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IMAGE PROCESSING DEVICE, IMAGE
PROCESSING PROGRAM, RECORDING
MEDIUM, AND ULTRASONIC DIAGNOSTIC
EQUIPMENT

TECHNICAL FIELD

[0001] Thepresentinvention relates to an image processing
device, an image processing program, a storage medium, and
ultrasonic diagnostic equipment, and particularly to an image
processing device, an image processing program, a storage
medium, and ultrasonic diagnostic equipment for ultrasound
images of a carotid artery.

BACKGROUND ART

[0002] Arteriosclerosis is one of the lifestyle-related dis-
eases for which unhealthy living habits are risk factors, and
which progress without any subjective symptoms from
younger ages. If arteriosclerosis is left untreated. it may
develop into a brain infarction, cardiac infarction, angina
pectoris, or the like. Since arteriosclerosis is difficult to cure,
it is important to find early signs of arteriosclerosis and
encourage the patient to improve his/her living habits thereby
retarding the progress of the disease.

[0003] Among examinations for arteriosclerosis, an ultra-
sonic echo examination has been gaining a foothold as a vital
examination technique in modern clinical diagnosis since it
allows for noninvasive and direct observation of blood ves-
sels. In an ultrasonic echo examination for arteriosclerosis, an
evaluation is made based on the presence or absence of fat
contents, which have adhered to the inside of a blood vessel,
called plaque, and anintima-media complex thickness (IMT).
However, since there is no plaque, and also the IMT is small
and difficult to be measured in early stages of arteriosclerosis,
detecting early signs by such morphological observation is
difficult.

[0004] As contrasted with this, there is an idea that such
evaluation is possible by evaluating the ease of artery move-
ment in response to heartbeats since arteriosclerosis literally
means that the artery has hardened thereby losing resilience.
In contrast to morphological measurements such as Plaque
and IMT measurements, the aid of computer is inevitable
when performing a quantitative measurement of the move-
ment of the artery.

[0005] Conventionally, as computer aided diagnosis in
carotid artery ultrasonic-echo examination, technologies
described in Non-Patent Documents 1 to 4 have been pro-
posed.

[0006] In Non-Patent Document 1, in an ultrasound
B-mode image, it is assumed that a large number of maximum
values of the absolute value of echo intensity gradient are
distributed along the borders of the carotid artery, and the
borders exhibit smooth curves. Candidate points for the maxi-
mum points of luminance gradient are derived by smoothing
differentiation and the borders are detected by use of a pro-
jection operator.

[0007] In Non-Patent Document 2, as an improvement of
the technology described in Non-Patent Document 1, the
detection of borders is performed in such a way that coeffi-
cients of a polynomial for approximating the borders, and a
basis of Legendre polynomials are used. Further, in order to
increase the likelihood detected candidate points being within
aborder, the strength of likelihood of being a border is incor-
porated into the error term of the Gauss-Markov estimation.

Feb. 17,2011

[0008] In Non-Patent Document 3, a method is proposed
that, in an ultrasound B mode image, estimates the boundary
betweenthe blood vessel lumen and the blood vessel intima in
a carotid artery posterior wall at an accuracy of about 0.1
(mm). This method uses an ultrasound orthogonal demodu-
lated signal. Further, the depth from the skin and the position
of the ultrasound beam are modeled, and a mean-square-error
between the model and the actual measurements is defined as
a cost function to minimize that function.

[0009] In Non-Patent Document 4, a method is proposed
and put into practical use, in which after one point of a carotid
artery wall is manually designated on a B-mode image, the
movement of the designated carotid artery wall is tracked at
anaccuracy of 10 um by use ofan RF signal. Since the method
described in Non-Patent Document 4 uses an RF signal, the
method can be used only on some ultrasonic diagnostic
equipment. However, it is inferred that this method has the
highest accuracy at the present time.

[0010] Patent Document 1 describes the elastic modulus.
[0011] Patent Document 1: Japanese Patent No. 3882084
[0012] Non-Patent Document 1: KoyaY., Mizoshiri 1., Mat-

sui K., and Nakamura T., “Stiffness Measurement of Carotid
Artery (in Japanese),” IEEJ (The Institute of Electrical Engi-
neers of Japan) Transactions C, Vol. 123(10): pp. 1728-1734,
2003.

[0013] Non-Patent Document 2: Koya Y., Mizoshiri 1.,
“Border Detection of Common Carotid Artery Using Gauss-
Markov estimation (in Japanese),” IEEJ (The institute of
Electrical Engineers of Japan) Transactions C, Vol. 124(10),
pp- 2051-2056, 2004.

[0014] Non-Patent Document 3: Hasegawa H., Kanai H.,
Koiwa Y., “Detection of Lumen-Intima Interface of Posterior
Wall for Measurement of Elasticity of the Human Carotid
Artery,” IEEE Transactions on UFFC, Vol.51 (1):pp.93-108,
2004.

[0015] Non-Patent Document 4: Harada A, “Measurement
of Arteriosclerosis Indicator by Echo-tracking Method (in
Japanese),” Japanese Journal of Medical Ultrasound Technol-
ogy, Vol. 28(3): pp. 29-35, 2003.

DISCLOSURE OF THE INVENTION

[0016] The methods described in Non-Patent Documents 1
to 3 are those for estimating the carotid artery wall, and do not
provide an estimation for the shape and position of the entire
carotid artery that includes the anterior wall, lumen, and
posterior wall. There exist muscles, tendons, venous walls,
and the like that have similar shapes to that of the carotid
artery wall in ultrasound images, and therefore there is a high
probability that these are erroneously estimated as well as
estimation of the carotid artery wall itself. Further, these
methodologies are intended for a static view of ultrasound
images and are not intended for tracking the movement of the
carotid artery in a moving image. Therefore, the same pro-
cessing needs to be repeated by the number of frames in a
moving image, which is not efficient.

[0017] The method described in Non-Patent Document 4 is
advantageous from the aspect of accuracy in the tracking of
the movement of the carotid artery since an RF signal is used.
However, ultrasonic diagnostic equipment that can output RF
signals are limited to only some models of such equipment
and therefore the method according to Non-Patent Document
4 cannot be regarded as being in common use and lacks
versatility at the present time.
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[0018] Itis an objective of the present invention to provide
an image processing device that can avoid erroneous esti-
mates in which muscles, tendons, and veins that have similar
shapes to that of the carotid artery wall are mistaken as part of
the carotid artery wall, and can efficiently estimate the shape
of the entire carotid artery by modeling the shape thereof, and
which can use an ultrasound B-mode image sequence thereby
allowing the acquisition of images from ultrasonic diagnostic
equipment in widespread use and is therefore versatile, and
ultrasonic diagnostic equipment equipped with the aforemen-
tioned image processing device. In the present application,
the entire carotid artery as herein described includes the ante-
rior wall and posterior wall of the carotid artery, and the
lumen located between the walls. Moreover, a wall proximate
to the skin, to which the probe is brought into contact at the
time of the measurement of the carotid artery by the probe of
ultrasonic diagnostic equipment, in the carotid artery walls is
referred to as an anterior wall, and the wall spaced apart from
the skin is referred to as a posterior wall.

[0019] It is another objective of the present invention to
provide an image processing program that can avoid errone-
ous estimates in which muscles, tendons, and veins that have
similar shapes to that of the carotid artery wall are mistaken
for the carotid artery wall, and can efficiently estimate the
shape of the entire carotid artery, and which can use an ultra-
sound B-mode image sequence allowing the acquisition of
images from ultrasonic diagnostic equipment in widespread
use and is therefore versatile, and a storage medium that
stores the aforementioned program.

[0020] In order to solve the above-described problems,
according to one aspect of the present invention, an image
processing device including first modeling means and output
means is provided. The first modeling means acquires an
ultrasound B-mode image sequence made up of successive
frames, and successively models a longitudinal sectional
shape of a carotid artery rendered in each frame with a model
having carotid artery parameters that represent a position and
shape of the carotid artery. The output means outputs a varia-
tion of a carotid artery diameter in response to heartbeats
based on the result of the modeling. The first modeling means
creates an evaluation function for the model of the longitudi-
nal sectional shape of the carotid artery rendered in a frame
following the frame that has already been modeled, thereby
optimizing the evaluation function. Then, based on the opti-
mization result, the first modeling means estimates and mod-
els the position and shape of the longitudinal sectional shape
of the carotid artery of the following frame, and performs the
aforementioned operations for the subsequent frames as well.
[0021] According to this configuration, by modeling the
shape of the entire carotid artery, it is made possible to avoid
erroneous estimation in which muscles, tendons, and veins
that have similar shapes to that of the carotid artery wall are
mistaken for the carotid artery wall, and also to efficiently
estimate the shape of the entire carotid artery. Further, since
an ultrasound B-mode image sequence can be used, it is
possible to acquire images from medical ultrasonic diagnos-
tic equipment in widespread use. Therefore, the image pro-
cessing device has high versatility.

[0022] Preferably the image processing device further
includes storage means and second modeling means. The
storage means stores initial value data that are obtained by
applying a cluster analysis to and modeling longitudinal sec-
tional shapes of the carotid artery relating to a plurality of
subjects. The second modeling means, upon acquiring an
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ultrasound B-mode image sequence made up of successive
frames, creates an evaluation function of the model of longi-
tudinal sectional shape of the carotid artery that is rendered in
a first frame, thereby optimizing the evaluation function
based on the initial value data. Then, the second modeling
means estimates and models the position and shape of the
longitudinal sectional shape of the carotid artery for the first
frame based on the optimization result.

[0023] According to this configuration, for the first frame of
a moving image, an evaluation function is created based on
initial value data. As the number of subjects increases, several
different models are obtained as the initial value data through
acluster analysis. For this reason, if the evaluation function is
optimized by the second modeling means based on those
initial value data, it can be expected that one of them will
converge to a true carotid artery position thus allowing the
performance of efficient modeling for the first frame.

[0024] According to a further aspect of the present inven-
tion, an image processing program is provided. The image
processing program causes a computer to function as first
modeling means and output means. When acquiring an ultra-
sound B-mode image sequence made up of successive frames
and successively modeling the longitudinal sectional shape of
the carotid artery rendered in each frame with a model having
carotid artery parameters that represent the position and
shapeofthe carotid artery, the first modeling means creates an
evaluation function of the model of the longitudinal sectional
shape of the carotid artery to be rendered in a following frame
after the frame that has already been modeled, thereby opti-
mizing the evaluation function. Then, the first modeling
means, based on the optimization result, estimates and mod-
els the position and shape of the longitudinal sectional shape
of the carotid artery for the following frame, and performs the
aforementioned operations for the frames that follow as well.
The output means outputs a variation of the carotid artery
diameter in response to heartbeats based on the result of
modeling.

[0025] According to this configuration, it is possible to
avoid erroneous estimation in which muscles, tendons, and
veins that have similar shapes to that of carotid artery wall are
mistaken for the carotid artery wall, and also to efficiently
estimate the shape of the entire carotid artery. Further, since
an ultrasound B-mode image sequence can be used, it is
possible to acquire images from medical ultrasonic diagnos-
tic equipment in widespread use. Therefore, the image pro-
cessing program has high versatility.

[0026] Preferably, the image processing program causes
the computer to further function as storage means and second
modeling means. The storage means stores the initial value
data that are obtained by applying a cluster analysis to and
modeling longitudinal sectional shapes of the carotid artery
relating to a plurality of subjects. Upon acquiring an ultra-
sound B-mode image sequence made up of successive
frames, the second modeling means creates an evaluation
function of the model of the longitudinal sectional shape of
the carotid artery rendered in a first frame and optimizes the
evaluation function based on the initial value data. Then, the
second modeling means estimates and models the position
and shape of the longitudinal sectional shape of the carotid
artery for the above-described first frame based on the opti-
mization result.

[0027] According to this configuration, for the first frame of
a moving image, an evaluation function is created based on
initial value data. As the number of subjects increases, several
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different models are obtained as the initial value data through
acluster analysis. For this reason, if the evaluation function is
optimized by the second modeling means based on those
initial value data, it can be expected that one of them will
converge to a true carotid artery position thus allowing the
efficient performance in modeling for the first frame.

[0028] According to a further aspect of the present inven-
tion, a storage medium that stores the above-described image
processing program is provided. According to this configu-
ration, it is possible to avoid erroneous estimation in which
muscles, tendons, and veins that have similar shapes to that of
the carotid artery wall are mistaken for the carotid artery wall,
and also to efficiently estimate the shape of the entire carotid
artery. Further, since an ultrasound B-mode image sequence
can be used, it is possible to acquire images from medical
ultrasonic diagnostic equipment in widespread use. There-
fore, the storage medium records an image processing pro-
gram that has high versatility.

[0029] According to a further aspect of the present inven-
tion, ultrasonic diagnostic equipment is provided. The ultra-
sonic diagnostic equipment, which is connected to the above-
described image processing device, creates an ultrasound
B-mode image sequence measured from a living body based
on the echo signal obtained by the ultrasound transmission/
reception of a probe, and outputs the ultrasound B-mode
image sequence to the image processing device. According to
this configuration, the ultrasonic diagnostic equipment pro-
vides the advantages of the image processing device
described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 is a schematic diagram showing an image
processing device according to one embodiment of the
present invention;

[0031] FIG. 2 is a schematic electric block diagram show-
ing the image processing device;

[0032] FIG.3isaconceptual diagram showing the process-
ing to be executed by the image processing device;

[0033] FIG. 4 shows an ultrasound B-mode image;

[0034] FIG. 5 shows an example of the estimation of carotid
artery parameters in an ultrasound B-mode image;

[0035] FIG. 6 is a graph showing a distribution of the num-
ber of samples that have converged to a true value from initial
value data;

[0036] FIG. 7 shows a weighting function w(x, y; 0);
[0037] FIG. 8 shows initial value data;
[0038] FIG. 9 shows, by a line graph, the variation of the

diameter of the carotid artery of a 20-year-old male in
response to heartbeats;

[0039] FIG. 10 shows, by a line graph, the variation in the
diameter of the carotid artery of a 60-year-old male in
response to heartbeats; and

[0040] FIG. 11 is a graph showing the relationship between
age and the rate of diameter change.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0041] Hereafter, an image processing device according to
one embodiment of the present invention will be described
with reference to FIGS. 1to 10. As shown in FIG. 1, an image
processing device 11 of the present embodiment includes a
computer 12, a display 13, a printer 14, and a key board 15,
and is connected to ultrasonic diagnostic equipment 16. The
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computer 12 makes up first modeling means, second model-
ing means, output means, and storage means.

[0042] The ultrasonic diagnostic equipment 16 includes a
probe 21, a display part 22, and an ultrasonic generator that is
not shown. The ultrasonic diagnostic equipment 16 transmits
a pulse wave from the tip end surface of the probe 21 into a
living body and receives a reflected wave (echo signal) from
acarotid artery 23. In the ultrasonic diagnostic equipment 16,
the tip end surface ofthe probe 21 is formed into a rectangular
shape, and an echo moving image (that is, a B-mode image)
including a longitudinal sectional shape of the carotid artery
23 acquired in B-mode based on the echo signal. This echo
moving image corresponds to an ultrasound B-mode image
sequence. In the display part 22 of the ultrasonic diagnostic
equipment 16, a moving image is displayed that shows the
carotid artery 23 of the subject as being expanded, contracted,
or deformed.

[0043] The B-mode image is outputted from a video output
of the ultrasonic diagnostic equipment 16, and video captured
at a predetermined resolution (mxn pixels) and a predeter-
mined rmumber of frames/second by a DV converter not
shown, thereafter being inputted to the computer 12 as an
IEEE 1394 signal. Although, in the present embodiment, the
predetermined number of frames/second is set to be 30
frames/second, this value is not particularly limited and may
be any value as long as it allows clear observation of change
of heartbeat in the carotid artery.

[0044] Thenumber of pixels of an ultrasound image region
displayed on the display 13 is represented by Nx in the hori-
zontal direction and Ny in the vertical direction. Although, in
the present embodiment, Nx is set as Nx=540 (pixels), and Ny
is set as Ny=420 (pixels), these numerical values are not
limited.

[0045] Asshownin FIG. 2, an echo moving image acquired
by the ultrasonic diagnostic equipment 16 is input to the
computer 12, and stored in a storage device 44 incorporated in
the computer 12. The storage device 44, which is made up of,
for example, a hard disk or a semiconductor storage device,
can read and write the above-described various information.
[0046] Thecomputer 12, whichincludesa CPU 41 (Central
Processing Unit), a ROM 42, and a RAM 43, runs an image
processing program stored in the ROM 42, which is a storage
medium. The RAM 43 is a working memory when the above-
described program is executed.

Operation of Embodiment

[0047] Next, description will be provided of the steps of an
image processing program to be executed by the CPU 41 in
the image processing device 11, which is configured as
described above. First, before the description of the program
is provided, the “formulation of the identification problem of
the carotid artery” and the “estimation of the position and
shape of the carotid artery” will be described.

Formulation of Identification Problem of Carotid
Artery

[0048] Problems when identifying the carotid artery in the
present embodiment will be described. In the present embodi-
ment, erroneous estimation in which muscles, tendons, and
veins that have similar shapes to that of the carotid artery wall
are mistaken for the carotid artery wall is avoided by model-
ing the shape of the entire carotid artery rather than detecting
the carotid artery by itself. Further, in order to efficiently track
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the movement of the carotid artery from a moving ultrasound
image, there is an effective methodology that, from the sec-
ond frame of the moving image, adaptively estimates the
position and shape of the carotid artery by updating the esti-
mation result ofthe position and shape of the carotid artery in
an immediately previous frame. In the present embodiment,
the estimation of the position and shape of the carotid artery
is performed with the above described concept, based on the
premise that an ultrasound B-mode image is used.

[0049] In the present application, an ultrasound B-mode
image sequence acquired by the CPU 41 is represented by I(x,
v, t), wherex=1,...,Nx,y=1,...,Ny,and t=1, ... . Nt. The
reference character x represents the pixel number in the hori-
zontal direction, y represents the pixel number in the vertical
direction, and t represents the frame number, with the upper
left point in the image being set as x=1 and y=1. Nx represents
the total number of pixels in the horizontal direction, Ny
represents the total number of pixels in the vertical direction,
and Nt represents the total number of frames. When focus is
placed on one ultrasound image, an ultrasound B-mode image
sequence is represented simply as 1(x, y), x=1, ..., Nx, y=1,
..., Ny. An example of ultrasound image that captures a
longitudinal section of a carotid artery is shown in FIG. 4.
Two lines that extend in the left and right directions of F1G. 4
in the middle of FIG. 4 and are parallel with each other in the
up and down directions represent the anterior wall and the
posterior wall of carotid artery. Since blood vessel walls
strongly reflect ultrasound, they are displayed in white in an
ultrasound image. Moreover, besides the carotid artery, the
presence of various organs such as muscles, tendons, and vein
walls are recognizable. On the premise that such ultrasound
B-mode image is used, the positions of the anterior wall and
posterior wall of the carotid artery are identifiable in every
frame.

[0050] The position y of the anterior wall of a carotid artery
in the vertical direction is represented by fu(x) and the posi-
tion y of the posterior wall of a carotid artery in the vertical
direction is represented by fl(x), as a function of horizontal
pixel numbers x=1, . . ., Nx. In the present embodiment, the
width of an ultrasound image is set to be about 40 (mm), and
it is assumed that regarding the positions of the anterior and
posterior walls, the following assumptions hold.

[0051] (1) fu(x) and fi(x) are parallel with each other.
[0052] That is, with the diameter of a carotid artery being
represented by D, fu(x) is represented as fu(x)=f(x)-D/2 and
fI(x) as fi(x)=f(x)+D/2 using an appropriate function f(x).
[0053] (2) fi(x) and fu(x), that is, f(x) can be represented by
a quadratic function.

[0054] Such assumptions hold to such an extent that there is
no harm in the estimate of the position and shape of the
carotid artery to be described from now on, if the measure-
ment site is not at a carotid artery sinus that is a bulge at which
the common carotid artery is separated into the inner and
outer carotid arteries, and if the carotid artery has not been
deformed due to severe arteriosclerosis.

[0055] Since, from these assumptions, f(x) can be repre-
sented by a quadratic function, it is represented by Equation
(1) shown below.

Sx)=agtaxiay’, |Sx=N, 1

[0056] The position and shape of the carotid artery in one
frame can be exactly represented by the coefficients ay, a,, a,
of the quadratic function and the diameter D of the carotid
artery. These parameters are collectively referred to as carotid
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artery parameters 0=(a, ,;, a5, D). When an ultrasound
B-mode image sequence is treated, since the value of the
parameters 0 of the carotid artery change in each frame, the
carotid artery parameters are represented by 6(t) as a function
of frame number t. After all, the problem of identifying the
positions of the anterior wall and posterior wall of carotid
artery for each frame leads to a problem in determining 6(t),
t=1,..., Nt

(On Estimating the Position and Shape of the Carotid Artery)

[0057] In the present embodiment, the problem described
above is solved as described below so that the position and
shape of the carotid artery are estimated.

[0058] Ifthe widths (that is, thicknesses) of the anterior and
posterior walls of the carotid artery are both represented by W,
a set B, of pixels (x, y) representing the anterior wall of the
carotid artery in an ultrasound B-mode image is represented
by Equation (2) shown below, and a set B, of pixels (x, y)
representing the posterior wall is represented by Equation (3)
shown below.

B, ~{(53)[fix)-D/2- W2 =y=<flx)-DI2+ W21 =x=N,} )

B{(x,y) fla)+DI2- WSy fa)+ D2+ W12, Sx=N} 3)
[0059] Therefore, the entire carotid artery wall B is repre-
sented by Equation (4) shown below.

B={B,.B/} G
[0060] Further, a set T of pixels (x, y) representing the

carotid artery lumen is represented by Equation (5) shown
below.

T={(xy)|Ax)-D/2+ W2<y<flx)+D/2-W2,1 =x=N_} (3)

[0061] In an ultrasound B-mode image, a carotid artery
wall is rendered in white due to a strong echo, and a carotid
artery lumen is rendered in black due to a weak echo. That is,
pixel values that are large in B represent a carotid artery wall,
and are small in T that represent a carotid artery lumen. A
pixel value means a pixel gray scale value. For a carotid artery
parameters 6 that provide a position and shape, an evaluation
fanction E(0)is introduced that is represented by Equation (6)
shown below and represents the level of the probability of
being a carotid artery.

1 ! ©
E@=— 1, y) —a— 1(x, y) = Bg(D; Dinins Dinax
( IBI(MZ,;B (o |T|(Z - Be( )

el

[0062] In Equation (6) shown above, each of a, P is a
positive constant, and || represents the number of elements of
the set -. That is, IBI represents the number of elements of the
set B, and [T! represents the number of elements of the set T.
The first term of the right hand side of Equation (6) shown
above becomes a larger value as the pixel value becomes
larger, that is, the pixel becomes white at the position where
the carotid artery wall is assumed, and the second term of the
right hand side becomes a larger value as the pixel value
becomes smaller, that is, the pixel becomes black at the posi-
tion where the carotid artery lumen is assumed to be.

[0063] In the third term of the right hand side, g(D; D,,.,.,
D,...) 1s a function represented by Equation (7) shown below.
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(D= Dyinl's D < Dy O
&(D; Dyyins D) =4 0, Dy € D < Dypgx
(D =Dyax)’s D> Dyax

[0064] In Equation (7) shown above, D,,;, represents the
minimum possible value for the human carotid artery diam-
eter, D, . represents the maximum possible value for the
human carotid artery diameter. The third term of the right
hand side of Equation (6) shown above is a penalty term for a
case that is out of the conceivable range for a human carotid
artery diameter.

[0065] In the present embodiment, D,
(mm), and D,,,, is set as D, , =12 (mm) from samples of
ultrasound B-mode image that have been collected so far.
These numerical values are not particularly limited, and may
be changed, for example, according to the number of samples.
[0066] In Equation (6) shown above, as f§, any positive
number may be used as long as it is large enough not to
generate a rounding error in calculations. Moreover, the value
of a depends on specifications such as the ratio of echo inten-
sities in the carotid artery wall and the carotid artery lumen,
and image output of ultrasonic examination equipment. In the
present embodiment, a=2.0 is selected from a preliminary
experiment.

[0067] If a weighting function w(x, y; 8) is defined by
Equation (8) shown below, the evaluation function E(6) rep-
resented by Equation (6) shown above may also be repre-
sented by Equation (9) shown below.

is setas D . =5
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[0068] The first term of the right hand side of Equation (9)
shown above corresponds to the inner product of the vectors
of the model that has already been modeled regarding the
longitudinal sectional shape of the carotid artery rendered in
one frame, and of the model of the longitudinal sectional
shape ofthe carotid artery rendered in the frame following the
concerned frame. An example of this weighting function w(x,
y; 6) 1s shown in FIG. 7.

[0069] The position and shape of the carotid artery in an
ultrasound B-mode image I(x, y), that is, the value of the
carotid artery parameters 0 may be any value as long as the
evaluation function E(6) given by Equation (6) shown above
is maximized.

[0070] Although the values of such parameters cannot be
determined analytically, they may be determined by use of a
non-linear optimization method such as the steepest-descent
method, Newton’s method, the conjugate gradient method,
and the simplex method.

[0071] Inanon-linear optimization method, parameters are
updated so as to maximize an evaluation function based on an
appropriately determined initial value; however, as seen from
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an ultrasound B-mode image shown in FIG. 4, there exist
portions of a strong echo everywhere other than the carotid
artery due to the existence of veins, fats, and tendons as well
as tissue inhomogeneities.

[0072] There exist maximum values, that is, local solutions
everywhere in this evaluation function. Therefore, preferably,
an initial-value trial is performed in which a non-linear opti-
mization method is applied to a plurality of different initial
values, and the value among them that maximizes the evalu-
ation function E(8) is adopted as the final estimated value.
[0073] In the present embodiment, a certain number of
samples of an ultrasound B-mode image that are acquired in
advance are modeled by the method as described above, and
the carotid artery parameters 0 thereof are subjected to a
cluster analysis to be used as the initial value data of the
carotid artery parameters 6. Although, in the present embodi-
ment, 20 data points are specified with Indexes (initial value
number: Index) 1 to 20 given thereto as shown in FIG. 8, the
quantity of initial value data is not limited to 20. The initial
value data are recorded in a storage device 44 in advance.
[0074] As shown in FIG. 8, in the initial value data of
Indexes 1 to 4, the anterior wall and posterior wall of the
carotid artery extend in a linear fashion, being placed in
parallel with each other in a horizontal state and located at
different positions in the forward/rearward direction. In the
present application, the direction approaching the skin to
which the probe 21 is contacted is referred to as the forward
direction, and the direction moving away from the skin is
referred to as the rearward direction. In the initial value data
of Indexes 5 to 8, the anterior wall and posterior wall of the
carotid artery extend in a linear fashion, being placed in
parallel with each other in a state of being inclined to the left
and downward and located at different positions in the for-
ward/rearward direction. In the initial value data of Indexes 9
to 12, the anterior wall and posterior wall of the carotid artery
extend in an approximately linear fashion, being placed in
parallel with each other in a state of being inclined to the right
and downward and located at different positions in the for-
ward/rearward direction. In the initial value data of Indexes
13 to 16, the anterior wall and posterior wall of the carotid
artery extend in an arcuate shape protruding in the forward
direction, being placed in parallel with each other and located
at different positions in the forward/rearward direction. In the
initial value data of Indexes 17 to 20, the anterior wall and
posterior wall of the carotid artery extend in an arcuate shape
protruding in the rearward direction, being placed in parallel
with each other and located at different positions in the for-
ward/rearward direction.

[0075] It has been confirmed that when a non-linear opti-
mization method is applied to these initial value data in all the
samples of ultrasound B-mode image, at least one of each of
the samples converges to a true position of the carotid artery.
[0076] FIG. 6 shows the distribution of the number of
samples that have converged from each initial value data to a
true value. In FIG. 6, the numerical values of the horizontal
axis correspond to Indexes shown in FIG. 8. From FIGS. 6
and 8, it is seen that Indexes 2, 5, 6, 10, 14, and 18 are adopted
at higher frequencies indicating that a larger number of
carotid arteries have such positions and shapes.

[0077] Next, in the estimation of carotid artery parameters
0(t), t=1, .. ., Nt for an ultrasound B-mode image sequence
I(x, y, t), t=1. . . ., Nt, the position and shape of the carotid

artery do not significantly change between successive frames.
For this reason, the initial value trial described above is pet-



US 2011/0040181 Al

formed only for an ultrasound image I(x, y, 1) of the first
frame of a moving image, and in and after the second frame,
the estimated value of carotid artery parameters in an imme-
diately previous frame is set as a sole initial value, and a
non-linear optimization method is applied to the initial value.
As a result of this, the position and shape of the carotid artery
0(t), t=1, .. ., Nt for each frame are obtained.

(Processing of Image Processing Program)

[0078] Next, the processing of an image processing pro-
gram 1o be executed by the CPU 41 of the image processing
device 11 will be described with reference to FIG. 3.

[0079] In the estimation of the position and shape of the
carotid artery in the first frame (initial frame) of an echo
moving image that is an acquired ultrasound B-mode image
sequence, the CPU 41 of the image processing device 11
performs the initial value trial described above. That is, the
CPU 41 starts learning from the positions and shapes of the
carotid artery of 20 types described above and creates an
evaluation function E(0) that represents the level of the prob-
ability of the carotid artery shape so that the value that maxi-
mizes the evaluation function E(0) is specified as the esti-
mated value of the position and shape of the carotid artery.
[0080] Insuccessive frames in a moving image, the position
and shape of the carotid artery does not significantly change.
Therefore, the CPU 41 adaptively learns from the position
and shape of the carotid artery relating to the frame that has
been estimated immediately therebefore. For example, in the
second frame, learning is performed from the first frame, and
an evaluation function E(0) that represents the level of prob-
ability of the carotid artery shape is created in the second
frame so that the value that maximizes the evaluation function
E(0) is specified as the estimated value for the position and
shape of the carotid artery in that frame. Similarly in and after
the second frame, learning is performed from the immedi-
ately previous frame, and an evaluation function E(8) that
represents the level of probability of the carotid artery shape
is created so that the value that maximizes the evaluation
function E(0) is specified as the estimated value for the posi-
tion and shape of the carotid artery in that frame.

[0081] InFIG. 3, ay(1), a,(t), a,(t) are parameters to repre-
sent the temporal change of the position and shape of the
carotid artery represented by a quadratic function, and D(t) is
a parameter to represent the temporal change of the carotid
artery diameter.

[0082] FIG.5 shows anexample of the estimation of carotid
artery parameters for an ultrasound B-mode image. InFIG. 5,
reference characters A and B respectively show the anterior
and posterior walls of the carotid artery, for which two qua-
dratic curves are estimated.

[0083] Next, having completed the estimation of the posi-
tion and shape of the carotid artery for all the frames of a
moving image, the CPU 41 presents the variation of the
carotid artery diameter in response to heartbeats, that is, a
temporal change thereof in the form of a bar chart or a line
graph, thereby displaying it on the display 13 or printing it via
the printer 14.

[0084] FIG.9 shows an example in which a variation of the
carotid artery diameter in response to heartbeats is displayed
in the form of a line graph on the display 13. This example
shows the variation of the carotid artery diameter for a
20-year-old male.

(Application to Arteriosclerosis Examination)

[0085] Now, the image processing device 11 configured as
described above can be applied to arteriosclerosis examina-
tion.

Feb. 17,2011

[0086] Since the artery is formed of a viscoelastic material,
an external force and the deformation of the artery are in a
non-linear relationship. Because of this, as an indicator of
arteriosclerosis to represent deformability, several kinds of
measures have been proposed that present the hardness of the
artery from the diameter change of the carotid artery in
response to heartbeats. One of the most basic of them includes
a pressure-strain elastic modulus E,,, which is represented by
Equation (10) shown below and is defined as the ratio of the
amount of blood pressure change and the rate of diameter
change.

P —Fa (10)
5= D,2D,
=5

Dy

[0087] In Equation (10) shown above, P, represents the
systolic blood pressure (maximum blood pressure), P, repre-
sents the diastolic blood pressure (minimum blood pressure),
D, represents the systolic carotid artery diameter (maximum
diameter), and D, represents the diastolic carotid artery diam-
eter (minimum diameter). When the blood vessel hardens, the
rate of diameter change (D _-D ;)/D, decreases with respect to
the blood pressure change (P,-P ), and therefore the pres-
sure-strain elastic modulus E,, increases.

[0088] Since the proposed pressure-strain elastic modulus
E,, overestimates the effect of blood pressure, a measure in
which the blood pressure is taken as a logarithmic axis, and
which is represented by Equation (11) shown below, that is, a
modified stiffness parameter p* has also been proposed.

_InPy—InPy (1
=
Dy
[0089] The stiffness parameter 3, which has been proposed

in an early stage, is defined by Equation (12) shown below,
with a slope of the tangent between the logarithmic amount of
blood pressure change at a blood pressure 100 (mHg) and the
rate of diameter change, that is, P, being P =100, D, being a
blood vessel diameter at a blood pressure P,=100, and D,
being the blood vessel diameter at a blood pressure P..

B= P.}i‘{r’}d B 12)
[0090] When the blood pressure change (P.-P,) can be

represented by an exponential function of the rate of diameter
change (D,~D /D, f and * coincide. Further, Patent Docu-
ment 1 proposes an elastic modulus E,;,, which is represented
by Equation (13) shown below and is equivalent to an elastic
modulus in a tensile test, in which the blood pressure at rest
and the rate of diameter change (strain) are described with a
thick-wall cylinder model, and the thickness of blood vessel
wall is corrected as d at a pressure-strain elastic modulus E,,.

2Dy -d [2)? (13)

Ep=Ep——m—————
P DI (D —d]2?
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[0091] Therefore, the diameter D of the carotid artery
obtained by the image processing device 11 can be used for
the calculation of the various measures that have been pro-
posed.

(Relation Between Age and Rate of Diameter Change of
Carotid Artery)

[0092] FIGS. 9 and 10 show an example of the temporal
change of the carotid artery diameter that is estimated from an
ultrasound B-mode image sequence that has captured the
longitudinal section of the carotid artery for 4 to 5 seconds as
described above. FIG. 9 shows the result of a 20-year-old
male subject, and FIG. 10 shows the result of a 60-year-old
male subject. It can be clearly seen that the diameter change
in response to heartbeats is smaller in the 60-year-old male
than in the 20-year-old male, indicating that the flexibility of
the carotid artery has been lost. Thus, it is seen in FIGS. 9 and
10 that as arteriosclerosis progresses with age, the variation of
the carotid artery diameter in response to heartbeats
decreases.

[0093] Moreover, while various measures to represent the
hardness of the artery have been proposed as described above,
the part relating to the diameter change among those mea-
sures is a rate of diameter change D, represented by Equation
(14) shown below.

Dy—Dy (14)
D, = D,
[0094] In order to demonstrate the applicability to arterio-

sclerosis diagnosis, a survey result of the relationship
between the rate of diameter change D, and age Y will be
described.

[0095] FIG. 11 shows a plot of the relationship between the
age and the rate of diameter change by use of the image
processing device 11 described above for 112 subjects. In
FIG. 11, two curved lines indicate a 95% confidence interval.
It is seen from the result shown in FIG. 11 that the rate of
diameter change decreases with age, indicating progress of
arteriosclerosis.

[0096] The present embodiment has the following advan-
tages.
[0097] (1) The image processing device 11 according to the

present embodiment includes the CPU 41 (first modeling
means), which acquires an ultrasound B-mode image
sequence made up of successive frames and successively
models the longitudinal sectional shape of the carotid artery
rendered in each frame with a model including carotid artery
parameters which represent the position and shape of the
carotid artery: Moreover, the image processing device 11
includes the CPU 41 (output means), which outputs the varia-
tion of the carotid artery diameter in response to heartbeats to
the display 13 and the printer 14 based on the modeling result.
The CPU 41 creates an evaluation function E(8) of the model
of the longitudinal sectional shape of the carotid artery, which
is rendered in a frame following the frame that has already
been modeled, and optimizes the evaluation function. Fur-
ther, the CPU 41 estimates and models the position and shape
of the longitudinal sectional shape of the carotid artery for the
following frame based on the optimization result, thereafter
performing the same operation for the following frames. That
is, the optimization of the evaluation function E(8) and the
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modeling of the position and shape of the longitudinal sec-
tional shape of the carotid artery in the frame following the
frame that has been modeled are successively performed in
each successive frame.

[0098] As aresult of this, modeling the shape of the entire
carotid artery makes it possible to avoid erroneous estimation
that muscles, tendons, and veins that have similar shapes to
that of the carotid artery wall are mistaken for the carotid
artery wall. Further, the present embodiment makes it pos-
sible to efficiently estimate the shape of the entire carotid
artery. In addition, since an ultrasound B-mode image
sequence can be used, it is possible to acquire images from
medical ultrasonic diagnostic equipment in widespread use.
Therefore, the image processing device 11 according to the
present embodiment has a high versatility.

[0099] (2) The image processing device 11 according to the
present embodiment includes a storage device 44 (storage
means), which stores initial value data that are obtained by
applying a cluster analysis to and modeling longitudinal sec-
tional shapes of the carotid artery relating to a plurality of
subjects. The CPU 41 of the image processing device 11 as
the second modeling means, when acquiring an ultrasound
B-mode image sequence made up of successive frames, cre-
ates an evaluation function E(8) of the model of longitudinal
sectional shape of the carotid artery, which is rendered in a
first frame and optimizes the evaluation fiinction, based on the
initial value data. The CPU 41 estimates and models the
position and shape of the longitudinal sectional shape of the
carotid artery for the first frame based on the optimization
result.

[0100] As a result of this, as the number of subjects
increases, several different models are obtained as the initial
value data when the cluster analysis is performed. For this
reason, if the evaluation function E(0) is optimized from these
initial value data by the CPU 41, it can be expected that one of
them will converge to a true carotid artery position, thus
allowing the performance of efficient modeling of the first
frame.

[0101] (3) In the image processing device 11 according to
the present embodiment, the evaluation function E(8) is the
inner product of the vectors of the model, which has already
been modeled regarding the longitudinal sectional shape of
the carotid artery rendered in one frame, and of the model of
longitudinal sectional shape of the carotid artery rendered in
the frame following the concerned frame. As a result of this,
it is possible to realize the effects of (1) shown above easily
and effectively.

[0102] (4) The image processing program according to the
present embodiment causes the computer 12 to function as
the first modeling means and the output means. As a result of
this, it is possible to avoid erroneous estimation in which
muscles, tendons, and veins that have similar shapes to that of
the carotid artery wall are mistaken for the carotid artery wall,
and also to efficiently estimate the shape of the entire carotid
artery. Further, since an ultrasound B-mode image sequence
can be used, it is possible to acquire images from medical
ultrasonic diagnostic equipment in widespread use. There-
fore, the image processing program according to the present
embodiment has high versatility.

[0103] (5) The image processing program according to the
present invention causes the computer 12 to function as the
storage means and the second modeling means. As a result of
this, as the number of subjects increases, several different
models are obtained as initial value data when the cluster
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analysis is performed. For this reason, if the evaluation func-
tion E(0) is optimized from this initial value data by the CPU
41, it can be expected that one of them will converge to a true
carotid artery position thus allowing the performance of effi-
cient modeling of the first frame.
[0104] (6) In the image processing program according to
the present embodiment, the evaluation function (8) is the
inner product ofthe vectors of the model that has already been
modeled regarding the longitudinal sectional shape of the
carotid artery rendered in one frame, and of the model of
longitudinal sectional shape of the carotid artery rendered in
the frame following the concerned frame. As a result of this,
it is possible to achieve the advantages described above in (1)
easily and effectively.
[0105] (7) The ROM 42 according to the present embodi-
ment acts as a storage medium that stores the above-described
image processing program. As a result, execution of the
image processing program by the computer 12 makes it pos-
sible to avoid erroneous estimation in which muscles, ten-
dons, and veins that have similar shapes to that of the carotid
artery wall are mistaken for the carotid artery wall, and to
efficiently estimate the shape of the entire carotid artery.
Further, since an ultrasound B-mode image sequence can be
used, it is possible to acquire images from medical ultrasonic
diagnostic equipment in widespread use thereby easily
achieving the various advantages described above.
[0106] (8) The ultrasonic diagnostic equipment according
to the present embodiment is connected to the image process-
ing device 11. Therefore, it is possible to easily achieve
advantages described above in (1) and (2).
[0107] The above-described embodiment may be config-
ured and modified as described below.
[0108] Although, in the above-described embodiment, the
ROM 42 functions as the storage medium for storage the
image processing program, the storage device 44 may func-
tion as the storage medium for storage the image processing
program, or the image processing program is stored in storage
medium such as a CD, DVD, or USB memory, so that the
program is read and executed by a driver device that reads a
storage medium such as CD and DVD.
[0109] Although, in the above-described embodiment, an
assumption is made that “fI(x) and fu(x), that is, f(x) can be
represented by a quadratic function”, an assumption that “f(x)
can be represented by a cubic function” may also be made.
[0110] The above-described analysis result of arterioscle-
rosis may be outputted from only one of the display 13 and the
printer 14 or both.
1. An image processing device, comprising:
first modeling means for acquiring an ultrasound B-mode
image sequence made up of successive frames, and suc-
cessively modeling a longitudinal sectional shape of a
carotid artery rendered in each frame with a model hav-
ing carotid artery parameters that represent a position
and shape of the carotid artery; and
output means for outputting a variation of a carotid artery
diameter in response to heartbeats based on the result of
the modeling,
wherein the first modeling means creates an evaluation
function for a model of the longitudinal sectional shape
of the carotid artery rendered in a frame following the
frame that has already been modeled, thereby optimiz-
ing the evaluation function, and based on the optimiza-
tion result, estimates and models the position and shape
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of the longitudinal sectional shape of the carotid artery
for said following frame, and performs the aforemen-
tioned operations for the subsequent frames as well.

2. The image processing device according to claim 1,
wherein:

storage means for storing initial value data that is obtained

by applying a cluster analysis to and modeling longitu-
dinal sectional shapes of the carotid artery relating to a
plurality of subjects; and
second modeling means for, upon acquiring an ultrasound
B-mode image sequence made up of successive frames,
creating an evaluation function of the model of longitu-
dinal sectional shape of the carotid artery rendered in a
first frame, thereby optimizing the evaluation function
based on the initial value data, and estimates and models
the position and shape of the longitudinal sectional
shape of the carotid artery for said first frame based on
the optimization result.
3. An image processing program stored in memory in a
computer, the processing program when executed by the
computer causing the computer to perform steps comprising:
acquiring an ultrasound B-mode image sequence made up
of successive frames, and successively modeling longi-
tudinal sectional shape of the carotid artery rendered in
each frame with a model having carotid artery param-
eters representing a position and shape of the carotid
artery, the first modeling means creating an evaluation
function of a model of longitudinal sectional shape of
the carotid artery rendered in a frame following the
frame that has already been modeled, thereby optimiz-
ing the evaluation function, and based on the optimiza-
tion result, estimates and models the position and shape
of longitudinal sectional shape of the carotid artery for
said following frame, and performing the aforemen-
tioned operations for the subsequent frames as well; and

output means outputting a variation of carotid artery diam-
eter in response to heartbeats based on the result of the
modeling.

4. The image processing program according to claim 3,
causing the computer to further perform steps comprising:

storage means for storing initial value data obtained by

applying a cluster analysis to and modeling longitudinal
sectional shapes of the carotid artery relating to a plu-
rality of subjects; and

second modeling means for, upon acquiring an ultrasound

B-mode image sequence made up of successive frames,
creating an evaluation function of the model of the lon-
gitudinal sectional shape of the carotid artery rendered
in a first frame, thereby optimizing the evaluation func-
tion based on the initial value data, and estimates and
models the position and shape of the longitudinal sec-
tional shape of the carotid artery for said first frame
based on the optimization result,

5. A storage medium, characterized by storing the image
processing program according to claim 3.

6. Ultrasonic diagnostic equipment, characterized by being
connected to the image processing device according to claim
1, wherein equipment creates an ultrasound B-mode image
sequence measured from a living body based on an echo
signal obtained by ultrasound transmission and reception of a
probe, and outputs the ultrasound B-mode image sequence to
the image processing device.
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