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(57) ABSTRACT

An ultrasound diagnostic apparatus and a method of produc-
ing an ultrasound image capable of accurately determining
the boundary of an intima-media complex in an ultrasound
image and measuring an intima-media thickness with high
precision are provided. A candidate vascular wall boundary
point determiner determines one or more candidate vascular
wall boundary points based on a sound ray signal extending in
a scanning direction in an ultrasound image. A boundary
determiner determines a vascular wall boundary point from
among the candidate vascular wall boundary points based on
a third evaluation value and determines a vascular wall
boundary, the third evaluation value being calculated based
ona first evaluation value representing accuracy of each ofthe
determined candidate vascular wall boundary points as a vas-
cular wall boundary point and a second evaluation value
representing similarity between the sound ray signal and the
adjacent sound ray signal.
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ULTRASOUND DIAGNOSTIC APPARATUS
AND METHOD OF PRODUCING
ULTRASOUND IMAGE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority under 35
U.S.C. §119 to Japanese Patent Application No. 2013-
190412, filed on Sep. 13, 2013. Each of the above application
(s) is hereby expressly incorporated by reference, in its
entirety, into the present application.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to an ultrasound diag-
nostic apparatus and a method of producing an ultrasound
image, and in particular, to an ultrasound diagnostic appara-
tus and a method of producing an ultrasound image for mea-
suring an intima-media thickness of a blood vessel.

[0003] An ultrasound diagnostic apparatus which carries
out ultrasound diagnosis using an ultrasound image has hith-
erto been put into practical use in the field of medicine. In
general, this type of ultrasound diagnostic apparatus has an
ultrasound probe embedded with a transducer array, and a
diagnostic apparatus body connected to the ultrasound probe.
The ultrasound diagnostic apparatus transmits an ultrasonic
wave from the ultrasound probe toward a subject, receives an
ultrasonic echo from the subject by the ultrasound probe, and
electrically processes the reception signal by the diagnostic
apparatus body to produce an ultrasound image.

[0004] In the ultrasound diagnostic apparatus, various
kinds ofinformation which represent the state ofa disease can
be obtained based on the reception signal obtained by receiv-
ing the ultrasonic echo from the subject. For example, in order
to obtain information regarding a circulatory system disease,
such as arteriosclerosis or cerebral infarction, transmission
and reception of an ultrasonic wave is carried out with respect
to ablood vessel, and the intima-media thickness (IMT) or the
like of a vascular wall is calculated based on the obtained
reception signal. The value of the intima-media thickness
changes along with the progress of arteriosclerosis, and the
state of the circulatory system disease can be estimated by
monitoring the value.

[0005] However, the vascular wall has a small thickness
and further, noise is mixed in the reception signal due to the
influence of a pulsation accompanying heartbeat, or the like,
and therefore, it is difficult to accurately calculate the intima-
media thickness of the vascular wall in the ultrasound image.

[0006] Accordingly, as a technique which accurately mea-
sures the intima-media thickness of a vascular wall in an
ultrasound image, for example, as disclosed in JP 2008-
168016 A (Patent Document 1), an ultrasound diagnostic
apparatus which detects the boundary of an intima-media
complex (vascular wall) based on the slope and the amount of
change in the intensity distribution of sound ray signals to
calculate an intima-media thickness has been suggested.

[0007] T. Gustavsson, Q. Liang, I. Wendelhag, and J. Wiki-
strand, “A dynamic programming procedure for automated
ultrasonic measurement of the carotid artery,” in Proc IEEE
Computers Cardiology 1994, pp. 297-300 (Non-Patent Docu-
ment 1) discloses a method which detects the boundary posi-
tion of an IMT using a dynamic programming method based
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on an evaluation function including the intensity of a sound
ray signal and the difference in the boundary position
between adjacent sound rays.

[0008] WO 2011/099102 Al (Patent Document 2) dis-
closes an ultrasound diagnostic apparatus including a pattern
similarity calculating unit which calculates pattern similarity
based on a template representing a reference pattern of a
vascular wall prepared in advance, and a boundary continuity
calculating unit which calculates boundary continuity based
on the difference in intensity value among a plurality of
adjacent sound ray signals. In the ultrasound diagnostic appa-
ratus, a boundary portion is determined based on a boundary
evaluation value.

[0009] In the ultrasound diagnostic apparatus disclosed in
Patent Document 1, a threshold value in evaluating the
amount of change in luminance between the sound ray signals
is set, and when the boundary of the intima-media complex is
not detected, the threshold value is gradually decreased and
the search range is gradually narrowed down, thereby distin-
guishing between the intima-media complex and noise and
measuring the intima-media thickness of the blood vessel.
[0010] However, in the ultrasound diagnostic apparatus of
Patent Document 1, when some of the sound ray signals drops
out and the intensity thereofis degraded significantly, there is
a high possibility that a vascular posterior wall intima-lumen
boundary is erroneously detected as a lumen side, and it is not
possible to measure the intima-media thickness with high
precision.

[0011] In addition, in Non-Patent Document 1, since con-
tinuity of adjacent sound rays depends on only difference
information of the boundary position, there is a problem in
that a point where a signal is weak represents the same posi-
tion as an adjacent signal ray, and a region, such as plaque,
where intensity largely changes cannot be tracked.

[0012] Moreover, in Patent Document 2, continuity ofadja-
cent sound rays is determined based on the difference in
intensity value, and accordingly, as in Non-Patent Document
1, there is a problem in that the ultrasound diagnostic appa-
ratus is susceptible to a portion where there is change from a
point at which a signal is strong to a point where a signal is
weak, and in particular, is susceptible to a case where noise
produced in a vascular posterior wall and noise produced in a
vascular lumen are close to each other in position (fogging)
and strong. In addition, pattern matching using the reference
pattern can track a normal region, but is susceptible to hyper-
plasia, plaque, or the like.

SUMMARY OF THE INVENTION

[0013] The invention has been accomplished in order to
solve the aforementioned problems in the prior art, and an
object of the invention is to provide an ultrasound diagnostic
apparatus and a method of producing an ultrasound image
capable of accurately determining the boundary of an intima-
media complex in each sound ray and measuring an intima-
media thickness with high precision.

[0014] In order to solve the aforementioned problems, the
invention provides an ultrasound diagnostic apparatus which
performs transmission and reception of an ultrasonic beam
from an ultrasound probe toward a blood vessel in a subject
and produces an ultrasound image based on a sound ray signal
obtained by processing a reception signal output from the
ultrasound probe, the ultrasound diagnostic apparatus com-
prising:
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[0015] a candidate vascular wall boundary point deter-
miner which determines candidate vascular wall boundary
points based on the sound ray signal;

[0016] a first evaluation value calculator which calculates a
first evaluation value representing accuracy of each of the
determined candidate vascular wall boundary points as a vas-
cular wall boundary point;

[0017] a second evaluation value calculator which, by
means of a sound ray signal in a predetermined depth range
including the determined candidate vascular wall boundary
points and a sound ray signal adjacent to the sound ray signal,
calculates a second evaluation value representing similarity
between the sound ray signal and the adjacent sound ray
signal,

[0018] a third evaluation value calculator which calculates
a third evaluation value for determining the vascular wall
boundary point from among the candidate vascular wall
boundary points based on the first evaluation value and the
second evaluation value; and

[0019] aboundary determiner which determines the vascu-
lar wall boundary point based on the third evaluation value
and determines a vascular wall boundary based on the deter-
mined vascular wall boundary point.

[0020] It is preferable that the candidate vascular wall
boundary point determiner includes a temporary boundary
position designation unit configured to designate a temporary
lumen-intima boundary position and a temporary media-ad-
ventitia boundary position for the sound ray signal, and deter-
mines a search depth range of the candidate vascular wall
boundary points based on the temporary lumen-intima
boundary position and the temporary media-adventitia
boundary position designated by the temporary boundary
position designation unit.

[0021] It is preferable that the candidate vascular wall
boundary point determiner includes an automatic temporary
boundary position determiner which automatically deter-
mines a temporary lumen-intima boundary position and a
temporary media-adventitia boundary position for the sound
ray signal, determines the temporary lumen-intima boundary
position and the temporary media-adventitia boundary posi-
tion based on at least one of the intensity and the amount of
change of the sound ray signal, and determines a search depth
range of the candidate vascular wall boundary points based on
the temporary lumen-intima boundary position and the tem-
porary media-adventitia boundary position.

[0022] It is preferable that the candidate vascular wall
boundary point determiner further calculates a maximum
point giving the maximum value of the intensity of the sound
ray signal within the search depth range, calculates a shallow
portion local maximum point having a local maximum value
equal to or greater than a first threshold value at a place
shallower than the maximum point and separated from the
maximum point more than half the wave train length of a
transmission wave at the time of the transmission and recep-
tion of the ultrasonic beam within the search depth range,
calculates a first point of interest having intensity of about a
second threshold value at a place shallower than the maxi-
mum point and within a length of halfthe wave train length of
the transmission wave from the maximum point of the inten-
sity within the search depth range, calculates a second point
of interest having intensity of about a third threshold value at
a place shallower than the shallow portion local maximum
point and within a length of half the wave train length of the
transmission wave from the shallow portion local maximum
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point within the search depth range, and determines the first
point of interest and the second point of interest as the can-
didate vascular wall boundary points.

[0023] Itis preferable that the first evaluation value calcu-
lator calculates the first evaluation value based on the distance
between the maximum point of the intensity within the search
depth range of the sound ray signal and each of the candidate
vascular wall boundary points.

[0024] Itis preferable that the first evaluation value calcu-
lator calculates the first evaluation value based on a first
evaluation function C1(b,(j)) which takes a maximum value at
an intensity position of 10 to 80% of the maximum value of
the intensity within the search depth range of the sound ray
signal, attenuates as a distance therefrom becomes far and
becomes zero at a place separated therefrom by about the
wave train length of the transmission wave, and which has a
candidate vascular wall boundary position (depth) b,()
(where j represents a depth direction position of a candidate
vascular wall boundary point) corresponding to the boundary
of an intima-media complex of a sound ray [, (where 1 rep-
resents the position of a sound ray in a scan direction).
[0025] It is preferable that the candidate vascular wall
boundary point determiner determines a plurality of candi-
date vascular wall boundary points in a descending order of
intensity from a maximum point giving the maximum value
of the intensity in each sound ray signal within the search
depth range, and the first evaluation value calculator calcu-
lates, in each of'a plurality of the points of interest, at least one
shallow portion local maximum point having a local maxi-
mum value equal to or greater than a predetermined threshold
value at a place shallower than the point of interest and sepa-
rated from the point of interest more than half the wave train
length of the transmission wave at the time of the transmis-
sion and reception of the ultrasonic beam within the search
depth range, and calculates the first evaluation value based on
a first evaluation function which takes a maximum value in at
least one shallow portion local maximum point and becomes
zero at a place separated therefrom more than the wave train
length of the transmission wave.

[0026] Itispreferable that when there are a plurality of first
evaluation values, the first evaluation value calculator calcu-
lates the maximum value of the first evaluation values as the
first evaluation value in each of the candidate vascular wall
boundary points.

[0027] Moreover, the invention provides an ultrasound
diagnostic apparatus which performs transmission and recep-
tion of an ultrasonic beam from an ultrasound probe toward a
blood vessel in a subject and produces an ultrasound image
based on a sound ray signal obtained by processing a recep-
tion signal output from the ultrasound probe, the ultrasound
diagnostic apparatus comprising;

[0028] a firstevaluation value calculator which calculates a
first evaluation value representing accuracy as a vascular wall
boundary of the sound ray signal;

[0029] a candidate vascular wall boundary point deter-
miner which determines candidate vascular wall boundary
points based on the first evaluation value;

[0030] a second evaluation value calculator which, by
means of a sound ray signal in a predetermined depth range
including the determined candidate vascular wall boundary
points and a sound ray signal adjacent to the sound ray signal,
calculates a second evaluation value representing similarly
between the sound ray signal and the adjacent sound ray
signal,
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[0031] a third evaluation value calculator which calculates
a third evaluation value for determining the vascular wall
boundary point from among the candidate vascular wall
boundary points based on the first evaluation value and the
second evaluation value; and

[0032] aboundary determiner which determines the vascu-
lar wall boundary point based on the third evaluation value
and determines a vascular wall boundary based on the detet-
mined vascular wall boundary point.

[0033] It is preferable that the candidate vascular wall
boundary point determiner includes a temporary boundary
position designation unit configured to designate a temporary
lumen-intima boundary position and a temporary media-ad-
ventitia boundary position for the sound ray signal, and deter-
mines a search depth range of the candidate vascular wall
boundary points based on the temporary lumen-intima
boundary position and the temporary media-adventitia
boundary position designated by the temporary boundary
position designation unit.

[0034] It is preferable that the candidate vascular wall
boundary point determiner includes an automatic temporary
boundary position determiner which automatically deter-
mines a temporary lumen-intima boundary position and a
temporary media-adventitia boundary position for the sound
ray signal, determines the temporary lumen-intima boundary
position and the temporary media-adventitia boundary posi-
tion based on at least one of the intensity and the amount of
change of the sound ray signal, and determines a search depth
rangein the candidate vascular wall boundary points based on
the temporary lumen-intima boundary position and the tem-
porary media-adventitia boundary position.

[0035] It is preferable that the first evaluation value calcu-
lator calculates a plurality of points of interest ina descending
order of intensity from a maximum point giving the maxi-
mum value of the intensity in each sound ray signal within the
search depth range, calculates, in each of a plurality of the
points of interest, at least one shallow portion local maximum

WL-1

25

k=0

fl=-1, j+k]-

fli J +k]-
WL-1
Zfz—l KWL [Zfl 7 kWL
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cular wall boundary points, each point of the sound ray signal
in which the first evaluation value is equal to or greater than a
predetermined value, or the vicinity of each point of the sound
ray signal in which the first evaluation value is equal to or
greater than a predetermined value.

[0038] Itis preferable that the first evaluation value calcu-
lator sets a first evaluation function by respectively multiply-
ing the intensity of the sound ray signal and the amount of
change in intensity of the sound ray signal by a predetermined
coefficient and adding the multiplication result, and the can-
didate vascular wall boundary point determiner determines,
as the candidate vascular wall boundary point, a point in
which the first evaluation value calculated by the first evalu-
ation function is equal to or greater than a predetermined
value.

[0039] Itis preferable that the first evaluation value calcu-
lator sets a first evaluation function by respectively multiply-
ing the amounts of change in intensity of the sound ray signal
by a predetermined coefficient and adding the multiplication
result, and the candidate vascular wall boundary point deter-
miner determines, as the candidate vascular wall boundary
point, a point in which the first evaluation value calculated by
the first evaluation function is equal to or greater than a
predetermined value.

[0040] It is preferable that the second evaluation value is
calculated on the basis of a second evaluation function which
represents the deviation of the intensity distribution between
one sound ray signal and another sound ray signal different
from the sound ray signal.

[0041] It is preferable that the second evaluation value is
calculated by the following second evaluation function C2(b,,
1(3),b,G") using sound ray signals of a plurality of points
above and below a candidate vascular wall boundary point
including the candidate vascular wall boundary point in a
depth direction and sound ray signals adjacent to the sound
ray signals.

[Equation 1]

C2(bi (), bi(j') =

fli-1, j+k]-

k=0

point having a local maximum value equal to or greater than
a predetermined threshold value at a place shallower than the
point of interest and separated from the point of interest more
than half the wave train length of the transmission wave at the
time of the transmission and reception of the ultrasonic beam
within the search depth range, and calculates the first evalu-
ation value based on a first evaluation function which takes a
maximum value in at least one shallow portion local maxi-
mum point and becomes zero at a place separated therefrom
more than the wave train length of the transmission wave.
[0036] Itis preferable that when there are a plurality of first
evaluation values, the first evaluation value calculator calcu-
lates the maximum value of the first evaluation values as the
first evaluation value.

[0037] It is preferable that the candidate vascular wall
boundary point determiner determines, as the candidate vas-

WL-1 2w fLi j+k] - o
( > f[i—l,j+k]/WL] (Z 1l j’+k]/WL]
=0 =0

k=0

b;: a candidate vascular wall boundary position (depth) cor-
responding to the boundary of an intima-media complex of a
sound ray L, i: the position of a sound ray in a scan direction,
J» J" the depth direction positions of the candidate vascular
wall boundary points, k: a search depth range, WL: a depth
range in which similarity calculation (correlation calculation)
is performed (the number of sampling points corresponding
to about a wave train length of a transmission wave).

[0042] It is preferable that the second evaluation value is
calculated based on a correlation coefficient, a normalized
cross-correlation coefficient, the sum of the squares of differ-
ences in intensity, or the sum of the absolute values of differ-
ence in intensity between sound ray signals of a plurality of
points above and below the candidate vascular wall boundary
point including the candidate vascular wall boundary point in
a depth direction and sound ray signals adjacent to the sound
ray signals.
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[0043] Tt is preferable that the third evaluation value is
calculated by the following third evaluation function C,,,,
based on the first evaluation value and the second evaluation
value.

N [Equation 2]
Com = ), Cli1 (), b0

i=1

C(b,.,():b,(N)=WICL(b())+W2C2(b, , ().b.G));

W1, W2: a weighting function;

b,.,(j): a candidate vascular wall boundary position (depth)
corresponding to the boundary of an intima-media complex
ofasoundray L, ,; and

b,(3"): a candidate vascular wall boundary position (depth)
corresponding to a boundary of an intima-media complex of
a sound ray L;.

[0044] Itis preferable that the calculation of the third evalu-
ation value in the boundary determiner is performed using a
dynamic programming method.

[0045] It is preferable that the boundary determiner sets a
combination of candidate vascular wall boundary points, in
which the third evaluation value is maximized, as the vascular
wall boundary.

[0046] It is preferable that the vascular wall boundary is a
lumen-intima boundary or a media-adventitia boundary.
[0047] Ttis preferable that the ultrasound diagnostic appa-
ratus further includes an IMT calculator which calculates an
intima-media thickness based on the vascular wall boundary
determined by the boundary determiner.

[0048] In addition, the invention provides a method of pro-
ducing an ultrasound image which performs transmission and
reception of an ultrasonic beam from an ultrasound probe
toward a blood vessel in a subject and produces an ultrasound
image based on a sound ray signal obtained by processing a
reception signal output from the ultrasound probe, the method
comprising:

[0049] determining candidate vascular wall boundary
points based on the sound ray signal;

[0050] calculating a first evaluation value representing
accuracy of each of the determined candidate vascular wall
boundary points as a vascular wall boundary point;

[0051] by means of a sound ray signal in a predetermined
depth range including the determined candidate vascular wall
boundary points and a sound ray signal adjacent to the sound
ray signal, calculating a second evaluation value representing
similarly between the sound ray signal and the adjacent sound
ray signal;

[0052] calculating a third evaluation value for determining
the vascular wall boundary point from among the candidate
vascular wall boundary points based on the first evaluation
value and the second evaluation value; and

[0053] determining the vascular wall boundary point based
on the third evaluation value and determining a vascular wall
boundary based on the determined vascular wall boundary
point.

[0054] Moreover, the invention provides a method of pro-
ducing an ultrasound image which performs transmission and
reception of an ultrasonic beam from an ultrasound probe
toward a blood vessel in a subject and produces an ultrasound
image based on a sound ray signal obtained by processing a
reception signal output from the ultrasound probe, the method
comprising:
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[0055] calculating a first evaluation value representing
accuracy as a vascular wall boundary of the sound ray signal;
[0056] determining candidate vascular wall boundary
points based on the first evaluation value;

[0057] by means of a sound ray signal in a predetermined
depth range including the determined candidate vascular wall
boundary points and a sound ray signal adjacent to the sound
ray signal, calculating a second evaluation value representing
similarly between the sound ray signal and the adjacent sound
ray signal;

[0058] calculating a third evaluation value for determining
the vascular wall boundary point from among the candidate
vascular wall boundary points based on the first evaluation
value and the second evaluation value; and

[0059] determining the vascular wall boundary point based
on the third evaluation value and determining a vascular wall
boundary based on the determined vascular wall boundary
point.

[0060] According to the invention, it is possible to accu-
rately determine the boundary of an intima-media complex in
an ultrasound image and to measure an intima-media thick-
ness based on the boundary with high precision.

BRIEF DESCRIPTION OF THE DRAWINGS

[0061] FIG. 1is a block diagram showing the configuration
of an ultrasound diagnostic apparatus according to Embodi-
ment | of the invention.

[0062] FIG. 2 is a graph showing an example of a first
evaluation function for calculating a first evaluation value.
[0063] FIG. 3 is a diagram showing a mode of a sound ray
produced by transmission and reception of an ultrasonic
beam with respect to a blood vessel.

[0064] FIG. 4is a diagram showing an ultrasound image of
ablood vessel including a lumen-intima boundary, whichis a
vascular wall.

[0065] FIG. 5 is an explanatory view of a case of designat-
ing a temporary vascular wall boundary position (temporary
lumen-intima boundary position and temporary media-ad-
ventitia boundary position) in the ultrasound image of the
blood vessel shown in FIG. 4.

[0066] FIG. 6 is an explanatory view of a case where a
region of interest (ROT) and a vascular wall search depth
range are set in the ultrasound image of the blood vessel
shown in FIG. 4.

[0067] FIGS. 7A to 7E are explanatory views illustrating
steps of searching for boundary position candidates in the
vascular wall search depth range.

[0068] FIG. 8isa graph showing a profile of a first line (L.1)
(first sound ray) in the vascular wall search depth range shown
in FIGS. 7A 10 7E.

[0069] FIG. 9 is a graph showing a profile of a third line
(L3) (third sound ray) in the vascular wall search depth range
shown in FIGS. 7A to 7E.

[0070] FIG. 10 is a graph showing a profile of a tenth line
(L10) (tenth sound ray) in the vascular wall search depth
range shown in FIGS. 7A to 7E.

[0071] FIGS.11A and 11B are explanatory views illustrat-
ing eighth to tenth lines (eighth to tenth sound rays) in which
boundary candidates are roughly divided into two kinds.
[0072] FIG. 12 is an explanatory view illustrating a plural-
ity of boundary candidates consisting of a plurality of com-
binations of candidate vascular wall boundary candidate
points shown in FIGS. 11A and 11B.
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[0073] FIG. 13 is a block diagram showing the configura-
tion of an ultrasound diagnostic apparatus according to
Embodiment 2 of the invention.

[0074] FIG. 14 is a graph showing a depth direction profile
obtained in the ultrasound diagnostic apparatus according to
Embodiment 2 of the invention, by averaging the luminance
of the ultrasound image of the blood vessel shown in FIG. 4 in
a scanning direction and expressing the result in logarithmic
intensity.

[0075] FIG. 151s a graph showing a profile of an amount of
change in logarithmic intensity per unit depth at a depth
position in the depth direction profile shown in FI1G. 14.
[0076] FIG. 16 is a block diagram showing the partial con-
figuration of a modification example of the ultrasound diag-
nostic apparatus according to Embodiment 1 of FIG. 1.
[0077] FIG. 17 is a block diagram showing the partial con-
figuration of a modification example of the ultrasound diag-
nostic apparatus according to Embodiment 2 of FIG. 13.

DETAILED DESCRIPTION OF THE INVENTION

[0078] Hereinafter, embodiments of the invention will be
described referring to the accompanying drawings.

Embodiment 1

[0079] FIG.11isablock diagram showing the configuration
of an ultrasound diagnostic apparatus according to Embodi-
ment 1 of the invention. The ultrasound diagnostic apparatus
includes an ultrasound probe 1 which transmits and receives
an ultrasonic wave, and a diagnostic apparatus body 2 con-
nected to the ultrasound probe 1. The diagnostic apparatus
body 2 has a function of producing an ultrasound image based
on a reception signal acquired by transmitting and receiving
an ultrasonic wave from the ultrasound probe 1 toward a
blood vessel in a subject and detecting the boundary of an
intima-media complex of the blood vessel in the ultrasound
image to calculate an intima-media thickness.

[0080] The ultrasound probe 1 is, for example, a convex
type, linear scan type, or sector scan type probe, which is used
by causing it to come into contact with the body surface of the
subject. The ultrasound probe 1 includes a plurality of ultra-
sound transducers arranged in a one-dimensional or two-
dimensional manner. Each of these ultrasound transducers
transmits an ultrasonic wave toward the blood vessel in the
subject based on an actuation signal to be applied and receives
an ultrasonic echo reflected by the blood vessel in the subject
to output reception signal.

[0081] Eachultrasound transducer is constituted by a vibra-
tor in which electrodes are formed at both ends of a piezo-
electric substance composed of, for example, piezoelectric
ceramic represented by PZT (Pb (lead) zirconate titanate), a
polymer piezoelectric element represented by PVDF (poly-
vinylidene difluoride), and the like. If a pulsed or continuous-
wave voltage is applied to the electrodes of the vibrator, the
piezoelectric substance expands and contracts. With the
expansion and contraction, pulsed or continuous-wave ultra-
sonic waves are produced from the respective vibrators, and
an ultrasonic beam is produced by synthesizing these ultra-
sonic waves. When receiving the propagating ultrasonic
waves, the respective vibrators expand and contract to pro-
duce electrical signals. These electrical signals are output as
the reception signals of the ultrasonic waves.

[0082] The diagnostic apparatus body 2 has a transmitter/
receiver 3 connected to the ultrasound probe 1, an image
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producer 4 is connected to the transmitter/receiver 3, and a
display unit 6 is connected to the image producer 4 through
the display controller 5. A candidate vascular wall boundary
point determiner 7, a boundary determiner 8, and an IMT
calculator 9 are sequentially connected to the transmitter/
receiver 3, and the IMT calculator 9 is connected to the
display controller 5. Further, the transmitter/receiver 3, the
image producer 4, the candidate vascular wall boundary point
determiner 7, the boundary determiner 8, and the IMT calcu-
lator 9 are connected to a controller 10. The controller 10 is
connected to an operation input unit 11. The candidate vas-
cular wall boundary point determiner 7 is provided with a
temporary boundary position designation unit 12 therein, and
the boundary determiner 8 is provided with a first evaluation
value calculator 14, a second evaluation value calculator 15,
and a third evaluation value calculator 16 therein.

[0083] Thetransmitter/receiver 3 is embedded with a trans-
mission circuit and a reception circuit. The transmission cir-
cuit includes a plurality of channels and produces a plurality
of actuation signals which are respectively applied to a plu-
rality of ultrasound transducers of the ultrasound probe 1. At
this time, the delay amount of each of the actuation signals is
adjusted based on a transmission delay pattern selected
according to a control signal from the controller 10 so that the
ultrasonic waves transmitted from a plurality of ultrasound
transducers form an ultrasonic beam, and a plurality of actua-
tion signals with the adjusted delay amount are supplied to the
ultrasound probe 1.

[0084] The reception circuit of the transmitter/receiver 3
includes a plurality of channels, receives and amplifies a
plurality of analog reception signals which are respectively
output from a plurality of ultrasound transducers, and con-
verts the analog reception signals to digital reception signals.
Further, the reception circuit performs reception focus pro-
cessing (also referred to as phase matching) by giving respec-
tive delay times according to focus positions to a plurality of
reception signals based on a reception delay pattern selected
according to a control signal from the controller 10 and add-
ing these reception signals for each focus position. With this
reception focus processing, the focus of the ultrasonic echo is
narrowed to produce a plurality of sound ray signals.

[0085] Next, envelope detection processing (also referred
to quadrature detection processing)is performed on the sound
ray signals by low pass filter processing or the like, and
correction of attenuation due to the distance according to the
depth of the reflection position of the ultrasonic wave is
performed by STC (Sensitivity Time Gain Control).

[0086] The sound ray signals processed in the above-de-
scribed manner are output to the image producer 4 and the
candidate vascular wall boundary point determiner 7, and are
sequentially stored in a data memory which has memory
capacity enough to store sound ray signals for a plurality of
frames. Here, the sound ray signal refers to a signal which has
a value obtained by calculating, for example, {I(i,j)+Q?(i,))
12 for each line (where i=1 to L: L is the total number of
lines) and each depth direction sample point j (where j=1to N:
N is the total number of sampling points) in an 1Q signal
obtained by performing phase matching and quadrature
detection processing on the reception signal and follows the j
direction while 1 is fixed. It is to be noted that, instead of the
above-described sound ray signal (I°(i,j)+Q(ij)"2 I*(i,j)+
Q*(i,j) or the like may be used. The intensity of the sound ray
signal is not limited to the value of {T%(1,j)+Q?(i,j)}*?, and
includes mathematically transformed values with no change
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in relative order of intensity at a sampling position of a sound
ray, such as a value of a power of the above-described sound
ray signal, a value obtained by multiplying the above-de-
scribed sound ray signal by a predetermined coefficient, and
a logarithmic value (logarithmic intensity).

[0087] The image producer 4 includes an image data pro-
ducing function, receives sound ray signals directly supplied
from the reception circuit of the transmitter/receiver 3 ina live
mode and sound ray signals supplied from the data memory in
a freeze mode as input, performs preprocessing, such as Log
(logarithmic) compression or gain adjustment, on these
sound ray signals, and produces image data representing the
ultrasound image of the blood vessel. Then, produced image
data of the ultrasound image is raster-converted to image data
according to a normal television signal scan system, and the
image data is subjected to necessary image processing, such
as gradation processing, and is supplied to the display con-
troller 5.

[0088] The display controller 5 controls the display unit 6
to display the ultrasound image of the blood vessel based on
the image data supplied from the image producer 4. The
display unit 6 includes, for example, a display device, such as
an LCD, and displays the ultrasound image under the control
of the display controller 5.

[0089] Meanwhile, the candidate vascular wall boundary
point determiner 7 connected to the transmitter/receiver 3
determines the candidate vascular wall boundary points of the
intima-media complex (vascular wall) of the blood vessel
extending in a scan direction in the ultrasound image on the
sound ray based on the sound ray signal supplied from the
reception circuit of the transmitter/receiver 3, and outputs the
result to the boundary determiner 8.

[0090] In addition, the candidate vascular wall boundary
point determiner 7 includes a temporary boundary position
designation unit 12 configured to designate the temporary
vascular wall boundary positions (temporary lumen-intima
boundary position and temporary media-adventitia boundary
position) of the intima-media complex on the above-de-
scribed sound ray in the ultrasound image displayed on the
display unit 6 in response to an instruction of an operator from
the operation input unit 11 through the controller 10. A search
depth range for the candidate vascular wall boundary points
on the sound ray is set based on the temporary lumen-intima
boundary position and the temporary media-adventitia
boundary position designated by the temporary boundary
position designation unit 12.

<Determination of Candidate Vascular Wall Boundary
Points>

[0091] The candidate vascular wall boundary point deter-
miner 7 determines the candidate vascular wall boundary
points within the determined search depth range for the can-
didate vascular wall boundary points. For example, as a can-
didate lumen-intima boundary point which is a candidate
vascular wall boundary point, one or more candidate points
are lined up for one sound ray.

[0092] The candidate vascular wall boundary point deter-
miner 7 may determine the candidate vascular wall boundary
points based on, for example, the intensity distribution of the
above-described sound ray signal.

[0093] The boundary determiner 8 determines one lumen-
intima boundary point (vascular wall boundary point) from
oneor more candidate lumen-intima boundary points lined up
for one sound ray in the candidate vascular wall boundary
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point determiner 7, and determines a lumen-intima boundary
(vascular wall boundary) based on the lumen-intima bound-
ary point. The determination of the vascular wall boundary by
the boundary determiner 8 is performed based on a third
evaluation value calculated by the third evaluation value cal-
culator 16 from a first evaluation value in the first evaluation
value calculator 14 and a second evaluation value in the
second evaluation value calculator 15.

[0094] It candidate vascular wall boundary positions
(depth) b,(j) corresponding to the boundary of an intima-
media complex of a sound ray L, are finite discrete positions
(for example, {a,, a,, . ... a., a, ...a,}), vascular wall
(intima-media complex) boundary candidates (polygonal
lines having [ nodes) of L lines (L sound rays) are expressed
by Expression (1).

BEGN=E1G),020), - - bia()A7), - - - b)) )

[0095] However, it is assumed that j in Expression (1)
means the positions of one or more candidate vascular wall
boundary points in each line from the first line to the L-th line.

<Calculation of First Evaluation Value>

[0096] The first evaluation value calculator 14 calculates a
first evaluation value representing accuracy of each of the
candidate vascular wall boundary points as a vascular wall
boundary point for each sound ray by means of a sound ray
signal corresponding to each sound ray.

[0097] For example, a point of interest having a predeter-
mined feature amount highly relevant to the candidate vascu-
lar wall boundary points is found, and the first evaluation
value can be calculated from the positional relationship with
the point of interest. The predetermined feature amount may
be extracted using the intensity of the sound ray signal or the
intensity itself may be set as a predetermined feature amount.
[0098] For example, there is a method of calculating the
first evaluation value based on the distance from a position
which is shallower in a predetermined ratio than a depth
position giving the intensity maximum value of the sound ray
signal and which is in the vicinity of the intensity maximum
value.

[0099] Specifically, the first evaluation value which repre-
sents accuracy of each of the candidate vascular wall bound-
ary points as the vascular wall boundary point is calculated
based on a first evaluation function C1(b,(j")) which takes a
maximum value at a 30% intensity position of the intensity
maximum value (for example, the maximum value of the
logarithmic intensity) of the sound ray signal within the
search depth range, attenuates as a distance from the 30%
intensity position becomes far and becomes zero at a position
separated from the 30% intensity position by about a wave
train length of the transmission wave at the time of the trans-
mission and reception of the ultrasonic beam, as shown in
FIG. 2. Taking the maximum value at the 30% intensity
position of the intensity maximum value is an example, and
the first evaluation function which preferably takes the maxi-
mum value at a 10% intensity position to an 80% intensity
position, and more preferably, at a 20% intensity positionto a
70% intensity position may be appropriately determined.

<Calculation of Second Evaluation Value>

[0100] The second evaluation value calculator 15 calcu-
lates a second evaluation value which represents similarity
(the deviation of the intensity distribution of the sound ray
signals) between a sound ray signal corresponding to a sound
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ray of interest and a sound ray signal corresponding to any
one of sound rays adjacent to the sound ray of interest.
[0101] For example, the second evaluation value is calcu-
lated based on the second evaluation function C2(b,_;(5),b,(G")
of Expression (2) which is expressed using a normalized
cross-correlation coefficient.

Mar. 19, 2015

boundary point, and a vascular wall is determined. When W1
and W2 are negative numbers, a combination of candidate
vascular wall boundary points, in which the third evaluation
value by the third evaluation function C,,,, becomes mini-

mum, is selected as a vascular wall boundary point, and a
vascular wall is determined.

@

[Equation 3]
W1 fli-1, j+k]- [i, j +k]-
Z Wi-1 WL-1
[Z Fli=1, j+ K]/ WL [Zfl j +k/WL]
=0 (Vi =0
C2(bi-i (), bi(j") =
Wi-1 fli-1, j+k]- L fLi, J +k] - z
Z WL- Z WL-1
(Z f[i—l,j+k]/WL] (Z f[i,/”+k]/WL]
k=0 k=0 k=0 =
[0102] In Expression (2), it is assumed that a candidate [0105]

vascular wall boundary point b, ;(j) is in a sampling point
(depth position) j on an (i-1)th sound ray, and a candidate
vascular wall boundary point b,(j') is in a sampling point j' on
an i-th sound ray. In addition, k represents a vascular wall
boundary search depth range, and is about the wave train
length WL of the transmission wave. Further, f[ij] is the
intensity (intensity after detection) of a sound ray signal on a
sampling point (ij). The deviation of the intensity distribution
of the sound ray signals corresponding to sound rays is cal-
culated by Expression (2) which subtracts the average value
of the intensity of the sound ray signals from the value of the
intensity of each sound ray signal, thereby stably calculating
the correlation between adjacent sound rays, namely the simi-
larity between adjacent sound rays even if intensity fluctu-
ates.

<Calculation of Third Evaluation Value>

[0103] Thethird evaluation value calculator 16 calculates a
function C(b,(j")) by Expression (3) from the above-described
first evaluation function C1(b,_,(j)) of the sound ray signal
and the above-described second evaluation function C2(b,_;
(1),b,(j")) of the sound ray signal for the candidate vascular
wall boundary pointb,_ (j) within the vascular wall boundary
search depth range, and calculates a third evaluation value
based on a third evaluation function C__, which represents
the sum of the function C(b,(j")) for a plurality of boundary
candidates consisting of combinations of candidate vascular
wall boundary points in the scan direction by Expression (4).
COGNILCLD, N+ 2 C2Ab, (0,6 LI 2:
weighting function 3)

[Equation 4]

4

¥
Cum = ) Cb(])
i=1

[0104] When W1 and W2 are positive numbers, a combi-
nation of candidate vascular wall boundary points, in which
the third evaluation value by the third evaluation function

., becomes maximum, is selected as a vascular wall

In the above-described definitions of C1(b,(j)) and
C2(b,_,(j),b,(j')) which are used as an evaluation function in
calculating the vascular wall boundary, when the respective
values of C1(b,(j)) and C2(b,_,(j),b,(j")) become larger, accu-
racy as a candidate vascular wall boundary point becomes
higher. However, for example, in the case where C1(b,(j)) and
C2(b,,(1),b,(3")) are respectively defined as the reciprocal of
the above-described definitions, when the respective values
become smaller, accuracy as a candidate vascular wall bound-
ary point becomes higher.

[0106] Accordingly, in the case where the functions are
defined so that when the first evaluation value and the second
evaluation value become smaller, accuracy as a candidate
vascular wall boundary point becomes larger, if W1 and W2
are positive numbers, in a selected combination of candidate
vascular wall boundary points (vascular wall boundary), a
vascular wall boundary point is selected from a combination
of candidate vascular wall boundary points in which the third
evaluation value by the third evaluation function C,,,
becomes minimum, and a vascular wall is determined. If W1
and W2 are negative numbers, in a selected combination of
candidate vascular wall boundary points (vascular wall
boundary), a vascular wall boundary point is selected from a
combination of candidate vascular wall boundary points in
which the third evaluation value by the third evaluation func-

tion C,,,,, becomes maximum, and a vascular wall is deter-
mined.
[0107] In Expressions (2) to (4), although the correlation

between adjacent sound rays is calculated, the invention is not
limited thereto, and the correlation between separate sound
rays, for example, two sound rays with one to four sound rays
therebetween may be calculated. That is, C2(b,_,(j),b,G")
(where i>1-m>0, m is a natural number) may be calculated.

[0108] In the selection of the vascular wall boundary, for
example, when the candidate vascular wall boundary position
(depth) b,(J") takes a finite number of discrete positions (such
as n discrete positions) for one sound ray, normally, it is
necessary to calculate C_, for L lines, that is, n” in combi-
nation. However, by using the dynamic programming
method, the amount of calculation can be significantly
reduced. This will be described below in detail.

[0109] Information of the depth position of the determined
boundary of the intima-media complex is output to the IMT
calculator 9.
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[0110] The IMT calculator 9 calculates the intima-media
thickness (IMT) based on the depth position of the boundary
of the intima-media complex determined by the boundary
determiner 8. The calculated intima-media thickness is dis-
played on the display unit 6 through the display controller 5.
[0111] Although the display controller 5, the controller 10,
the respective determiners, and the like are constituted by a
CPU, an operation program stored in a memory to cause the
CPU to perform various kinds of processing, a memory for
data storage, various buses through which data is exchanged,
and the like, these may be constituted by digital circuits.

<Operation>

[0112] Next, the operation of Embodiment 1 will be
described.

[0113] First, as shown in FIG. 3, if the ultrasound probe 1 is
placed to be in contact with the body surface of a subject S, an
ultrasonic beam is transmitted from the ultrasound probe 1
toward a blood vessel in the subject S in response to an
actuation signal from the transmission circuit of the transmit-
ter/receiver 3 in the diagnostic apparatus body 2. The ultra-
sonic beam which is incident on the blood vessel V is reflected
by the respective portions of the vascular wall, and an ultra-
sonic echo is received by each of the ultrasound transducers
of the ultrasound probe 1.

[0114] If the ultrasonic echo is received by each of the
ultrasound transducers, a reception signal according to the
intensity of the ultrasonic echo is output from each of the
ultrasound transducer to the reception circuit of the transmit-
ter/receiver 3. The reception circuit produces sound ray sig-
nals corresponding to a plurality of sound rays arranged in the
scan direction, for example, 32 sound rays L1 to .32 based on
the reception signals output from the ultrasound transducers.
[0115] Theproduced sound ray signals of the sound rays .1
to L32 are output from the transmitter/receiver 3 to the image
producer 4.

[0116] The image producer 4 produces image data of the
blood vessel V based on the intensity distribution of the input
sound ray signals of the sound rays L1 to L32. The produced
image data is then subjected to necessary image processing
such as gradation processing, and is then output to the display
controller 5, and for example, an ultrasound image (B-mode
tomographic image) shown in FIG. 4 is displayed on the
display unit 6.

[0117] Meanwhile, the reception circuit of the transmitter/
receiver 3 outputs the produced sound ray signals correspond-
ing to the sound rays 1.1 to L32 to the candidate vascular wall
boundary point determiner 7. The candidate vascular wall
boundary point determiner 7 determines the candidate vascu-
lar wall boundary points for each sound ray based on the
intensity distribution of the sound ray signals of the sound
rays L1 to .32 supplied from the transmitter/receiver 3. Here,
the boundary of the intima-media complex is constituted by
the boundary between the intima of the vascular posterior
wall and the lumen (vascular posterior wall intima-lumen
boundary), the boundary between the adventitia and the
media of the vascular posterior wall (vascular posterior wall
adventitia-media boundary), the boundary between the
adventitia and the media of the vascular anterior wall (vascu-
lar anterior wall adventitia-media boundary), and the bound-
ary between the intima of the vascular anterior wall and the
lumen (vascular anterior wall intima-lumen boundary).
[0118] FIG. 4 shows a B-mode tomographic image dis-
played on the display unit 6 as described above. As shown in
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FIG. 4, while a vascular posterior wall intima-lumen bound-
ary can be confirmed on the left side of the image, the bound-
ary seems to be branched into two directions on the right side
of the image, and thus, the lumen-intima boundary is unclear.
[0119] Next, as shown in FIG. 5, the operator operates the
operation input unit 11 to designate a temporary lumen-in-
tima boundary position (temporary vascular wall boundary
position) through the temporary boundary position designa-
tion unit 12 of the candidate vascular wall boundary point
determiner 7 in the B-mode tomographic image displayed on
the display unit 6. This allows a temporary lumen-intima
boundary position to be designated for sound rays corre-
sponding to the B-mode tomographic image. A temporary
media-adventitia boundary position is designated at a posi-
tion separated for a predetermined depth by the temporary
boundary position designation unit 12 of the candidate vas-
cular wall boundary point determiner 7 based on the tempo-
rary lumen-intima boundary position of the B-mode tomo-
graphic image displayed on the display unit 6. The temporary
media-adventitia boundary position may be automatically
determined based on the temporary lumen-intima boundary
position, or similarly to the temporary lumen-intima bound-
ary position, the operator may operate the operation input unit
11 to designate the temporary media-adventitia boundary
position through the temporary boundary position designa-
tion unit 12 of the candidate vascular wall boundary point
determiner 7.

[0120] As shown in FIG. 6, a lumen-intima boundary
search depth range is set based on the temporary lumen-
intima boundary position and the temporary media-adventitia
boundary position designated by the temporary boundary
position designation unit 12 of the candidate vascular wall
boundary point determiner 7. For description, a partial region
including the lumen-intima boundary search depth range is
referred to as a region of interest ROIL

[0121] FIG. 7A is an enlarged view of the region of interest
ROI extracted from the B-mode tomographic image shown in
FIG. 6. The region of interest ROI shown in FIG. 7A is
constituted by sound rays L1 to L10.

[0122] FIGS. 7B to 7E are explanatory views illustrating
respective steps of determining candidate vascular wall
boundary points in the candidate vascular wall boundary
point determiner 7.

[0123] InStep 1, for example, a maximum point giving the
maximum value of the logarithmic intensity is detected by the
candidate vascular wall boundary point determiner 7 on each
of the sound rays L1 to 110 within the vascular wall search
depth range. A place highlighted in a rectangular portion in
FIG. 7B is the maximum point giving the maximum value of
the logarithmic intensity.

[0124] Next, in Step 2, a point which exists at a place
shallower than the maximum point giving the maximum
value of the logarithmic intensity detected in Step 1 and
separated from the maximum point more than half the wave
train length of the transmission wave at the time of the trans-
mission and reception of the ultrasonic beam and which has a
local maximum value equal to or greater than 75% of the
maximum value of the logarithmic intensity (equal to or
greater than a first threshold value) is detected within the
vascular wall search depth range as a shallow portion local
maximum point. A place highlighted in a rectangular portion
in FIG. 7C is the shallow portion local maximum point.
Depending on the sound ray, there is a case where no shallow
portion local maximum point exists.
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[0125] Next, in Step 3, a point which exists at a place
shallower than the maximum point giving the maximum
value of the logarithmic intensity detected in Step 1 and
within a length of half the wave train length of the transmis-
sion wave at the time of the transmission and reception of the
ultrasonic beam from the maximum point and which has
logarithmic intensity of about 80% of the maximum value
(second threshold value) is detected within the vascular wall
search depth range as a first point of interest. A place high-
lighted in a rectangular portion in FIG. 7D is the first point of
interest.

[0126] Finally, in Step 4, a point which exists at a place
shallower than the shallow portion local maximum point
detected in Step 2 and within a length of half the wave train
length of the transmission wave at the time of the transmis-
sion and reception of the ultrasonic beam from the shallow
portion local maximum point and which has logarithmic
intensity of about 80% of the local maximum value as the
value of the shallow portion local maximum point (third
threshold value) is detected within the vascular wall search
depth range as a second point of interest. A place highlighted
in a rectangular portion in FIG. 7E is the second point of
interest.

[0127] The candidate vascular wall boundary point deter-
miner 7 outputs information regarding the first point of inter-
est and the second point of interest calculated in the above-
described manner to the boundary determiner 8 as candidate
vascular wall boundary points.

[0128] The profiles of the sound rays L1, L3, and L10 are
shown in the graphs of FIGS. 8 to 10.

[0129] As shown in FIG. 8, in the sound ray L1, only a
maximum point and a first point of interest are detected, and
a shallow portion local maximum point and a second point of
interest are not detected. As shown in FIG. 9, in the sound ray
L3, noise in a lumen (erroneous detection) and a lumen-
intima boundary are detected as candidate vascular wall
boundary points, and in the sound ray L.10 shown in F1G. 10,
a lumen-intima boundary and a media-adventitia boundary
(erroneous detection) are detected as candidate vascular wall
boundary points.

[0130] FIGS. 11A and 11B are detailed explanatory views
of candidate vascular wall boundary points determined by the
candidate vascular wall boundary position determiner. In pat-
ticular, the candidate vascular wall boundary points in the
sound rays L8 to L10 are divided into two kinds.

[0131] FIG. 12 is an explanatory view showing combina-
tions of candidate vascular wall boundary points calculated in
the boundary determiner 8. The boundary determiner 8 cal-
culates the first evaluation value in the first evaluation value
calculator 14 and the second evaluation value in the second
evaluation value calculator 15 for each of the candidate vas-
cular wall boundary points, and calculates the third evaluation
value in the third evaluation value calculator 16 based on the
first evaluation value and the second evaluation value.

[0132] Inorder to select a combination of candidate vascu-
lar wall boundary points in which the third evaluation value
becomes maximum, the first evaluation value and the second
evaluation value in each candidate point may be calculated,
and the third evaluation value for all combinations of candi-
date vascular wall boundary points may be calculated based
on the first evaluation value and the second evaluation value,
or the evaluation values may be calculated using the dynamic
programming method as described above.
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<Dynamic Programming Method>

[0133] Next, a method of calculating the third evaluation
function using the dynamic programming method will be
described in detail.

[0134] For simplification of the description of the dynamic
programming method, a case where the number of lines is ten,
the number of sampling points of each line is ten, and all
sampling points are selected as candidate vascular wall
boundary points will be described. It is assumed that, as the
second evaluation value, similarity (correlation) between
adjacent sound rays is calculated.

[0135] First, the first evaluation value is calculated as C1(b,
(1) by the above-described method. The second evaluation
value is calculated as C2(b,_, (7),b,(j")) by the above-described
method.

[0136] Cl1(b,(j") and C2(b,,(),b,(j")) define evaluation
functions and are evaluation values which can be calculated
as values associated with the respective sampling points. On
the above-described assumption, C1(b,(j") is provided for
each sample point, and C2(b,_,(j),b,(j") is provided for each
sampling point excluding the first line, that is, ten evaluation
values are provided as evaluation values corresponding to one
of ten sample points of an adjacent line. That is, if a certain
line is considered, 10x10 evaluation values of C2(b, ,(j),b,
(") are calculated.

[0137] Inthe dynamic programming method, b,(j'") in which
C,, becomes maximum is determined as follows, thereby
determining a vascular wall boundary point among candidate
vascular wall boundary points.

Coaamn=CUGMH{ CLON+C2A DN+ CLis
+C2A(Db(NI+ - +H{C11())+C2(bo (),
bio()} )
[0138] How to determine a combination of b,(j') in which
C,,,., is maximized will be described specifically.
[0139] For simplification of the expression, if H(b,_,(j),b;
N=C1(b,(j)+C2(b,_,(G),b,(G"). (A), Expression (5) becomes
as follows.
Couon=CLOMIHH (D ()05GN+H(),03(0)+ - .-
+H(b())b16(7)) (6)
[0140] First, attention is focused on b,(j). This concerns
only C1(b,(j)) and H(b, (§),b,(")). Accordingly, b,(j) may be
selected so that C1(b,(j))+H(b,(j),b,(j") becomes maximum.
Therefore, optimum b, (j) is calculated for all possible values
of b,(j'"). This is regarded as a function of b,(j') and can be
written as b, (j,b,(j")). Since the maximum value of C1(b,(j))+
H(b,().b5(")) depends on b,(j"), C1(b,(j))+H(b,(j),b,(") is

regarded as a function of b,(j") and defined as follows.

D2(b(')) = max[C1(b1 () + Hb1(), b2l ). b1())]

= max{CLB1 (], b2(J D) + HOL(, ba(f)), b2 N, br(f, 6207 D]

[0141]
follows.

Couan=D20bo(NHHBA():b3())+ - . +HDo(f) b1(/) ™

[0142] With this, it is possible to reduce one variable in the
same form as Expression (6). Accordingly, the same proce-

dure is sequentially repeated, thereby reducing variables one
by one. That is, if the function D3(b,(j")) is defined as follows,

D3(b5(")=max[D2(b,()+H(b(7).b3("),b-()] and b, () giv-

If this is used, Expression (6) can be written as
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ing the maximum value is written as b,(j,b;(j"), the expres-
sion can be written as the following expression.

D3(b,)y=max[D2(b,(7, b3 ())+HB,53(7)):b301))s
b2 53]

[0143] Accordingly, Expression (7) can be written as fol-
lows.

Couan=D3O3(N+HO() DA - +H(Do() 0100 ®
[0144] Similarly, finally, if the function D10(b,,(") is

defined as follows,
D10(bo())=max[D9(bo{f))+H(bg(i),b10[")),bo(/)]

and by(j) giving the maximum value is written as by(j,b, ,(G")),
the expression can be written as the following expression.

D10(b (") =max[D9bo(j, by o)) +H(bg (. b16G")):b 10
G0:bglib oGN]

[0145] Then, Expression (8) can be written as follows.
Con=D10(b 1) ©
[0146] Accordingly, as shown in Expression (9), C,,,,

becomes a one-variable function having one variable. The
value of b,(j") in which the one-variable function D10(b10
(1) becomes maximum is set as b*, ,(j"). The value b*,(j) of
optimum by(j) is b*4(j,b*,,("). In a reverse order, the value
b*,(§) of by(j) becomes b*,(j,b*.(j"). Furthermore, in a
reverse and sequential order, the value b* (j) of b, (j) can be
determined as b*,(j,b*,(G").
[0147] A form in which the maximum value of C__, is
calculated without using C1 after the second line is also
possible. That is, the following expression may be defined,
and the maximum value may be calculated in the same man-
ner as the above description.
Couan=CUbGNFC2b( (1)bo7)+C2(bo() b3+ - - -

+C2(b19(7):b10(7")) )
[0148] This means that (Expression A) can be rewritten as
H(b, ,(G),b,G'N=C2(b, ,(G).b,j"), and the same calculation
can be performed using the dynamic programming method.
[0149] Although in the above description, for simplifica-
tion of the description of the dynamic programming method,
a case where the number of lines is ten, the number of sam-
pling points of each line is ten, and all sampling points are
selected as candidate vascular wall boundary points has been
described, it is of course general that the number of lines is L
(a natural number equal to or greater than two) and the num-
ber of sampling points is N (a natural number equal to or
greater than two).
[0150] Although a case where the number of sampling
points of each line is ten, and all sampling points are selected
as candidate vascular wall boundary points has been
described, when the number of sampling points is N, instead
of all sampling points, only candidate points which extracted
as candidate vascular wall boundary points in advance may be
selected among the N points, and calculation may be per-
formed by the dynamic programming method. The number of
candidate vascular wall boundary points may differ between
the lines.
[0151] Although a case where the correlation between adja-
cent sound rays is calculated has been described, the inven-
tion is not limited thereto, and for example, the correlation
between two lines with one to four lines therebetween may be
calculated. That is, C2(b,_,,(j),b,(j")) (where i>1-m>0, m is a
natural number) may be calculated.
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[0152] The calculation may be performed by respectively
multiplying C1(b,(j")) and C2(b, ;(j).b,(j)) by W1 and W2
which are weighting coefficients.

[0153] Although acase where when the values of C1(b,(j")
and C2(b,_,(j),b,(j")) become larger, accuracy as a candidate
vascular wall boundary point becomes higher has been
described, in the case where the evaluation functions which
give higher accuracy as a candidate vascular wall boundary
point when these evaluation functions become smaller is
used, D2(b,(j")) to D10(b, ,(")) may be changed to determine
b,_;(§) and b,(j") in which the minimum value is obtained.

<Specific Example Based on Real Data>

[0154] An example in which a dynamic programming
method using data actually obtained from the subject is used,
and specifically, as shown in FIGS. 11A, 11B, and 12, a case
where the number of candidate points of each line is two and
the number of lines is three will be described.

[0155] Cl(bg(8)=C1(bg(14))=0.5 is input as an initial
value.

[0156] When by(j)=[8,14}, by(G)=(7,18}, and b,,()={7,
18},

[0157] itisassumed that the value of C2(bg(j).bs(j")) is as in
Table 1.
TABLE 1
by=7 bo =18
b = 1.39 114
bg=14 -0.008 -0.19
TABLE 2
bo=7 bo=18
by=7 0.86 0.12
by =18 0.19 0.84
TABLE 3
bio=7 bjo=18

bg=7 05+139+0.86=275
by=18 0.5+1.14+0.19=1.383

0.5+1.39+0.12=2.01
0.5+ 1.14 +0.84 = 2.47

[0158]

DO(bgij"))=max| Dy(bs(7)+H(bs(j)bo (7)), b5 (/) 1H(bo(7),
b1o())=C2bo(7),b10(")

[0159] At this time, from Table 3, it is understood that,
when b, ,(j)=7, the maximum value of 2.75 is taken. Accord-
ingly, the vascular wall boundary point can be determined in
a reverse order, that is, Table 3, Table 2, and Table 1. From
Table 2, by(j)=7 is determined, and from Table 1, b,(j)=8 is
determined. That is, the vascular wall boundary point can be
determined as b,,(j)=7, by(j)=7, and b,(j)=8 among the can-
didate vascular wall boundary points.

However,

<Application to IMT Measurement>

[0160] Thethird evaluation value is maximized when x1=8
in Line 8, x2=7 in Line 9, and x3=7 in Line 10, that is,
b:(bSSstblo):(857s7)
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[0161] The lumen-intima boundary point and the media-
adventitia boundary point are calculated based on the method
of determining the vascular wall boundary point described
above, and the lumen-intima boundary and the media-adven-
titia boundary are determined based on the lumen-intima
boundary point and the media-adventitia boundary point.
Information regarding the determined vascular wall is output
to the IMT calculator 9.

[0162] The IMT calculator 9 calculates the intima-media
thickness (IMT) of the vascular wall from the difference
between the position of the determined lumen-intima bound-
ary and the position of the media-adventitia boundary.

[0163] As described above, since it is possible to accurately
determine the boundary of the intima-media complex in the
ultrasound image, it is possible to measure the intima-media
thickness based on the boundary with high precision.

Embodiment 2

[0164] FIG. 13 is a block diagram of an ultrasound diag-
nostic apparatus according to Embodiment 2 of the invention.

[0165] The ultrasound diagnostic apparatus according to
Embodiment 2 is different from Embodiment 1 in that the
candidate vascular wall boundary point determiner 7 of the
diagnostic apparatus body 2 includes an automatic temporary
boundary position determiner 13, instead of the temporary
boundary position designation unit 12.

[0166] The candidate vascular wall boundary point deter-
miner 7 includes the automatic temporary boundary position
determiner 13 which automatically determines the temporary
boundary positions (temporary lumen-intima boundary posi-
tion and temporary media-adventitia boundary position) of
the intima-media complex of the sound rays in response to an
instruction of the operator from the operation input unit 11.
As in Embodiment 1, a vascular wall boundary search depth
range is set for the sound rays based on the determined tem-
porary boundary positions.

[0167] The automatic determination of the temporary
boundary positions by the automatic temporary boundary
position determiner 13 may be performed using smoothed
sound ray signals which are obtained by performing smooth-
ing processing on sound ray signals in the scanning direction
or depth direction.

[0168] FIG. 14 is a graph showing a profile in a depth
direction obtained by taking an average of a plurality of sound
rays in the scan direction and calculating the logarithmic
intensity thereof. In the B-mode tomographic image showing
the cross-section of the blood vessel, the lumen portion of the
blood vessel can be clearly captured.

[0169] FIG.151s a graph showing a profile of an amount of
change in logarithmic intensity per unit depth at a depth
position with respect to the depth direction profile shown in
FIG. 14.

[0170] Inthe automatic temporary boundary position deter-
miner 13, alumen is detected from the depth direction profile
shown in FIG. 14, and based on the profile of the amount of
change perunit depth shown in FIG. 15 and the position ofthe
lumen, places deeper than the lumen for about several mm
and at which the amount of change in luminance per unit
depth is large are determined as a temporary lumen-intima
boundary position and a temporary media-adventitia bound-
ary position in order from the shallower side.
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[0171] Subsequent operations are the same as in Embodi-
ment 1.
[0172] As in Embodiment 1, since it is possible to accu-

rately determine the boundary of the intima-media complex
in the ultrasound image, it is possible to measure the intima-
media thickness based on the boundary with high precision.

Modification Example

[0173] InEmbodiment 1 and Embodiment 2, the first evalu-
ation function C1(b,(j")) is calculated based on only the inten-
sity maximum value of the sound ray signal. However, the
first evaluation function C1(b,(j')) may be calculated based on
a plurality of intensity values such as the intensity maximum
value, the second largest intensity value, and the third largest
intensity value, and predetermined number of first evaluation
values selected in descendent order of intensity value and
representing accuracy of each of the candidate vascular wall
boundary points as the vascular wall boundary point may be
calculated based on the first evaluation function C1(b,(j")
which, in each of the intensity values, takes a maximum value
ata30% intensity position of the intensity value, attenuates as
a distance from the 30% intensity position becomes far and
becomes zero at a position separated therefrom by about a
wave train length of the transmission wave at the time of the
transmission and reception of the ultrasonic beam.

[0174] Ina certain candidate vascular wall boundary point
b,(j"), whena plurality of first evaluation values are calculated,
the maximum value among these may be set as the first
evaluation value.

[0175] Similarly to the above, taking the maximum value at
the 30% intensity position of the intensity value selected in a
descending order is an example, and the evaluation function
which preferably takes the maximum value at a 10% intensity
position to an 80% intensity position, and more preferably, at
a 20% intensity position to a 70% intensity position may be
appropriately determined. The evaluation function may be
appropriately changed depending on how to take intensity.
[0176] As the first evaluation function, a value obtained by
multiplying the intensity of the sound ray signal by a prede-
termined coefficient and a value obtained by multiplying the
amount of change with respect to the depth of the sound ray
signal by a predetermined coefficient may be used. For
example, when the intensity of the sound ray signal of the
depth b,(j")is I(b,(j")). the amount of change with respect to the
depth is F(b,(j")), and A1 and A2 are weighting coefficients,
the first evaluation function may be set as follows.
CL(b,(§)-AlxI(b,( W)+ A2E (b, )

(W is a length of about ¥4 to ¥4 of the wave train length of the
transmission wave)

[0177] Apointb,(j") in which C1(b,(j")) is equal to or greater
than a predetermined threshold value may be set as a candi-
date boundary point.

[0178] The amount of change with respect to the depth of
the intensity (depth direction differential value) F(b,(j'")) may
be set as the first evaluation function as follows.
C1(b,()=A2xF(b,(})

[0179] A pointb,(j") in which C1(b,(j")) is equal to or greater
than a certain threshold value may be set as a candidate
boundary point.

[0180] In Embodiments 1 and 2 described above, the can-
didate vascular wall boundary points are determined in the
candidate vascular wall boundary point determiner 7, and the
first evaluation value is calculated for the determined candi-
date vascular wall boundary points by the first evaluation
value calculator 14 in the boundary determiner 8. However, as
shown in FIGS. 16 and 17, the first evaluation value at all
depth positions may be calculated based on the first evalua-
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tion function in the first evaluation value calculator 114 of the
candidate vascular wall boundary point determiner 27 or 37,
and points in which the first evaluation value is equal to or
greater than a predetermined threshold value may be deter-
mined as candidate vascular wall boundary points in the can-
didate vascular wall boundary point determiner 27 or 37.
Since the candidate vascular wall boundary point determiner
27 or 37 has the first evaluation value calculator 114, no first
evaluation value calculator is provided in the boundary deter-
miner 18 or 28.

[0181] Theintima-media boundary position and the media-
adventitia boundary position may be temporarily determined
using low-resolution sound ray signals, and the periphery of
the intima-media boundary position and the media-adventitia
boundary position may be searched to determine the candi-
date vascular wall boundary points.

[0182] Low-resolution sound ray signals may be produced
at each depth position, instead of taking the average of the
sound ray signals in the scan direction, the intensity of the
sound ray signals and the amount of change in intensity per
unit depth at each depth position may be calculated, the
temporary lumen-intima boundary position and the tempo-
rary media-adventitia boundary position may be determined
based on the amount of change in intensity per unit depth at
each depth position, and the search depth range of the candi-
date lumen-intima boundary points and the search depth
range of the candidate media-adventitia boundary points may
be respectively determined based on the temporary lumen-
intima boundary position and the temporary media-adventitia
boundary position.

[0183] As the above-described second evaluation value
which is similarity between adjacent sound ray signals, for
example, SSD (Sum of Squared Difference) or SAD (Sum of
Absolute Difference) may be used.

<Method of Calculating all Combinations of Candidate
Vascular Wall Boundary Points>

[0184] In Embodiment 1 described above, although the
calculation amount of combinations of candidate vascular
wall boundary points of each line is reduced using the
dynamic programming method, all combinations of candi-
date vascular wall boundary points of each line may be cal-
culated.

[0185] For simplification of description, similarly to the
description in the dynamic programming method, description
will be provided as to a case where the number of lines is ten,
the number of sampling points of each line is ten, and all
sampling points are selected as candidate vascular wall
boundary points. It is assumed that, as the second evaluation
value, similarity (correlation) between adjacent sound rays is
calculated.

[0186] First, the intensity of the first line is used, and C1(b,
(7)) of the first evaluation value is calculated at each sampling
point of the first line. The first evaluation value is determined
for each sampling point.

[0187] Next, the intensity of the first line and the second
line is used, and C2(b,(j),b,(j") of the second evaluation
value is calculated for each sampling point of the second line.
That is, since C2(b, (j),b,(j") is calculated corresponding to a
sampling point on an adjacent line (in this case, the first line)
for each sampling point of the second line, C2(b,(j),b,(j") is
calculated in 10x10 combinations.

[0188] Next, similarly, C2(b,(j),b;(") of the second evalu-
ation value is calculated for each sampling point of the third
line. That s, since C2(b,(j),b5(j")) is calculated corresponding
to a sampling point on an adjacent line (in this case, the
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second line) for each sampling point of the third line, C2(b,
(7),b5(") is calculated in 10x10 combinations.

[0189] Similarly, the procedure is sequentially repeated to
the tenth line, and finally, C2(by(j),b,(j")) of the second
evaluation value is calculated for each sampling point of the
tenth line.

[0190] After the first evaluation value in the sample points
on the first line and the second evaluation value in the sample
points on the second to tenth lines are calculated, one sam-
pling point is selected for each line, and in combinations of
sample points selected in all lines, the sum of the first evalu-
ation value and the second evaluation value is calculated and
set as the third evaluation value. Then, a combination of
sample points in which the third evaluation value becomes
maximum is selected among all combinations, and the com-
bination of sample points is set as a vascular wall boundary
point.

[0191] Although the first evaluation value is calculated
only for the first line, the first evaluation value may be calcu-
lated also in the sample points of second to tenth lines, and a
combination of sample points in which the third evaluation
value becomes maximum may be selected using a value
obtained by adding the first evaluation value to the second
evaluation value on the second to tenth lines.

[0192] As the method of determining the vascular wall
boundary point from among the candidate vascular wall
boundary points, two methods of'a method using the dynamic
programming method and a method of examining all combi-
nations have been described. The dynamic programming
method has a feature of reducing the calculation amount, and
as the number of lines and the number of candidate points
increase, the effect relatively increases compared to the
method of examining all combinations.

[0193] For example, if it is assumed that there are 1 to 10
candidate points in each of ten lines, in the method of exam-
ining all combinations, 10*° calculations are performed.
[0194] On the other hand, in the dynamic programming
method, since an evaluation function using a correlation coef-
ficient only between a certain line and a line adjacent thereto
is utilized and 10x10 combinations are calculated only 10
times, the calculation amount is merely (10x10)x10=10°.
Accordingly, in the method using the dynamic programming
method, the calculation amount becomes 1/107 from 10/
10"°=10"7 compared to the method of examining all combi-
nations, thereby significantly reducing the calculation
amount.

[0195] In the above-described Embodiments 1 and 2 and
the modification examples thereof, the candidate lumen-in-
tima boundary points are used as the candidate vascular wall
boundary points, and the lumen-intima boundary is deter-
mined. However, the invention is not limited to the determi-
nation of the lumen-intima boundary, and for example, can-
didate media-adventitia boundary points may be used as the
candidate vascular wall boundary points, and a media-adven-
titia boundary may be determined by the same method as the
lumen-intima boundary.

[0196] The media-adventitia boundary is determined along
with the lumen-intima boundary, whereby it is possible to
accurately determine the boundary of the intima-media com-
plexin the ultrasound image, and thus it is possible to measure
the intima-media thickness based on the bocundary with high
precision.

[0197] Hereinbefore, although the embodiments of the
ultrasound diagnostic apparatus of the invention has been
described in detail, the invention is not limited thereto and
may be improved or modified in various forms without
departing from the gist of the invention.
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What is claimed is:

1. An ultrasound diagnostic apparatus which performs
transmission and reception of an ultrasonic beam from an
ultrasound probe toward a blood vessel in a subject and pro-
duces an ultrasound image based on a sound ray signal
obtained by processing a reception signal output from the
ultrasound probe, the ultrasound diagnostic apparatus com-
prising:

acandidate vascular wall boundary point determiner which
determines candidate vascular wall boundary points
based on the sound ray signal,

a first evaluation value calculator which calculates a first
evaluation value representing accuracy of each of the
determined candidate vascular wall boundary points as a
vascular wall boundary point;

a second evaluation value calculator which, by means of a
sound ray signal in a predetermined depth range includ-
ing the determined candidate vascular wall boundary
points and a sound ray signal adjacent to the sound ray
signal, calculates a second evaluation value representing
similarity between the sound ray signal and the adjacent
sound ray signal;

athird evaluation value calculator which calculates a third
evaluation value for determining the vascular wall
boundary point from among the candidate vascular wall
boundary points based on the first evaluation value and
the second evaluation value; and

aboundary determiner which determines the vascular wall
boundary point based on the third evaluation value and
determines a vascular wall boundary based on the deter-
mined vascular wall boundary point.

2. The ultrasound diagnostic apparatus according to claim

15

wherein the candidate vascular wall boundary point deter-
miner includes a temporary boundary position designa-
tion unit configured to designate a temporary lumen-
intima boundary position and a temporary media-
adventitia boundary position for the sound ray signal,
and determines a search depth range of the candidate
vascular wall boundary points based on the temporary
lumen-intima boundary position and the temporary
media-adventitia boundary position designated by the
temporary boundary position designation unit.

3. The ultrasound diagnostic apparatus according to claim

1,

wherein the candidate vascular wall boundary point deter-
miner includes an automatic temporary boundary posi-
tion determiner which automatically determines a tem-
porary lumen-intima boundary position and atemporary
media-adventitia boundary position for the sound ray
signal, determines the temporary lunen-intima boundary
position and the temporary media-adventitia boundary
position based on at least one of the intensity and the
amount of change of the sound ray signal, and deter-
mines a search depth range of the candidate vascular
wall boundary points based on the temporary lumen-
intima boundary position and the temporary media-ad-
ventitia boundary position.

4. The ultrasound diagnostic apparatus according to claim

2,

wherein the candidate vascular wall boundary point deter-
miner further calculates a maximum point giving the
maximum value of the intensity of the sound ray signal
within the search depth range,

calculates a shallow portion local maximum point having a
local maximum value equal to or greater than a first
threshold value at a place shallower than the maximum
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point and separated from the maximum point more than
half the wave train length of a transmission wave at the
time of the transmission and reception of the ultrasonic
beam within the search depth range,
calculates a first point of interest having intensity of about
a second threshold value at a place shallower than the
maximum point and within a length of half the wave
train length of the transmission wave from the maximum
point of the intensity within the search depth range,
calculates a second point of interest having intensity of
abouta third threshold value ata place shallower than the
shallow portion local maximum point and within a
length of half the wave train length of the transmission
wave from the shallow portion local maximum point
within the search depth range, and
determines the first point of interest and the second point of
interest as the candidate vascular wall boundary points.
5. The ultrasound diagnostic apparatus according to claim
25
wherein the first evaluation value calculator calculates the
first evaluation value based on the distance between the
maximum point of the intensity within the search depth
range of the sound ray signal and each of the candidate
vascular wall boundary points.
6. The ultrasound diagnostic apparatus according to claim
2,
wherein the first evaluation value calculator calculates the
first evaluation value based on a first evaluation function
C1(b,(j)) which takes a maximum value at an intensity
position of 10 to 80% of the maximum value of the
intensity within the search depth range of the sound ray
signal, attenuates as a distance therefrom becomes far
and becomes zero at a place separated therefrom by
about the wave train length of the transmission wave,
and which has a candidate vascular wall boundary posi-
tion (depth) b,(j) (where j represents a depth direction
position of a candidate vascular wall boundary point)
corresponding to the boundary of an intima-media com-
plex of a sound ray L, (where i represents the position of
a sound ray in a scan direction).
7. The ultrasound diagnostic apparatus according to claim
2,
wherein the candidate vascular wall boundary point deter-
miner determines a plurality of candidate vascular wall
boundary points in a descending order of intensity from
a maximum point giving the maximum value of the
intensity in each sound ray signal within the search
depth range, and
the first evaluation value calculator calculates, in each of a
plurality of the points of interest, at least one shallow
portion local maximum point having a local maximum
value equal to or greater than a predetermined threshold
value at a place shallower than the point of interest and
separated from the point of interest more than half the
wave train length of the transmission wave at the time of
the transmission and reception of the ultrasonic beam
within the search depth range, and calculates the first
evaluation value based on a first evaluation function
which takes a maximum value in at least one shallow
portion local maximum point and becomes zero at a
place separated therefrom more than the wave train
length of the transmission wave.
8. The ultrasound diagnostic apparatus according to claim
1,
wherein, when there are a plurality of first evaluation val-
ues, the first evaluation value calculator calculates the
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maximum value of the first evaluation values as the first
evaluation value in each of the candidate vascular wall
boundary points.

9. An ultrasound diagnostic apparatus which performs
transmission and reception of an ultrasonic beam from an
ultrasound probe toward a blood vessel in a subject and pro-
duces an ultrasound image based on a sound ray signal
obtained by processing a reception signal output from the
ultrasound probe, the ultrasound diagnostic apparatus com-
prising:

a first evaluation value calculator which calculates a first
evaluation value representing accuracy as a vascular
wall boundary of the sound ray signal;

acandidate vascular wall boundary point determiner which
determines candidate vascular wall boundary points
based on the first evaluation value;

a second evaluation value calculator which, by means of a
sound ray signal in a predetermined depth range includ-
ing the determined candidate vascular wall boundary
points and a sound ray signal adjacent to the sound ray
signal, calculates a second evaluation value representing
similarly between the sound ray signal and the adjacent
sound ray signal;

a third evaluation value calculator which calculates a third
evaluation value for determining the vascular wall
boundary point from among the candidate vascular wall
boundary points based on the first evaluation value and
the second evaluation value; and

aboundary determiner which determines the vascular wall
boundary point based on the third evaluation value and
determines a vascular wall boundary based on the deter-
mined vascular wall boundary point.

10. The ultrasound diagnostic apparatus according to claim

9,

wherein the candidate vascular wall boundary point deter-
miner includes a temporary boundary position designa-
tion unit configured to designate a temporary lumen-
intima boundary position and a temporary media-
adventitia boundary position for the sound ray signal,
and determines a search depth range of the candidate
vascular wall boundary points based on the temporary
lumen-intima boundary position and the temporary
media-adventitia boundary position designated by the
temporary boundary position designation unit.

11. The ultrasound diagnostic apparatus according to claim

95

wherein the candidate vascular wall boundary point deter-
miner includes an automatic temporary boundary posi-
tion determiner which automatically determines a tem-
porary lumen-intima boundary position and atemporary
media-adventitia boundary position for the sound ray
signal, determines the temporary lumen-intima bound-
ary position and the temporary media-adventitia bound-
ary position based on at least one of the intensity and the
amount of change of the sound ray signal, and deter-
mines a search depth range in the candidate vascular
wall boundary points based on the temporary lumen-
intima boundary position and the temporary media-ad-
ventitia boundary position.

12. The ultrasound diagnostic apparatus according to claim

10,

wherein the first evaluation value calculator calculates a
plurality of points of interest in a descending order of
intensity from a maximum point giving the maximum
value of'the intensity in each sound ray signal within the
search depth range, calculates, in each of a plurality of
the points of interest, at least one shallow portion local

9

9

9

9

1

1

Mar. 19, 2015

maximum point having a local maximum value equal to
or greater than a predetermined threshold value at a
place shallower than the point of interest and separated
from the point of interest more than half the wave train
length of the transmission wave at the time of the trans-
mission and reception of the ultrasonic beam within the
search depth range, and calculates the first evaluation
value based on a first evaluation function which takes a
maximum value in at least one shallow portion local
maximum point and becomes zero at a place separated
therefrom more than the wave train length of the trans-
mission wave.

13. The ultrasound diagnostic apparatus according to claim

b
wherein, when there are a plurality of first evaluation val-

ues, the first evaluation value calculator calculates the
maximum value of the first evaluation values as the first
evaluation value.

14. The ultrasound diagnostic apparatus according to claim

" wherein the candidate vascular wall boundary point deter-

miner determines, as the candidate vascular wall bound-
ary points, each point of the sound ray signal in which
the first evaluation value is equal to or greater than a
predetermined value, or the vicinity of each point of the
sound ray signal in which the first evaluation value is
equal to or greater than a predetermined value.

15. The ultrasound diagnostic apparatus according to claim

wherein the first evaluation value calculator sets a first

evaluation function by respectively multiplying the
intensity of the sound ray signal and the amount of
change in intensity of the sound ray signal by a prede-
termined coefficient and adding the multiplication
result, and

the candidate vascular wall boundary point determiner

determines, as the candidate vascular wall boundary
point, a point in which the first evaluation value calcu-
lated by the first evaluation function is equal to or greater
than a predetermined value.

16. The ultrasound diagnostic apparatus according to claim

wherein the first evaluation value calculator sets a first

evaluation function by respectively multiplying the
amounts of change in intensity of the sound ray signal by
a predetermined coefficient and adding the multiplica-
tion result, and

the candidate vascular wall boundary point determiner

determines, as the candidate vascular wall boundary
point, a point in which the first evaluation value calcu-
lated by the first evaluation function is equal to or greater
than a predetermined value.

17. The ultrasound diagnostic apparatus according to claim

wherein the second evaluation value is calculated on the

basis of a second evaluation function which represents
the deviation of the intensity distribution between one
sound ray signal and another sound ray signal different
from the sound ray signal.

18. The ultrasound diagnostic apparatus according to claim

wherein the second evaluation value is calculated by the

following second evaluation function C2(b, ,(j),b,(G")
using sound ray signals of a plurality of points above and
below a candidate vascular wall boundary point includ-
ing the candidate vascular wall boundary point in adepth
direction and sound ray signals adjacent to the sound ray
signals.
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W1 fli-1,j+k]- Fl j +k]- [Equation 1]
Z Wi-1 Wit
[Z Fli-1, j+K/WL [Z i j’+k]/WL]
=0 Lo =0
C2(bi-1 (), bi(j') = ;
Wil fli-1, j+k] - 2w fli, 7 +k] - 2
Z WEL-1 Z WL-1
(Z f[i—l,j+k]/WL] (Z f[i,j/+k]/WL]
k=0 k=0 k=0 k=0
b;: a candidate vascular wall boundary position (depth) cor- 20. The ultrasound diagnostic apparatus according to claim
responding to the boundary of an intima-media complex of a 1,
soundray L,, i: the position of a sound ray in a scan direction, wherein the third evaluation value is calculated by the
j, i the depth direction positions of the candidate vascular following third evaluation function C,,,, based on the

wall boundary points, k: a search depth range, WL: a depth first evaluation value and the second evaluation value.

range in which similarity calculation (correlation calculation)
is performed (the number of sampling points corresponding

to about a wave train length of a transmission wave). u o [Equation 2]
Com = ), Clo1 (1) bi()
19. The ultrasound diagnostic apparatus according to claim =
15
wherein the second evaluation value is calculated based on C(b, ()b, GN=WIC1(D,GN+W2C2(0b, ,(3),b,G));
a correlation coefficient, a normalized cross-correlation W1, W2: a weighting function;
coefficient, the sum of the squares of differences in b,_,(j): acandidate vascular wall boundary position (depth)
intensity, or the sum of the absolute values of difference corresponding (o the boundary of an intima-media com-
in intensity between sound ray signals of a plurality of plex of a sound ray L, ;; and .
points above and below the candidate vascular wall b,(j"): a candidate vascular wall boundary position (depth)

corresponding to a boundary of an intima-media com-

boundary point including the candidate vascular wall plex of a sound ray L,

boundary point in a depth direction and sound ray sig-
nals adjacent to the sound ray signals. £ % % % %



LR EH(F)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

#RI&ZBAA
4PN
IPCH %5
CPCH %5
11 AR

H A2 FF 30k
ShEREESE

BEG®F)

BEUIREMN=EBERGN S E

US20150080729A1

US14/465014

EXRA#HA S

ErRAHA S

ETRA A2

MIYACHI YUKIYA

MIYACHI, YUKIYA

A61B8/08

patsnap

AFF ()R 2015-03-19

RiEHR 2014-08-21

AG61B8/485 A61B8/5207 A61B8/0891 A61B8/0858

2013190412 2013-09-13 JP

US9538988

Espacenet

An ultrasound diagnostic apparatus and a method of produc-

BT -MEAYIMRENTLEEAGRNSE  REEEBIGBEE 9 4 lfrasound image capable of accurately determining

FEG&TNNE - PRESFNIRF AUSRENERR - FIREE.
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FENMERDRR] , ESHEERTIFLESNALFLES ZENME

B,

the boundary of an intima-media complex in an ultrasound
image and measuring an intima-media thickness with high
precision are provided. A candidate vascular wall boundary
point determiner determines one or more candidate vascular
wall boundary points based on a sound ray signal extending in
a scanning direction n an ultrasound image. A boundary
determiner determines a vascular wall boundary point from
among the candidate vascular wall boundary points based on
a third evalvation value and determines a vascular wall
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