overlapping, an explanation has
been provided as to the configuration where the overlapping
region is configured and the p-norm sum thereof is stored in
the lookup table. Also for the case where adjacent candidate
regions 33 partially overlaps within the search region 32, an
overlapping region is also configured to store the p-norm sum
thereof in the lookup table, and this configuration may reduce
the amount of computation.

Eighth Embodiment
[0120] The eighth embodiment will be explained.
[0121] By executing any of the aforementioned embodi-

ments from the first to the seventh on the successive frames, it
is possible to generate a continuous image of the scalar field
or a continuous image of the vector field that are obtained
from the norm distribution, and display the continuous image
on a time-series basis. On this occasion, there is a possibility
that an abnormal frame occurs, failing to generate an appro-
priate image for some reason. The eighth embodiment is
directed to elimination of the abnormal frame, allowing an
appropriate continuous image to be displayed.

[0122] Since the abnormal frame is characterized by that a
delineated area becomes extremely small, it is possible to
discriminate between the abnormal frame and a normal frame
according to the judgment on this point. In the present
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embodiment, it is determined whether the delineated area is
large or small, according to the magnitude of the information
entropy. The information entropy of the vector field image is
defined by the following formula (9):

[Formula 9]

H=-3P, log P,-3P logP, 9

Here, Px represents event probability of the x-component of
the vector, and Py represents event probability of the y-com-
ponent of the vector. The information entropy H obtained by
this formula indicates the combinatory entropy of the x-com-
ponent and the y-component, representing an average infor-
mation amount of the entire frame.

[0123] If the information entropy is calculated as to the
scalar field image that is obtained from the p-norm distribu-
tion, and the like, according to the first to the seventh embodi-
ments, only one variable exists in the right side of the formula
®.

[0124] FIG. 17 illustrates a result of the information
entropy that is obtained by the formula (9), with regard to one
example of the successive frames on a time-series basis. FIG.
18 illustrates temporal change of the information entropy as
to the successive 10 frames. FIG. 17 illustrates a processing
procedure for displaying the image frames according to the
present embodiment. Since the frame with small information
entropy is an abnormal frame with a small amount of infor-
mation, a frame with the information entropy less than a
predetermined threshold is not displayed, and a previous
frame is held to be displayed.

[0125] Specifically, athreshold is set by the step 181 in FIG.
18, a first frame is selected, and the information entropy is
calculated. If it is less than the threshold being set, the previ-
ous frame is displayed, instead of the current frame (the
present frame) as to which the information entropy is calcu-
lated, and if it is equal to or larger than the threshold, the
current frame is displayed as it is. This process is repeated for
all the frames. According to this process, the abnormal frame
is removed, allowing the continuous image with preferable
visibility to be displayed. It is to be noted that as the threshold,
for example, a predetermined value may be available, or an
average value obtained from a predetermined number of
frames may be employed.

Ninth Embodiment
[0126] The ninth embodiment will be explained.
[0127] In the first embodiment, as shown in FIG. 7(a), the

scalar field image obtained from the p-norm distribution and
the B-mode image are displayed by superimposing one image
on another, and in FI1G. 7(b), those image are displayed fut-
ther with a vector field image being superimposed one on
another. In the ninth embodiment, only the boundary part is
extracted from the scalar field image being superimposed as
shown in FIG. 19(a), and thus extracted boundary part is
superimposed on the B-mode image, or the like, thereby
enhancing the visibility.

[0128] FIG. 20 illustrates a processing procedure of image
synthesis according to the present embodiment. Firstly, a
histogram of the scalar values of the scalar field image that is
generated in the first embodiment, and the like, is made as
shown in FIG. 19(b) (step 201). Searching is conducted for a
bell-shaped distribution in the range where the scalar values
are large, and its minimum value 191 (a valley of the distri-
bution) is retrieved (step 202). Then, the minimum value 191
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is set as the threshold, and pixels having the scalar values
larger than the threshold are retrieved in the scalar field
image, and an extracted scalar field image is generated (step
203). The extracted scalar field image is an image which
extracts the boundary region where the scalar value is large.
This extracted scalar field image is displayed in a superim-
posed manner on the B-mode image (and the vector field
image), thereby enabling a display of an image with high
visibility, where the boundary part is clearly recognizable and
the region other than the boundary part is allowed to be
checked easily by the B-mode image and the vector field
image (step 204).

[0129] The present invention is applicable to a medical
ultrasound diagnostic apparatus/treatment apparatus, and a
general apparatus that uses general electromagnetic waves
including ultrasound waves to measure strain and/or mis-
alignment.

EXPLANATION OF REFERENCES

[0130] 1: ultrasound probe (probe), 2: user interface, 3:
transmit beamformer, 4: control system, 5: transmit-re-
ceive switch, 6: receive beamformer, 7: envelope detector,
8: scan converter, 10: processor, 10a: CPU, 105: memory,
11: parameter setter, 12: synthesizer, 13: monitor

What is claimed is:
1. An ultrasound imaging apparatus comprising,
a transmitter configured to transmit an ultrasound wave to
an object,
a receiver configured to receive the ultrasound wave com-
ing from the object, and
a processor configured to process a received signal in the
receiver and generate images of two or more frames,
wherein,
the processor
sets multiple regions of interest in one frame, out of the
two or more frames of images being generated,
sets in one of the other frames, search regions each wider
than the region of interest, respectively for the mul-
tiple regions of interest,
sets in the search region, multiple candidate regions,
each in a size corresponding to the region of interest,
obtains a norm between a pixel value of the region of
interest and a pixel value of the candidate region, for
each of the multiple candidate regions, thereby
obtaining a norm distribution within the search
region, and
generates an image assuming a value representing a state
of the norm distribution as the pixel value of the
region of interest that is associated with the search
region.
2. The ultrasound imaging apparatus according to claim 1,
wherein,
the norm is p-norm that is expressed by the following
formula (1);

p-Nom = (Z 1o, io) = Peal j)l”]l/p M

if

and P, (i, jo) represents the pixel value of the pixel at a
position (iy, jo) within the region of interest, P, +A(, j) rep-
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resents the pixel value of the pixel at the position (i, j) within
the candidate region, and p represents a real number being
predetermined.
3. The ultrasound imaging apparatus according to claim 2,
wherein,
the p represents a real number larger than 1.
4. The ultrasound imaging apparatus according to claim 1,
wherein,
the value representing the state of the norm distribution
indicates statistics of the distribution.
5. The ultrasound imaging apparatus according to claim 4,
wherein,
the statistics indicate a rate of divergence that is defined by
a difference between a minimum norm value and an
average value of the norm values, in the norm distribu-
tion within the search region.
6. The ultrasound imaging apparatus according to claim 4,
wherein,
the statistics indicate a coefficient of variation that is
obtained by dividing a standard deviation of the norm
values by an average value, in the norm distribution
within the search region.
7. The ultrasound imaging apparatus according to claim 1,
wherein,
the processor
obtains a first direction and a second direction, out of
multiple directions centering on a specific region
being set within the search region;
the first direction in which the average of the norm values
becomes a minimum in the candidate regions located
along the direction, and the second direction passing
through the specific region and being orthogonal to the
first direction, and
uses a value of ratio or a value of difference between the
average of the norm values in the candidate regions
along the first direction and the average of the norm
values in the candidate regions along the second
direction, as the value representing the state of the
norm distribution as to the region of the interest that is
associated with the search region.
8. The ultrasound imaging apparatus according to claim 1,
wherein,
the processor
sets a central pixel at the center of the candidate region,
sets multiple directions centering on the central pixel,
obtains a norm value between a pixel value of the central
pixel and pixel values of multiple pixels located along
each of the directions,
obtains a norm value average by dividing the norm value
being obtained by the number of pixels along the
directions, and
uses as the value of the central pixel of the candidate
region, a ratio value or a difference value between the
norm value average of a first direction in which the
norm value average becomes minimum, and the norm
value average obtained as to the central pixel and
multiple pixels located along a second direction being
orthogonal to the first direction passing through the
central pixel.
9. The ultrasound imaging apparatus according to claim 7,
wherein,
the processor applies enhancement to the norm distribution
within the search region in advance, using the Laplacian
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filter, and the value of ratio or the value of difference is
obtained as to the distribution after the enhancement.
10. The ultrasound imaging apparatus according to claim
8, wherein,
the processor applies enhancement to the pixel values
within the candidate region in advance, using the Lapla-
cian filter, and the value of ratio or the value of difference
is obtained as to the pixel values after the enhancement.
11. The ultrasound imaging apparatus according to claim
1, wherein,
the processor generates a matrix representing the norm
distribution within the search region, applies an eigen-
value decomposition process to the matrix to obtain an
eigenvalue, and uses this eigenvalue as the value repre-
senting the state of the norm distribution as to the region
of interest that is associated with the search region.
12. The ultrasound imaging apparatus according to claim
1, wherein,
the processor selects as a destination of the region of inter-
est, the candidate region in which the norm value
becomes minimum in the search region, and obtains a
motion vector that connects a position of the region of
interest and a position of the candidate region being
selected, and generates the motion vector for each ofthe
multiple regions of interest, thereby generating the
motion vector field, and
the processor further obtains as a boundary norm value, a
total sum of a squared value of derivative of y direction
with respect to X component and a squared value of
derivative of x direction with respect to y component, as
to each of multiple specific regions set in the motion
vector field, and generates an image assuming the
boundary norm value as the pixel value of the specific
region.
13. The ultrasound imaging apparatus according to claim
1, wherein,
the processor sets the multiple regions of interest in a
manner partially overlapping,
and upon calculating the norm as to one of the regions of
interest, the processor stores a value obtained with
regard to the overlapping region in a lookup table in a
storage region,
and the processor reads the value from the lookup table and
uses the value, upon calculating the norm as to one of the
other regions of interest.
14. The ultrasound imaging apparatus according to claim
1, wherein,
the processor sets the multiple candidate regions in a man-
ner partially overlapping, and upon calculating the norm
as to one of the candidate regions, the processor stores a
value obtained with regard to the overlapping region in a
lookup table in a storage region, and the processor reads
the value from the lookup table and uses the value, upon
calculating the norm as to one of the other candidate
regions.
15. The ultrasound imaging apparatus according to claim
1, wherein,
the processor generates multiple frames of images on a
time-series basis, the image being generated assuming
the value representing the state of the norm distribution
as the pixel value, and the processor calculates an
amount of information entropy for each of the frames,
and
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when the amount of information entropy is equal to or
larger than a predetermined threshold, the processor dis-
plays the frame.
16. The ultrasound imaging apparatus according to claim
1, wherein,
the processor generate an extraction image that is obtained
by extracting pixels each having a value representing the
norm distribution, the value being equal to or larger than
a predetermined value, and the processor displays the
extraction image in a superimposed manner on a
B-mode image.
17. The ultrasound imaging apparatus according to claim
16, wherein,
the processor generates a histogram as to the value repre-
senting the state of the norm distribution and the fre-
quency thereof, with regard to the image that is gener-
ated assuming the value representing the state of the
norm distribution as the pixel value, and
the processor searches the histogram for a bell-shaped
distribution, and uses a minimum value of the bell-
shaped distribution as the predetermined value.
18. An ultrasound imaging method comprising,
transmitting an ultrasound wave to an object, and process-
ing a received signal obtained by receiving the ultra-
sound wave coming from the object to generate images
of two or more frames,
selecting two frames from the images,
setting multiple regions of interest in one of the frames,
setting in the other frame, search regions each wider than
the region of interest, respectively for the multiple
regions of interest, setting in the search region, multiple
candidate regions, each in a size corresponding to the
region of interest,
obtaining a norm between a pixel value of the region of
interest and a pixel value of the candidate region, for
each of the multiple candidate regions, thereby obtain-
ing a norm distribution within the search region, and
generating an image assuming a value representing a state
of the norm distribution as the pixel value of the region
of interest that is associated with the search region.
19. An ultrasound imaging program for causing a computer
to execute,
afirst step of selecting two frames from two or more frames
of ultrasound images,
a second step of setting multiple regions of interest in one
of the frames,
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a third step of setting in the other frame, search regions
each wider than the region of interest, respectively for
the multiple regions of interest, and setting in the search
region, multiple candidate regions each in a size corre-
sponding to the region of interest,
a fourth step of obtaining a norm between a pixel value of
the region of interest and a pixel value of the candidate
region, for each of the multiple candidate regions,
thereby obtaining a norm distribution within the search
region, and
a fifth step of generating an image assuming a value rep-
resenting a state of the norm distribution as the pixel
value of the region of interest that is associated with the
search region.
20. An ultrasound imaging apparatus comprising,
a transmitter configured to transmit an ultrasound wave to
an object,
a receiver configured to receive the ultrasound wave com-
ing from the object, and
a processor configured to process a received signal in the
receiver and generate images of two or more frames,
wherein,
the processor
sets multiple regions of interest in a received signal
distribution corresponding to one frame, out of the
received signals associated with the images of two or
more frames being received,

sets in the received signal distribution corresponding to
the other frame, search regions each wider than the
region of interest, respectively for the multiple
regions of interest,

sets in the search region multiple candidate regions, each
in a size corresponding to the region of interest,

obtains a norm between an amplitude distribution or a
phase distribution of the region of interest and the
amplitude distribution or the phase distribution of the
candidate region, for each of the multiple candidate
regions, thereby obtaining a norm distribution within
the search region, and

generates an image assuming a value represerting a state
of the norm distribution as the pixel value of the
region of interest that is associated with the search
region.
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