US20080171939A1

a2 Patent Application Publication (o) Pub. No.: US 2008/0171939 A1

a9y United States

ISHIHARA

(43) Pub. Date: Jul. 17, 2008

(54) ULTRASONIC DIAGNOSTIC APPARATUS,
IMT MEASUREMENT METHOD, AND IMT

Publication Classification

(51) Int.CL
MEASUREMENT PROGRAM A6IB 8/14 (2006.01)
(75) Inventor: Keitarou ISHIHARA, (52) US.Cle oo 600/449
Ashigarakami-gun (JP) 57) ABSTRACT
Correspondence Address: An ultrasonic diagnostic apparatus by which highly quanti-
SUGHRUE MION, PLLC tative IMT (intima media thickness) measurement with little
2100 PENNSYLVANIA AVENUE, N.W., SUITE variations depending on examiners can be performed. The
800 ultrasonic diagnostic apparatus includes: an ultrasonic probe
WASHINGTON, DC 20037 for transmitting ultrasonic waves to an object to be inspected
and receiving ultrasonic echoes generated by reflection of the
(73) Assignee: FUJIFILM CORPORATION, ultrasonic waves in the object to output reception signals; a
Tokyo (IP) signal processing unit for performing at least envelope detec-
tion processing on the reception signals outputted from the
(21) Appl. No.: 11/968,865 ultrasonic probe to generate envelope data; a boundary
detecting unit for detecting two boundaries representing
(22) Filed: Jan. 3,2008 intima media of a blood vessel based on difference or differ-
ential of values of the envelope data and amounts of change in
(30) Foreign Application Priority Data the values of the envelope data; and an IMT calculating unit
for calculating an IMT of the blood vessel based on the two
Jan. 15,2007  (IP) oo, 2007-005339  boundaries detected by the boundary detecting unit.
200
ULTRASONIC DIAGNOSTIC APPARATUS MAIN BODY
(o100} [ TRANSMITTING AND | 30
_& RECEIVING UNIT 27
14 L p
- RECEPTION . B-MODE IMAGE DATA
[ :_U| K CIRCUIT A/D GENERATING UNIT
| 5 ~31
-4 H 26 — —
| = | CINE- IMT MEASUREMENT UNIT
=k | [TRANSMISSION] | MEMORY 48
mh CCIRCUIT | | 7 )
03 ) ! 29 |JENVELOPE] H
[ o ’ Y CALGULATING
niul MEMORY ART "
& N2 Z
SCAN IMT DISPLAY| W™ e
CONTROL PROCESSING
UNIT PART 33
SEARCH RANGE P
24 43~1 SETTING PART D/A
THRESHOLD
CONSOLE ST%E%GE ROIT VALUE DISI\JI,IAY
EXTERNAL SETTING -
35~ INTERFACE Yy gl 42~{SETTINGPARTY| paRt |44 T
3
REPORT SYSTEM ~—300 PRINTER ~_400




US 2008/0171939 A1

Jul. 17,2008 Sheet 1 of 9

ULTRASONIC PROBE

o

O

o

S~ TTTTTTTTTTTTTT

Patent Application Publication

007~1  yainmd 008~ WarsAs LHOd3Y
MN
vE T L
| V.:z: - Tavd 2v {80 g JOVAYTALINI - ge
AVIdSIC | ONLLLIS _EE s IYNYILX3
ANTVA 1INO - | l310sNn00
TTOHSTUHL| e JOVHOLS
v/a ‘ 1HVd DNILL3AS f~gp | ve
Ly
- p, JONVY HOYV3S x
€e 14Vd ) JINN
DBNISS3O0Hd LINM TOHLINOD
| osc lAvidsiaw| g 1z~ OHINOO| NVOS
z T i ot T
¢t THvd 14vd ONAN G2
ONLLYINO VO KJONILOILAaK JONILOALIARE T ANk 62 )
T NTONE )
@pq FRTOET 1INOYID
NOISSINSNYYL
LINA LNIWIHNSYIN LI “aNID ‘
1g - J 92
_ 1INA
| -Linn ONILYHENTD 1INOYIO
JvLva 3DVAI 300N-8 ONISS300Hd T_ 4/V MINOLLd303Y
| VNS | {5 |
% / Lz 1INN ONIAIZO3Y
o€ 82 ONV DNILLINSNVHL
AGOS NIVIW SNLVHVddY OLLSONDVIA OINOSVHLTIN
I['DIA 002




Patent Application Publication  Jul. 17,2008 Sheet 2 of 9 US 2008/0171939 A1

INTENSITY T

FIG.2

ADVENTITIA SIDE

INTIMA SIDE j BOUNDARY
BOUNDARY

)

DEPTH



Patent Application Publication

Jul. 17,2008 Sheet 3 of 9 US 2008/0171939 A1
START
SET ROI L 511
INPUT INTENSITY DATA  |-_s12
SET THRESHOLD VALUE  }_s13
&
EXTRACT RISING REGION  |_s14
A

CALCULATE INTENSITY DIFFERENCES

—~—-515

COMPARE INTENSITY DIFFERENCES WITH THRESHOLD

VALUE AND EXTRACT REGIONS HAVING LARGER L _s16
INTENSITY DIFFERNCES
AT FIRST
FROM
SECOND | [DETECT ADVENTITIA SIDE BOUNDARY REGION| ¢+
DETECT INTIMA SIDE ™ No |RESET SEARGH
BOUNDARY REGION ? RANGE AND
ojg  LHRESHOLD VALUE
ES LS1 9
SAVE COORDINATE VALUES AT BOTHENDS OF |0
DETECTED BOUNDARY REGIONS ~—

sl

JLYES

CALCULATE BOUNDARY POSITION I'\/821

NO @
522

CORRECT BOUNDARY POSITION

~—523

sl
CALCULATE IMT

~—-S24

N
CALCULATE maxIMT, mean IMT

~S525

)

OUTPUT IMAGE DATA FOR SUPERIMPOSING DISPLAY

~—S26

END



Patent Application Publication Jul. 17,2008 Sheet 4 of 9 US 2008/0171939 Al
51
| — <
K1K2-'-YLAST :
52
~ INTENSITY RISING
FIG.4B REGIONS i)
I(N+a)t------- ] \\N\-- - -~ N*a
41Y) 1 Y 1.1 W N . \
% DEPTHZ
FIG.AC INTENSITY
| INTERNSITY
| DIFFERENCES
DEPTH
SECOND
FIG.4D INTENSITY SEARCH i ADVENTITIA SIDE

INTENSITY

FIG.4E

RANGE, BOUNDARY REGION

DEPTH

MIDPOINTS/ |

1
X
~ \ '
[ 1 !
. | i
LAY v i
\ Vi MOy R H
'I‘\’\I \Jl = ‘::
1
i

MINIMUM VALUE ngNlMUléd DEPTH

MAXIVUM  MAXIMUM
VALE  VALLE



Patent Application Publication  Jul. 17,2008 Sheet 5 of 9 US 2008/0171939 A1
FIG.5
/52

_INTIMA SIDE
BOUNDARY REGION

COORDINATE
VALUE

IMTKD | rrce)

o . | TADVENTITIA SIDE
: : BOUNDARY REGION
KL - Kmax Kr

MEASURMENT LINE

FIG.6

maxIMT=0.72mm
meanlMT=0.45mm




Patent Application Publication  Jul. 17,2008 Sheet 6 of 9 US 2008/0171939 A1

FIG.7

( START ’

ACCUMULATE BOUNDARY DATAL. 531

GCALCULATE AVERAGE VALUE AVE(C) OF POSITION
COORDINATES IN NEIGHBORING MEASUREMENT

LINES OF MEASUREMENT LINE Kx N_g32

CALCULATE DIFFERNGE BETWEEN
COORDINATE VALUE G(Kx) AND
AVERAGE VALUE AVE(C) 533

COMPARE | C(Kx)—AVE((M
WITH THRESHOLD VALUE NO

| C(Kx)-AVE(C) | >
THRESHOLD VALUE ?

S34

RESET SEARCH RANGE AND OUTPUT BOUNDARY
THRESHOLD VALUE DATA WITHOUT
Ny CORRECTION
S36 T
S35

DETECT BOUNDARY WITHIN SEARCH RANGEL. g3

OUTPUT CORRECTED BOUNDARY DATil,Vsas

END



Patent Application Publication  Jul. 17,2008 Sheet 7 of 9 US 2008/0171939 A1

MEASUREMENT
~ LINE Kx ADVENTITIA SIDE
INTENSITY ) BOUNDARY REGION

NEW SEARCH
RANGE

ERRONEOUS

DETECTION ‘R

|
I
3
3
3
1
3
f
E
§
]
¢
E
E
3

FIG.8B

~-RE-SEARCH RANGE

COORDINATE f reverrereeerersoeee - |

VALUE |_INTIMA SIDE

BOUNDARY REGION

|
i i
i
d2 “IHI;" /
]
|

| ADVENTITIA SIDE

foc2 Kk Ke2 e AQUREMENT
Kx-3 Kx-1 Kt LINE



Patent Application Publication  Jul. 17,2008 Sheet 8 of 9 US 2008/0171939 A1

FIG.9
PRIOR ART
900
901
902
903
FIG.10
PRIOR ART 914
015 913

maxIMT

maxIMT(CCA)
912

FIG.11
PRIOR ART

914

maxIMT 913

912



Patent Application Publication  Jul. 17,2008 Sheet 9 of 9 US 2008/0171939 A1

FIG.12
PRIOR ART

INTENSITY

N

BASE | DEPATH
POSITION




US 2008/0171939 Al

ULTRASONIC DIAGNOSTIC APPARATUS,
IMT MEASUREMENT METHOD, AND IMT
MEASUREMENT PROGRAM

BACKGROUND OF THE INVENTION

[0001] 1.Field of the Invention

[0002] The present invention relates to an ultrasonic diag-
nostic apparatus having a function of measuring intima media
thickness (IMT) of a blood vessel based on reception signals
obtained by transmitting ultrasonic waves to an object to be
inspected and receiving ultrasonic waves from the object.
Further, the present invention relates to an IMT measurement
method and an IMF measurement program to be used when
such IMT measurement is performed.

[0003] 2. Description of a Related Art

[0004] Recent years, intima media thickness has attracted
attention as an indicator for determination of arteriosclerosis.
Referring to FIG. 9, an arterial wall has a three-layer structure
including an intima 901, a media 902, and an adventitia 903.
IMT refers to a thickness of the intima 901 and the media 902
of them, i.e., a length from a boundary between a vascular
lumen 900 and the intima 901 to a boundary between the
media 902 and the adventitia 903. From recent research, it has
been found that the intima media thickness increases and a
plaque is formed as arteriosclerosis progresses. Here, the
plaqueis a part where a vessel wall is raised inwardly. Tissues
ofthe plaque may be various tissues such as blood clot or fatty
or fibrous tissues, and cause carotid artery stenosis, cerebral
infarction, cerebral ischemia, and so on.

[0005] FIGS. 10 and 11 are schematic diagrams showing
part of a carotid artery. As shown in FIGS. 10 and 11, the
blood pumped from the heart is introduced into a common
carotid artery (CCA) 911, and divided into an external carotid
artery (ECA) 912 that connects to an artery of the face and an
internal carotid artery (ICA) 913 that connects to an artery of
the brain.

[0006] Theabove-explained IMT is measured by ultrasonic
examination (carotid artery ultrasonic examination). That is,
an ultrasonic probe including an ultrasonic transducer array,
in which plural ultrasonic transducers are arranged, is brought
into contact with the cervical part of an object to be inspected
(a patient) to transmit ultrasonic waves. Here, the reason the
IMT is measured in the carotid artery is that the carotid artery
is a favorite site of arteriosclerosis. In this regard, the plural
ultrasonic transducers are sequentially driven and an ultra-
sonic beam is formed by synchronization of plural ultrasonic
waves, and thereby, the object is electronically scanned. Thus
transmitted ultrasonic waves are reflected on the surface of a
structure within the object (a boundary between different
tissues), and resulting ultrasonic echoes are received by the
ultrasonic probe and reception signals are generated. Those
reception signals are processed in an ultrasonic diagnostic
apparatus main body connected to the ultrasonic probe, and
thereby, an ultrasonic image is generated. Further, an exam-
iner (an operator such as a doctor) measures the vessel wall by
using a vernier caliper or the like in the ultrasonic image
generated as described above, and therefore, the IMT 1is
obtained. Furthermore, the level of arteriosclerosis is mea-
sured based on the IMT, and the vessel status throughout the
body including the heart and the brain is estimated based on
the result.

[0007] However, according to the measurement method,
there are problems that the measurement requires long time
and the measurement accuracy largely varies depending on
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the levels of skill of examiners. In order to actively utilize
IMT in mass checkup or the like, efficient IMT measurement
requiring short time and providing measurement results that
vary little depending on examiners is desired.

[0008] As a related technology, Hiroyuki TOIDE,
“PROPER ULTRASONIC EXAMINATION OF BLOOD
VESSELS”, Ultrasonic examination technique, Vol. 31, No. 2
(2006), pp. 80 discloses precautions and points for ultrasonic
examination of blood vessels. For example, in carotid artery
ultrasonic examination, the vessel diameter, maxIMT and
meanIMT are measured. Here, a plaque 915 is likely formed
in a region where the direction of blood flow changes like in
the vicinity of the entrance of common carotid artery or the
vicinity of vascular bifurcation (BIF) 914. Accordingly, as
shown in FIG. 10, the maxIMT is measured at two positions
of the common carotid artery 911 and a region (BIF to ICA)
from the bulbous part (vascular bifurcation (BIF) 914) to the
internal carotid artery 913. Further, as shown in FIG. 11,
meanIMT is obtained by measuring maxIMT and two IMTs
at positions “a” and “c” on both sides at 1 cm from it, and
calculating an average value of the three points as follows:
{maxIMT+IMT(a)+IMT(c)}/3.

[0009] Japanese Patent Application Publication JP-A-11-
318896 discloses an intima media thickness measurement
apparatus including an ultrasonic unit that outputs data of
images imaged by using ultrasonic waves as digital data, a
data transmission unit that transmits the digital output of the
ultrasonic unit by using optical coupling, and a data analysis
unit that calculates the intima media thickness of a blood
vessel based on the image data of the blood vessel transmitted
by the data transmission unit, and the data analysis unit cal-
culates a reference position based on a moving average value
of intensity values of the digital image data and calculates the
intima media thickness of the blood vessel based on the local
maximum value and the local minimum value of the intensity
values within a predetermined pixel range from the reference
position toward the vessel wall of the blood vessel.

[0010] InJP-A-11-318896, the IMT value is autoratically
calculated by searching for peak values of intensity. Here, the
intensity representing the intima side boundary (the boundary
between the vascular lumen and the intima) is not so high and
it may be difficult to detect the boundary, and accordingly,
regression curve correction is performed in JP-A-11-318896.
Alternatively, an average value of detected points may be
used. However, according to the method, when there are
many points that cannot be detected, the accuracy in IMT
measurement is reduced and the true value is impossible to be
obtained when maxIMT is calculated.

[0011] Alternatively, simply searching for the boundary
based on the peak values of intensity may cause detection
errors when the noise is great. For example, as shown in FIG.
12, in the case where plural relatively large peaks (1)-(3) are
observed in intensity data, although the maximum peak (3) is
actually the adventitia side boundary (the boundary between
the media and the adventitia) of IMT and the adjacent peak (2)
is the intima side boundary, the first peak (1) is detected as the
intima side boundary and the next peak (2) is detected as the
adventitia side boundary when the boundary search is started
from the base position. Thus, diagnoses utilizing maxIMT
will be largely affected.

[0012] Japanese Patent Application Publication JP-P2004-
357892A discloses an ultrasonic diagnostic apparatus that
displays an image within a body of an examinee based on
reflected ultrasonic waves acquired from within the body by
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using an ultrasonic probe and performs measurement of
intima media thickness of a blood vessel. The ultrasonic
diagnostic apparatus includes (a) measurement region setting
means for setting a region as an object to be measured within
the displayed image, (b) vessel wall detecting means for
detecting vessel wall existing in one or plural positions within
the measurement region, and (¢c) IMT measurement means for
performing measurement of intima media thickness with
respect to each of the detected vessel walls. The vessel wall
detecting means detects positions where intensity values of
pixels suddenly change, and then, determines the position of
the vessel wall based on the distance between adjacent inten-
sity value sudden change positions. The IMT measurement
means determines the intima media thickness with respect to
each vessel wall based on the distance between adjacent
intensity value sudden change positions that belong to the
same vessel wall.

[0013] Here, ina measurement line that passes through one
vessel wall, intensity value sudden change positions are
observed at two positions of the vascular lumen side bound-
ary and the adventitia side boundary of the intima media
thickness. Accordingly, in JP-P2004-357892A, in the case
where three or more intensity value sudden change positions
are detected in a certain measurement line, whether or not
those intensity value sudden change positions belong to the
same vessel wall is determined based on the distances
between the positions (paragraph 0016). However, since a
vessel wall has continuity in the azimuth direction, it is not
rational that the vessel wall status is determined based on the
intensity change in the distance (depth) direction.

SUMMARY OF THE INVENTION

[0014] The present invention has been achieved in view of
the above-mentioned problems. A purpose of the present
invention is to provide an ultrasonic diagnostic apparatus by
which highly quantitative IMT measurement with little varia-
tions depending on examiners can be performed. Further,
another purpose of the present invention is to provide an IMT
measurement method and an IMT measurement program to
beused for the IMT measurement in the ultrasonic diagnostic
apparatus.

[0015] In order to accomplish the above-mentioned pur-
poses, an ultrasonic diagnostic apparatus according to one
aspect of the present invention includes: an ultrasonic probe
for transmitting ultrasonic waves to an object to be inspected
and receiving ultrasonic echoes generated by reflection of the
ultrasonic waves in the object to output reception signals;
signal processing means for performing at least envelope
detection processing on the reception signals outputted from
the ultrasonic probe to generate envelope data; boundary
detecting means for detecting two boundaries representing
intima media of a blood vessel based on difference or differ-
ential of values of the envelope data and amounts of change in
the values of the envelope data; and IMT (intima media thick-
ness) calculating means for calculating an IMT of the blood
vessel based on the two boundaries detected by the boundary
detecting means.

[0016] Further, an IMT (intima media thickness) measure-
ment method according to one aspect of the present invention
is a method of measuring an IMT of a blood vessel based on
envelope data in an ultrasonic diagnostic apparatus for trans-
mitting ultrasonic waves to an object to be inspected and
receiving ultrasonic echoes generated by reflection of the
ultrasonic waves in the object to obtain reception signals, and
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performing at least envelope detection processing on the
reception signals to generate the envelope data, and the
method includes the steps of: (a) detecting two boundaries
representing intima media of the blood vessel based on dif-
ference or differential of values of the envelope data and
amounts of change in the values of the envelope data; and (b)
calculating the IMT of the blood vessel based on the two
boundaries detected at step (a).

[0017] Furthermore, an IMT (intima media thickness) mea-
surement program according to one aspect of the present
invention is a program embodied on a computer readable
medium, for measuring an IMT of a blood vessel based on
envelope data in an ultrasonic diagnostic apparatus for trans-
mitting ultrasonic waves to an object to be inspected and
receiving ultrasonic echoes generated by reflection of the
ultrasonic waves in the object to obtain reception signals, and
performing at least envelope detection processing on the
reception signals to generate the envelope data, and the pro-
gram activates a CPU to execute the procedures of: (a) detect-
ing two boundaries representing intima media of the blood
vessel based on difference or differential of values of the
envelope data and amounts of change in the values of the
envelope data; and (b) calculating the IMT of the blood vessel
based on the two boundaries detected at procedure (a).
[0018] According to the present invention, the boundaries
are detected by focusing attention on change (difference or
differential) and amounts of change in intensity of pixels
forming an ultrasonic image, and therefore, highly quantita-
tive IMT measurement with little variations depending on
examiners can be performed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1isablock diagram showing a configuration of
an ultrasonic diagnostic apparatus according to one embodi-
ment of the present invention;

[0020] FIG. 2 is a schematic diagram showing intensity
datarepresenting a region including a section of a vessel wall;
[0021] FIG. 3 is a flowchart showing a boundary detection
operation and an IMT measurement operation in the ultra-
sonic diagnostic apparatus shown in FIG. 1;

[0022] FIGS. 4A4E are diagrams for explanation of the
boundary detection operation;

[0023] FIG. 5 is a diagram for explanation of the IMT
measurement operation;

[0024] FIG. 6 shows an image in which intima media is
displayed in superposition on a B-mode image;

[0025] FIG. 7isa flowchart showing a correction operation
in the ultrasonic diagnostic apparatus shown in FIG. 1,
[0026] FIGS. 8A and 8B are diagrams for explanation of
the correction operation;

[0027] FIG. 9 is a diagram for explanation of an artery
structure;

[0028] FIG. 10 shows a carotid artery shape and a measure-
ment position of maxIMT;

[0029] FIG. 11 shows mean carotid artery shape and a
measurement position of meanIMT; and

[0030] FIG. 12 is a diagram for explanation of a boundary
detection error.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0031] Hereinafter, a preferred embodiment of the present
invention will be explained in detail with reference to the
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drawings. The same reference numbers are assigned to the
same component elements and the description thereof will be
omitted.

[0032] FIG. 1 is a block diagram showing an ultrasonic
diagnostic apparatus according to one embodiment of the
present invention. The ultrasonic diagnostic apparatus
includes an ultrasonic probe 100 for transmitting and receiv-
ing ultrasonic waves, and an ultrasonic diagnostic apparatus
main body 200 for controlling transmission and reception of
ultrasonic waves and generating an ultrasonic image based on
acquired reception signals. The ultrasonic diagnostic appara-
tus main body 200 has a function of measuring intima media
thickness (IMT) of an artery. Both of them are connected to
each other by a cable. Further, such an ultrasonic diagnostic
apparatus may be connected to a report system 300 or printer
400 via a network NW such as a LAN (local area network) or
the like.

[0033] The ultrasonic probe 100 is a probe of convex type,
linear scan type, or sector scan type to be used in contact with
an object to be inspected. The ultrasonic probe 100 includes
plural ultrasonic transducers 10 that form one-dimensional or
wo-dimensional transducer array. These ultrasonic transduc-
ers 10 transmit an ultrasonic beam to the object according to
applied drive signals, and receive ultrasonic echoes reflected
from the object to output reception signals.

[0034] Each ultrasonic transducer is constituted from a
vibrator in which electrodes are formed on both ends of a
material having a piezoelectric property (piezoelectric mate-
rial) such as a piezoelectric ceramic represented by PZT (Pb
(lead) zirconate titanate), a polymeric piezoelectric element
represented by PVDF (polyvinylidene difluoride), or the like.
When a pulsed or continuous wave voltage is applied to the
electrodes of the vibrator, the piezoelectric material expands
and contracts. By the expansion and contraction, pulsed or
continuous wave ultrasonic waves are generated from the
respective vibrators, and an ultrasonic beam is formed by
synthesizing these ultrasonic waves. Further, the respective
vibrators expand and contract by receiving propagating ultra-
sonic waves to generate electric signals. These electric signals
are outputted as reception signals of the ultrasonic waves.
[0035] Alternatively, as the ultrasonic transducers, plural
kinds of elements of different ultrasonic conversion types
may be used. For example, the above-mentioned vibrators are
used as elements for transmitting ultrasonic waves and photo-
detection type ultrasonic transducers are used as elements for
receiving ultrasonic waves. The photo-detection type ultra-
sonic transducer is for detecting ultrasonic signals by con-
verting the ultrasonic signals into optical signals, and consti-
tuted from a Fabry-Perot resonator or fiber Bragg grating, for
example.

[0036] The ultrasonic diagnostic apparatus main body 200
includes a control unit 21 that controls operation of the entire
ultrasonic diagnostic apparatus, a console 22, a storage unit
23, a scan control unit 24, a transmitting and receiving unit
including a transmission circuit 25, a reception circuit 26, and
an A/D converter 27, a signal processing unit 28, a cine-
memory 29, a B-mode image data generating unit 30, an IMT
measurement unit 31, a DSC (digital scan converter) 32, a
D/A converter 33, a display unit 34, and an external interface
35.

[0037] The console 22 is an input device to be used by an
examiner (operator) when various commands and informa-
tion are inputted to the ultrasonic diagnostic apparatus main
body 200. The console 22 includes character input keys (a
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keyboard) to be used when patient information and so on are
inputted, a track ball to be used when a region is designated on
a screen, and various input buttons. Further, the console 22
includes a freeze button for switching between the live mode
(moving image) and freeze mode (still image) with respect to
the ultrasonic image being displayed on the screen, and a
freeze signal and a freeze release signal are alternately input-
ted at each time when the freeze button is pushed down.
[0038] The storage unit 23 is constituted from a hard disk,
memory, or the like, and stores programs (software) to be
used for activating a CPU included in the ultrasonic diagnos-
tic apparatus main body 200 to execute various kinds of
processing, information to be used for the processing, and so
on.

[0039] The scan control unit 24 sequentially sets transmis-
sion directions of ultrasonic beams or reception directions of
ultrasonic echoes under the control of the control unit 21, and
has a transmission control function of selecting transmission
delay patterns according to the set transmission directions
and a reception control function of selecting reception delay
patterns according to the set reception directions.

[0040] Here, the transmission delay pattern refers to a delay
time pattern to be provided to the drive signals for forming an
ultrasonic beam in a desired direction by using the ultrasonic
waves transmitted from the plural ultrasonic transducers 10,
and the reception delay pattern refers to a delay time pattern
to be provided to the reception signals for extracting ultra-
sonic echoes from a desired direction by using the ultrasonic
waves received by the plural ultrasonic transducers. Plural
transmission delay patterns and plural reception delay pat-
terns are stored in a memory or the like.

[0041] The transmission circuit 25 generates plural drive
signals to be respectively applied to the plural ultrasonic
transducers 10. At that time, the transmission circuit 25 pro-
vides respective delay times to the plural drive signals based
on the transmission delay pattern selected by the scan control
unit 24. Here, the transmission circuit 25 may adjust the
amounts of delay of the plural drive signals and supply the
signals to the ultrasonic probe 100 such that the ultrasonic
waves to be transmitted from the plural ultrasonic transducers
10 form an ultrasonic beam, or may supply plural drive sig-
nals to the ultrasonic probe 100 such that the ultrasonic waves
to be transmitted at once from the plural ultrasonic transduc-
ers 10 reach the entire imaging region of the object.

[0042] The reception circuit 26 amplifies the reception sig-
nals respectively outputted from the plural ultrasonic trans-
ducers 10, and the A/D converter 27 converts the analog
reception signals amplified by the reception circuit 26 into
digital reception signals (also referred to as “RF data” in this
application). The RF data outputted from the A/D converter
27 is inputted to the signal processing unit 28. The signal
processing unit 28 performs reception focus processing by
providing the respective delay times to the plural reception
signals represented by the RF data based on the reception
delay pattern selected by the scan control unit 24, and adding
those reception signals to one another. Through the reception
focus processing, sound ray data, in which the focal point of
the ultrasonic echoes is narrowed, is formed.

[0043] Furthermore, the signal processing unit 28 corrects
the sound ray data for attenuation due to distance according to
the depths of the reflection positions of ultrasonic waves
through STC (sensitivity time gain control), and then, per-
forms envelope detection processing with a low-pass filter or
the like thereon to generate envelope data. The value of the
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envelope data corresponds to intensity of reflection of ultra-
sonic waves in the object, and also corresponds to an intensity
value of a pixel on a sound ray in an ultrasonic image. As
below, the envelope data is also referred to as intensity data.
[0044] A series of envelope data (intensity data) generated
by the signal processing unit 28 are sequentially stored in the
cine-memory 29 and supplied to the B-mode image data
generating unit 30. The cine-memory 29 has a memory capac-
ity for storing the envelope data for at least one frame, more
preferably for plural frames. The B-mode image data gener-
ating unit 30 performs pre-process processing such as Log
(logarithmic) compression and gain adjustment on the enve-
lope data to generate B-mode image data, and outputs the
generated B-mode image data to the DSC 32.

[0045] The IMT measurement unit 31 has an envelope
memory 40, a boundary detecting part 41, an ROI setting part
42, a search range setting part 43, a threshold value setting
part 44, an error detecting part 45, an IMT calculating part 46,
and an IMT display processing part 47, and measures IMT
based on the envelope data (intensity data).

[0046] In the embodiment, the IMT measurement unit 31
(the respective parts except for the envelope memory 40) is
constituted from a central processing unit (CPU) and soft-
ware (an IMT measurement program) for activating the CPU
to perform various kinds of processing. However, they may be
constituted from digital circuits or analog circuits. Further,
the control unit 21, the scan control unit 24, the signal pro-
cessing unit 28, the B-mode image data generating unit 30,
and the DSC 32 are also constituted from a CPU and software.
However, the signal processing unit 28, the B-mode image
data generating unit 30, and the DSC 32 may be constituted
from digital circuits or analog circuits. The above-mentioned
software is stored in the storage unit 23. Further, the trans-
mission delay patterns and reception delay patterns to be
selected by the scan control unit 24 may be stored in the
storage unit 23.

[0047] The DSC 32 converts (raster-converts) the B-mode
image data generated by the B-mode image data generating
unit 30 into ultrasonic image data that follows the normal scan
system of television signals, and performs necessary image
processing such as gradation processing to generate image
data for display. Further, the DSC 32 generates synthesized
data for color presentation of intima media in an ultrasonic
image and superimposing of various information on the ultra-
sonic image based on the data outputted from the IMT mea-
surement unit 31. Furthermore, an image processing part for
performing image processing such as linear gradation pro-
cessing including gain adjustment and contrast adjustment
and nonlinear gradation processing including y-correction
may be provided at the downstream of the DSC 32.

[0048] The D/A converter 33 converts the image data for
display converted in the DSC 32 into an analog signal and
outputs the analog signal to the display unit 34.

[0049] Thedisplay unit 34 is araster-scan type CRT display
or LCD display, and displays moving images or still images of
ultrasonic images, various setting screens, IMT measurement
results, and so on based on the image signals analog-con-
verted in the D/A converter 33. Although one display unit is
provided in the embodiment, one or more other display unit
may be provided for display of the various setting screens, for
example.

[0050] Next, a function of the IMT measurement unit 31 in
the ultrasonic diagnostic apparatus shown in FIG. 1 will be
explained with reference to FIGS. 1 and 2.
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[0051] FIG. 2 shows a change in a value of certain intensity
data. Typically, in the case where a certain measurement line
runs across a vessel wall in one position, peaks are observed
in two positions at the boundary between the vascular lumen
and the intima (hereinafter, also referred to as the intima side
boundary) and the boundary between the media and the
adventitia (hereinafter, also referred to as the adventitia side
boundary) in the intensity data corresponding to the measure-
ment line. Of them, the reflection of ultrasonic waves at the
adventitia side boundary is stronger and the reflection at the
intima side boundary is weaker, and therefore, the intensity of
the peak has two levels. Accordingly, the intima side bound-
ary and the adventitia side boundary are obtained by detecting
such two peaks, and IMT is obtained by calculating a distance
between the boundaries.

[0052] The envelope memory 40 stores envelope data sup-
plied from the signal processing unit 28 in the live mode and
stores envelope data supplied from the cine-memory 29 in the
freeze mode.

[0053] The boundary detecting part 41 detects an intima
side boundary and an adventitia side boundary based on the
intensity data stored in the envelope memory 40. That is, the
boundary detecting part 41 searches for a region where the
intensity increases (a region where the intensity as shown in
FIG. 2 rises) by difference calculation or differential calcu-
lation, and extracts, when the intensity difference between
ends of the region is larger than a predetermined threshold
value, the region as an intima side boundary or adventitia side
boundary.

[0054] The ROI setting part 42 sets the region selected by
the examiner within the B-mode image as a region of interest
(ROI) for IMT measurement.

[0055] The search range setting part 43 sets a target region
(search range) for boundary detection by the boundary detect-
ing part41. The search range setting part 43 sets the region of
interest set by the ROI setting part 42 as the first search range,
and then, resets the search range according to detection cir-
cumstances.

[0056] The threshold value setting part 44 sets a threshold
value to be used by the boundary detecting part 41.

[0057] The error detecting part 45 determines whether or
not a point of interest detected as a boundary is erroneously
detected based on the relationship between the point of inter-
est and the adjacent boundaries in the azimuth direction.

[0058] The IMT calculating part 46 calculates IMT values
based on coordinate values (depths) of the detected intima
side boundary and adventitia side boundary, and obtains the
maximum value of IMT (maxIMT) from the IMT values, and
further, calculates a mean value of IMT (meanIMT).

[0059] The IMT display processing part 47 generates
image data for color presentation for displaying the detected
boundaries in color on the ultrasonic image, position data for
displaying the position of maxIMT by using an arrow or like,
and measurement data representing measurement values of
maxIMT and meanIMT, and outputs the data to the DSC 32.

[0060] In addition, a preprocessing part for performing
image processing such as smoothing processing, contrast
enhancement processing, edge enhancement processing,
noise reducing processing on the intensity data stored in the
envelope memory 40 may be further provided at the upstream
of the boundary detecting part 41. In this case, it is efficient
that the preprocessing is performed only on the region set as
the ROL
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[0061] Next, a boundary detection operation and an IMT
measurement operation to be performed in the ultrasonic
diagnostic apparatus according to the embodiment will be
explained with reference to FIGS. 1 and 3-5.

[0062] Ultrasonic imaging is started when the examiner
brings the ultrasonic probe 100 (FIG. 1) in contact with the
cervical part of a patient, and a B-mode image is displayed on
the display unit 34.

[0063] At step S11 in FIG. 3, the examiner sets an ROI 52
for a portion of interest (e.g., a portion considered to be a
plaque, the vicinity of the entrance of common carotid artery,
vascular bifurcation, or the like) within a B-mode image 51
displayed on the screen as shown in FIG. 4A. In this regard, it
is desirable to set the ROI 52 to include only one vessel wall
section (i.e., not to include opposed two vessel walls). IMT
measurement is performed with respect to each measurement
line K=K, to K, ,., within the ROI 52. The search range
setting part 43 sets the length of the measurement line K as an
initial set value of search range. In response, at step S12,
intensity data corresponding to the search range is inputted to
the boundary detecting part 41.

[0064] At step S13, the threshold value setting part 44 sets
a threshold value to be used for boundary detection. As the
threshold value, a value empirically obtained may be used or
the threshold value used in the previous boundary detection
may be used. When the threshold value is initially set, it is not
necessary to reset the threshold value.

[0065] At step S14, as shown in FIG. 4B, the boundary
detecting part 41 searches for and extract regions where the
intensity rises (regions where the difference values or differ-
ential values are positive) in the intensity data included in the
search range. For example, intensity value I(N) at a certain
point of interest “N” and intensity value I[(N+a) at the adjacent
point “N+a” (a=1) are compared and whether or not the
difference value {I(N+a)-IN)}/{(N+a)-(N)} is positive is
determined. Alternatively, differential value dl(z)/dz (z=z,) at
a certain depth z, is calculated, and whether or not the differ-
ential value is positive is determined. The rising regions are
candidate regions of intima side boundary or adventitia side
boundary.

[0066] Then, at step S15, as shown in FIG. 4C, the bound-
ary detecting part 41 calculates an amount of change in inten-
sity (an intensity difference) between both ends of the rising
region of intensity.

[0067] At step S16, the boundary detecting part 41 com-
pares the intensity difference in the rising region with a
threshold value, and extracts two regions having the intensity
differences larger than the threshold value as an intima side
boundary and an adventitia side boundary. In this regard, the
region having the larger intensity difference is considered to
be an adventitia side boundary region (step S17), and the
region having the smaller intensity difference is considered to
be an intima side boundary region (step S18). Further, if only
one region having the intensity difference larger than the
threshold value is detected, the region is considered to be an
adventitia side boundary region.

[0068] Ifno intima side boundary region is detected at step
S18, the search range setting part 43 sets a new search range
and the threshold value setting part 44 sets a new threshold
value at step S19. As the search range, as shown in FIG. 4D,
a predetermined range from the adventitia side boundary
region detected at step S17 is set. For example, the next search
range may be determined with reference to clinically possible
IMT values, or may be numerically determined to be within
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50% of the previous search range. On the other hand, as the
threshold value, a value lower than the threshold value used at
step S16 is set (e.g., 80% of the previous threshold value).
[0069] Thereby, at step S16, searching for the intima side
boundary region is performed under the reset conditions (the
search range and the threshold value). The searching step 16
and the search condition setting steps S18-S19 are performed
until the intima side boundary region is detected while the
search range is gradually narrowed and the threshold value is
gradually decreased.

[0070] Then, at step S20, as shown in FIG. 4E, the bound-
ary detecting part 41 saves coordinate values at both ends of
the detected each boundary region (i.e., the maximum value
and the minimum value of the depth).

[0071] At step S21, the boundary detecting part 41 deter-
mines positions (coordinates) of the intima side boundary and
the adventitia side boundary based on the saved maximum
values and minimum values. The boundary position may be
the maximum value or the minimum value in each boundary
region, or may be a midpoint between the maximum value
and the minimum value. The data representing the boundary
positions (boundary data) is outputted to the error detecting
part 45 and temporarily stored for determination whether or
not there is a detection error.

[0072] Such boundary detection processing (steps S12-
S21) is repeated until the measurement line K=K, K, . . .
within the ROI 52 reaches the right end (K=K, , ) as shown
in FIG. 4A (step S22).

[0073] Then, at step S23, the error detecting part 45 deter-
mines whether or not there is a detection error with respect to
the boundaries obtained at step S21, and, if there is a detection
error, performs correction (detection of true boundary). The
corrected boundary data is outputted to the IMT calculating
part 46. The correction operation will be specifically
explained later.

[0074] Atstep S24, as shown in FIG. 5, the IMT calculating
part 46 calculates IMT for each of measurement lines K, K,
... by obtaining a coordinate value difference between the
intima side boundary and the adventitia side boundary.

[0075] Atstep S25, the IMT calculating part 46 obtains the
maximum value of IMT (maxIMT) among the IMTs calcu-
lated for the respective measurement lines, and acquires the
measurement line K, .. from which the maxIMT is obtained.
Further, the IMT calculating part 46 acquires IMT (K ) and
IMT (Kj) in the measurement lines K; and K at a predeter-
mined distance (e.g., 1 cm apart at both sides) from the K, .,
and calculates a mean value mean IMT={maxIMT+IMT
(K )+IMT(K )}/3 of them.

[0076] At step S26, the IMT display processing part 47
generates image data for displaying the boundaries in color
based on the boundary data outputted from the boundary
detecting part 41 and outputs the image data to the DSC 32.
Further, the display processing part 47 outputs position data
for showing the position where the maxIMT is obtained by
using an arrow or like, and measurement data representing
measurement values such as maxIMT. Thereby, as shown in
FIG. 6, the intima media or the boundary thereof is displayed
in color and the position of the maxIMT and the values of the
maxIMT and the meanIMT are displayed on the B-mode
image generated in the B-mode image data generating unit
30.

[0077] Next, the correction operation at step S23 in FIG. 3
will be explained with reference to FIGS. 1, 7, 8A and 8B.
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[0078] At step S31 in FIG. 7, the error detecting part 45
shown in FIG. 1 accumulates boundary data detected with
respect to each measurement line by the boundary detecting
part 41 for one frame.

[0079] Here, in the case where a peak due to noise is erro-
neously detected as an intima side boundary in a certain
measurement line K as shown in FIG. 8A, the continuity of
the intima side boundary is lost as shown in FIG. 8B. The
error detecting part 45 determines whether or not there is a
boundary detection error by focusing attention on the conti-
nuity in the azimuth direction (a direction perpendicular to
the depth direction).

[0080] That is, at step S32, as shown in FIG. 8B, with
respect to the coordinate value C (K ) detected in the mea-
surement line K, of interest, an average value AVE (C) of
boundary coordinate values C(K __,), C(K_,), ... detected in

the neighboring measurement lines X, _;, K, ., ... or K ,,,
K., - . . (prior or subsequent, or both prior and subsequent

thereto) is calculated. Then, at step S33, the difference
between the coordinate value C(K,) and the AVE(C) is cal-
culated.

[0081] At step S34, the error detecting part 45 determines
whether or not there is a detection error by comparing the
difference between the coordinate value C (K, ) and the AVE
(C) with a predetermined threshold value. As the threshold
value, for example, a fixed value that is clinically acceptable
may be used, or the difference between the maximum value
and the minimum value of boundary coordinates in the nearby
frame may be used.

[0082] As a result of determination at step S34, in the case
where the difference between the coordinate value C(K, ) and
the AVE (C) is smaller than the threshold value, it is consid-
ered that there is no boundary detection error, and the bound-
ary data is outputted to the IMT calculating part 46 without
correction (step S35).

[0083] On the other hand, in the case where the difference
between the coordinate value C (K ) and the AVE (C) is equal
to or larger than the threshold value, the boundary of the
coordinate value C(K,) is determined to have been errone-
ously detected, and the search is made again for detection of
true boundary. At step S36, the search range setting part 43
resets a search range based on (i) positions of neighboring
boundaries in the azimuth direction of the boundary that has
been erroneously detected or (i1) a position of another bound-
ary existing in the depth direction of the boundary that has
been erroneously detected. For example, in the case where the
boundary that has been erroneously detected is located in a
position shallower (or deeper) than the boundaries in the
neighboring measurement lines, the region deeper (or shal-
lower) than the boundary that has been erroneously detected
is set as a new search range as shown in FIGS. 8A and 8B.
Alternatively, a new search range maybe set with reference to
the position of the adventitia side boundary on the measure-
ment line K _in which there has been a detection error (e.g., in
a range of several millimeters to the shallower side from the
adventitia side boundary). As the threshold value, a value
used in the previous boundary detection may be used, or a
smaller value (e.g., 80%) may be set and used.

[0084] Then, at step S37, processing for detecting the true
boundary is performed with respect to the boundary data
corresponding to the new search range. The boundary detec-
tion processing is the same as that at steps S16-S21 shown in
FIG. 2.
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[0085] At step S38, the error detecting part 45 outputs the
corrected boundary data to the IMT calculating part 46.
[0086] As described above, according to the embodiment,
boundaries can be easily and correctly detected by focusing
attention on the gradient of intensity data values and amounts
of change in intensity. Especially, by gradually decreasing the
search range and the threshold value, the intima side bound-
ary having relatively small intensity can be detected sepa-
rately from the noise. Further, according to the embodiment,
whether or not there is a detection error is determined based
on the position relationship among boundaries in the azimuth
direction, and thus, rational determination results can be
obtained. Furthermore, according to the embodiment, in the
case where there is a detection error, the search range is reset
based on the position relationship among the neighboring
boundaries and the position of the adventitia side boundary
and the true boundary is searched for again, and thus, correc-
tion with high accuracy can be performed. Consequently,
nearly error-free maxIMT can be obtained and highly reliable
medical diagnoses can be performed.

[0087] In the above explanation, although boundaries are
detected based on the intensity data, even data that does not
directly represent intensity may be utilized as long as the data
corresponds to the intensity of reflection of ultrasonic waves
in the object. For example, envelope data on which various
kinds of signal processing have been performed may be used
according to need.

1. An ultrasonic diagnostic apparatus comprising:

an ultrasonic probe for transmitting ultrasonic waves to an
object to be inspected and receiving ultrasonic echoes
generated by reflection of the ultrasonic waves in the
object to output reception signals;
signal processing means for performing at least envelope
detection processing on the reception signals outputted
from said ultrasonic probe to generate envelope data;

boundary detecting means for detecting two boundaries
representing intima media of ablood vessel based on one
of difference and differential of values of the envelope
dataand amounts of change in the values of the envelope
data; and

IMT (intima media thickness) calculating means for cal-

culating an IMT of the blood vessel based on the two
boundaries detected by said boundary detecting means.

2. The ultrasonic diagnostic apparatus according to claim
1, further comprising:

threshold value setting means for setting a threshold value

to be compared with the amounts of change in the values
of the envelope data;

wherein said boundary detecting means detects as a bound-

ary a region in which an amount of change in the values
of the envelope data is larger than the threshold value set
by said threshold value setting means.

3. The ultrasonic diagnostic apparatus according to claim
2, wherein said threshold value setting means resets the
threshold value to a smaller value in a case where at least one
of the two boundaries is not detected.

4. The ultrasonic diagnostic apparatus according to claim
1, further comprising:

search range setting means for setting a search range for a

boundary;

wherein said boundary detecting means searches for a

boundary based on the envelope data corresponding to
the search range set by said search range setting means.
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5. The ultrasonic diagnostic apparatus according to claim
4, wherein said search range setting means resets, when only
one boundary is detected by said boundary detecting means,
a search range for searching for the other boundary based on
a position of the one boundary.

6. The ultrasonic diagnostic apparatus according to claim
1, further comprising:

error detecting means for detecting a detection error of a
boundary based on a position relationship among
boundaries in an azimuth direction with respect to the
boundary detected by said boundary detecting means.

7. The ultrasonic diagnostic apparatus according to claim
6, wherein said error detecting means determines whether or
not there is a detection error of a boundary based on a differ-
ence between a coordinate value of a boundary of interest and
an average value of coordinate values of neighboring bound-
aries in the azimuth direction of the boundary.

8. The ultrasonic diagnostic apparatus according to claim
6, wherein said search range setting means resets, when a
detection error of a boundary is detected by said error detect-
ing means, a search range based on one of (i) positions of
neighboring boundaries in the azimuth direction of the
boundary that has been erroneously detected and (ii) a posi-
tion of another boundary existing in a depth direction of the
boundary that has been erroneously detected; and

said boundary detecting means searches for a boundary
within the reset search range to detect a true boundary.

9. The ultrasonic diagnostic apparatus according to claim
1, wherein said IMT calculating means obtains a maximum
value of the IMT and a position where the IMT is largest
based on IMTs calculated in plural measurement lines,
respectively.

10. An IMT (intima media thickness) measurement
method of measuring an IMT of a blood vessel based on
envelope data in an ultrasonic diagnostic apparatus for trans-
mitting ultrasonic waves to an object to be inspected and
receiving ultrasonic echoes generated by reflection of the
ultrasonic waves in the object to obtain reception signals, and
performing at least envelope detection processing on the
reception signals to generate the envelope data, said method
comprising the steps of:

(a) detecting two boundaries representing intima media of
the blood vessel based on one of difference and differ-
ential of values of the envelope data and amounts of
change in the values of the envelope data; and

(b) calculating the IMT of the blood vessel based on the
two boundaries detected at step (a).

11. The IMT measurement method according to claim 10,

further comprising the step of:

(c) setting a threshold value to be compared with the
amounts of change in the values of the envelope data;

wherein step (a) includes detecting as a boundary a region
in which an amount of change in the values of the enve-
lope data is larger than the threshold value set at step (c).

12. The IMT measurement method according to claim 10,
further comprising the step of:

(d) setting a search range for a boundary;

wherein step (a) includes searching for a boundary based
on the envelope data corresponding to the search range
set at step (d).
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13. The IMT measurement method according to claim 10,
further comprising the step of:

(e) detecting a detection error of a boundary based on a
position relationship among boundaries in an azimuth
direction with respect to the boundary detected at step
@).

14. The IMT measurement method according to claim 13,
wherein step (d) includes resetting, when a detection error of
a boundary is detected at procedure (e), a search range based
on one of (i) positions of neighboring boundaries in the azi-
muth direction of the boundary that has been erroneously
detected and (i) a position of another boundary existing in a
depth direction of the boundary that has been erroneously
detected; and

step (a) includes searching for a boundary within the reset
search range to detect a true boundary.

15. The IMT measurement method according to claim 10,
wherein step (b) includes obtaining a maximum value of the
IMT and a position where the IMT is largest based on IMTs
calculated in plural measurement lines, respectively.

16. An IMT (intima media thickness) measurement pro-
gram embodied on a computer readable medium, for measur-
ing an IMT of a blood vessel based on envelope data in an
ultrasonic diagnostic apparatus for transmitting ultrasonic
waves to an object to be inspected and receiving ultrasonic
echoes generated by reflection of the ultrasonic waves in the
object to obtain reception signals, and performing at least
envelope detection processing on the reception signals to
generate the envelope data, said program activating a CPU to
execute the procedures of:

(@) detecting two boundaries representing intima media of
the blood vessel based on one of difference and differ-
ential of values of the envelope data and amounts of
change in the values of the envelope data; and

(b) calculating the IMT of the blood vessel based on the
two boundaries detected at procedure (a).

17. The IMT measurement program according to claim 16,
wherein procedure (a) includes detecting as a boundary a
region in which the amount of change in the values of the
envelope data is larger than a preset threshold value.

18. The IMT measurement program according to claim 16,
further activating the CPU to execute the procedure of:

(e) detecting a detection error of a boundary based on a
position relationship among boundaries in an azimuth
direction with respect to the boundary detected at pro-
cedure (a).

19. The IMT measurement program according to claim 18,
wherein procedure (d) includes resetting, when a detection
errorofaboundary is detected at procedure (¢), a search range
based on one of (i) positions of neighboring boundaries in the
azimuth direction of the boundary that has been erroneously
detected and (ii) a position of another boundary existing in a
depth direction of the boundary that has been erroneously
detected; and

procedure (a) includes searching for a boundary within the
reset search range to detect a true boundary.

20. The IMT measurement program according to claim 16,
wherein procedure (b) includes obtaining a maximum value
of the IMT and a position where the IMT is largest based on
IMTs calculated in plural measurement lines, respectively.
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