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(57) ABSTRACT

An ultrasound diagnostic apparatus according to an embodi-
ment includes an image acquirer, a volume information
calculator, a wall motion information calculator, a time
change rate calculator, an extremum detector, and an index
calculator. The image acquirer acquires ultrasonic image
data including data for a left ventricle. The volume infor-
mation calculator calculates time-series data of volume
information of the left ventricle. The wall motion informa-
tion calculator calculates time-series data of wall motion
information of the left ventricle. The time change rate
calculator calculates time-series data of the time change rate
of volume information (first time-series data) and time-
series data of the time change rate of wall motion informa-
tion (second time-series data). The extremum detector
detects extremums in early diastole of the first time-series
data and the second time-series data (first extremum and
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second extremum). The index calculator calculates an index
using the first extremum and the second extremum.

20 Claims, 13 Drawing Sheets

(51) Int. CL
AGIB 8/06
AGIB 8/14

(52) US. CL
CPC oo AGIB 8/483 (2013.01); AGIB 8/485

(2013.01); A6IB 8/488 (2013.01); A6IB
8/5223 (2013.01)

(2006.01)
(2006.01)

(56) References Cited
U.S. PATENT DOCUMENTS

2009/0043200 Al
2010/0198072 Al

2/2009 Abe
8/2010 Abe et al.

2011/0190634 Al
2012/0065530 Al
2012/0165674 Al

8/2011 Kawagishi et al.
3/2012 Masumoto
6/2012 Abe et al.

FOREIGN PATENT DOCUMENTS

Jp 2009-039429 A 2/2009

Jp 2010-194299 A 9/2010

Jp 2011-177495 A 9/2011

Jp 2012-055483 A 3/2012

Jp 2012-061028 A 3/2012
OTHER PUBLICATIONS

International Written Opinion dated Apr. 23, 2013 for PCT/JP2013/
059743 dated Mar. 29, 2013.

* cited by examiner



U.S. Patent May 15,2018  Sheet 1 of 13 US 9,968,330 B2

FIG.A

JH3
APPARATUS BODY s
RMONITOR
) INPUT
: DEVICE
B-MODE
1 PRC /\_QSSSNG o=t (14
o unil WAGE
{ ] 513 el GENERATING
W DOPBLES UNET
AELECTROCAR - PROCESSING <15
~DIQUGRAPH UhIT
- Ty ] IMAGE
T T MAGE
] e ”_‘wp MEMORY
futtresonic || RANSMI TR v
. PROBE TUNIT L
oo e aemed AN
% 17 e INTERNAL
MEMORY UNIT
IMAGE
PROCESSING
UNIT
<18
CONTROL UNIT P




U.S. Patent May 15,2018  Sheet 2 of 13 US 9,968,330 B2

FIG.2

a
b
-4

IMAGE PROCESSING UNIT

MAGE |47,
ACQUIRER

c17b c17c
VOLUME WALL MOTION

INFORMATION INFORMATION
CALCULATOR CALCULATOR

TIME CHANGE
RATE 1id
CALCULATOR

EXTREMUM | 47,
DETECTOR

INDEX V7
CALCULATOR |




US 9,968,330 B2

Sheet 3 of 13

, 2018

o

May 15

U.S. Patent

FIG.3

FliG.4

i~
[

nTH FRAM

FIRST FRAME




U.S. Patent

204

~

May 15, 2018

Sheet 4 of

13

Mimil
Rl

US 9,968,330 B2

» TIME

§
{
* : n v e
- i P
A8 o
~ e
sy r
Bl J'.:
s e
i e o T L WL Ll L L b bttt
2 ! 2
€
£:
<
X:
B
% ;
¥
"&5\\‘ b3 ;
2
-20 e &
rid

ACE s
g, A

(dVidte~" ¢

’
it
i
?)

1.

- dvidt il

& 5{}

<o




U.S. Patent May 15,2018  Sheet 5 of 13 US 9,968,330 B2

SR [1s avidt Iml/s]

& : ; ; Py

_ﬂé 1
kN ZAR TR SR » TIME

{147 T

HIG.7

dQide’ BY AREA CHANGE RATE

9{-} e e et e e n e e e e e e e e 4~ 5 e e e e 4 e e e e

dGrde’ [mi)
B
<o

D A /=3.37%+10.60

0 5 10 15 20

LAP immHg]



U.S. Patent May 15,2018  Sheet 6 of 13 US 9,968,330 B2

FIG.8

‘\TAFU

e

T REQUEST .
< TO CALCULATE INDEX
e RECEIVED?

LYES ~5102

ACQUIRE GROUP OF THREE-
DIMENSIONAL ULTRASONIC
?"J}ALE DATA

c‘%?OC’:

PROCESS THREE DIMENSIONAL
SPECKLE TRACKING

+ <5104 l, - $107

CALCULATE TIME-SERIES CALCULATE TIME-SERIES |
DATA OF INNER CAVITY | DATA OF WALL MOTION
VOLUME (V) INFORMATION (5)

CALCULATE TIME-SERIES §
DATA OF TIME CHANGE |
RATE (dW/dt) OF INNER

CAVITY VOLUME

=

DETECT PEAK VALUE
“dVidtie" OF dvidt
IN EARLY DIASTOLE

CALCULATE TINE- oERiES
DATA OF TIME CHANGE @
RATE (B8R} OF WALL

MOTION INFORMATION

DETECT PE%K Y &LUE
"SRe" OF 3R IN EARLY
DiASTQLE

v <2110
ALCULATE INDEX "(dVidtie/SRe"

<5111

\JU?*-’U'E INDEX




U.S. Patent May 15,2018  Sheet 7 of 13 US 9,968,330 B2

FIG.9

LONGITUDINAL
DIRECTION

FIRST FRAME



U.S. Patent May 15,2018  Sheet § of 13 US 9,968,330 B2

FIG.A11

N e
v ‘\ / A0 \\ f*ﬁi(ﬁ\\

LY
,..r" Wﬁ)




U.S. Patent May 15,2018  Sheet 9 of 13 US 9,968,330 B2

Lgi\‘ x’i‘;
T gt
NS

gt

FIRST ERAME

FIGA13




U.S. Patent

May 15, 2018

Sheet 10 of 13

FIG.14

START

o REGUEST
TO CALCULATE INDEX

US 9,968,330 B2

g
& £

VED? ™

5202

ACQUIRE GROUP OF TWO-
DIMENSIONAL
IMAGE [ ‘

TRASONIC

PROCESS T7O-DIMENSIONAL
s tLE TRACKING

CALCULATE TIME-SERIES |
DATA OF NNERCAVWY |
VOLUME

CALCULATE TSMF SEW
DATA OF TIME CHANGE
RATE (dVidhy OF INNER
CAVITY VOLUME

51

DETECT PEAKVALUE
HdVidtie” OF dVidt
!i\i ELAR* ¥ Di/\STOLE

L 3 g 8‘207

CALCULATE TIME-SERIES §
DATA OF WALL MOTION |
INFORMATION (S)

CALCULATE TIME- SF@%*S
DATA OF TIME CHANGE £
RATE (SR} OF WAL

MOTION iNFO"{MA*iGN

. < $209

DETECT PEAK VALUE
"SRe” OF SRINEARLY
DEAESTOL’“

Y

4

<5210

CA

LOUL &TF NDF;( ii*\fidt*es a3

OUT?’LT INDEX




U.S. Patent May 15,2018  Sheet 11 of 13 US 9,968,330 B2

FIG.15A

FIG.15B

ﬁéi«

,&»ﬁ%{?
Lt M) Q

Msw




U.S. Patent May 15,2018  Sheet 12 of 13 US 9,968,330 B2

FIG.16A

A2C
PLANE

L AAC
PLANE




U.S. Patent

May 15, 2018 Sheet 13 of 13

FIG.A7

,u«"'/ g : #5301
NGO e REQUEST -
g, 1O CALCULATE INDEX
M, BEEN RECEIVEDT e

LYES cS302 .

ACQUIRE GROUP OF TWO-
DIMENSIONAL ULTRASONIC
IMAGE DATA FOR EACH OF
PLURA TY OF SrE*iONS

PROCESS TWO-DIMENSIONAL
SPFCKLF TR»«C‘MN”

& q 3304 k4

US 9,968,330 B2

<2307

CALCULATE TIME-SERIES ¢
DATA OF INNER CAVITY ¢
VOLUME (V)

CALCULATE TIME-SERIES |
DATA OF AVERAGE WAL
MOTION INFORMATION {

5308

CALCULATE TIME-SERIES
DATA OF TIME CHANGE  §
RATE (dvidy) OF INNER

CAVITY VOLUME

RATE (5RO
WALL M

< S306

ALCULATE TiME SERIES &
DAT/\ OF YEME CHANGE
AVERAGE
TION
N%QRMM?QN

DETECT PK“K VALUE
“dViatie” OF dvidt
EN FARU DiASTOi &

i

W ’“SS?C’

u;\LbL}LATEi\:DEX (d\”nﬁ /SRQ“

DUTPUT INREX

DETECT PEAK vA»bE
"SRe" OF SR IN EARLY
{}IASTOiE




US 9,968,330 B2

1

ULTRASOUND DIAGNOSTIC APPARATUS,
IMAGE PROCESSING APPARATUS, AND
IMAGE PROCESSING METHOD

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is a continuation of PCT international
application Ser. No. PCT/JP2013/059743 filed on Mar. 29,
2013 which designates the United States, incorporated
herein by reference, and which claims the benefit of priority
from Japanese Patent Application No. 2012-082623, filed on
Mar. 30, 2012 and Japanese Patent Application No. 2013-
073762, filed on Mar. 29, 2013, the entire contents of which
are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to an
ultrasound diagnostic apparatus, an image processing appa-
ratus, and an image processing method.

BACKGROUND

An ultrasound diagnostic apparatus can generate an ultra-
sonic image representing information on the inside of a
biological body in a non-invasive manner and display the
image thus generated substantially in real time. In diagnoses
of cardiac diseases, ultrasound diagnostic apparatuses are
used for quantitatively assessing wall motion information of
the heart in echocardiography.

Left ventricular end diastolic pressure (LVEDP) is an
important index used for diagnoses of cardiac diseases.
LVEDP is an index reflecting the left ventricular diastolic
function (specifically, compliance of the left ventricle) of a
heart and is an important diagnostic index in diagnoses and
treatments of cardiac diseases. For example, it is known that
a heart with high LVEDP has a poor prognosis. To measure
LVEDP accurately, invasive cardiac catheter tests are
required, which are not usually used in clinical practices.

In clinical practices, “E/e” that can be measured by
non-invasive method in echocardiography is used as an
index for estimating LVEDP. “E/e” is widely known as an
index correlating with left ventricular filling pressure and
LVEDP, and can be measured using the pulsed wave (PW)
Doppler method. “E” corresponds to the wave height at early
diastole in a waveform of left ventricular inflow velocities
plotted along the cardiac time phase (wave height of
E-waves). Measurement of “E”, for example, is performed
by setting a range gate at the mitral orifice and collecting
blood flow PW Doppler waveforms. “e™ corresponds to the
wave height at early diastole in a waveform of mitral
annulus tissue velocities plotted along the cardiac time
phase. Measurement of “e", for example, is performed by
setting a range gate at the mitral annulus and collecting
tissue PW Doppler waveforms. “E/e™ is calculated as the
ratio between “E” and “e"”.

To calculate “E/e"™, both left ventricular inflow blood
velocities and mitral annulus tissue velocities need to be
measured. “E” and “e”” have conventionally been measured
from different heart beats. There are cases, however, where
“E/e™ calculated using “E” and “e™ measured from different
heart beats shows low accuracy. For the reason described
above, in recent years, measurement of “E” and “e” has
been simultaneously performed from the same heart beat
using a technique with which Doppler waveforms in two
regions can be simultaneously collected by performing PW
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Doppler scanning on a time sharing basis. With this tech-
nique, however, “E/e"™ is not always an index accurately
reflecting the LVEDP.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a configuration
example of an ultrasound diagnostic apparatus according to
a first embodiment;

FIG. 2 is a block diagram illustrating a configuration
example of an image processing unit according to the first
embodiment;

FIG. 3 is a diagram illustrating the image acquirer accord-
ing to the first embodiment;

FIG. 4 is a diagram illustrating an example of three-
dimensional speckle tracking;

FIG. 5 and FIG. 6 are diagrams illustrating an extremum
detection unit according to the first embodiment;

FIG. 7 is a diagram illustrating an example of an experi-
ment employing image processing analysis according to the
first embodiment;

FIG. 8 is a flowchart illustrating an example of processing
performed by the ultrasound diagnostic apparatus according
to the first embodiment;

FIG. 9 is a diagram illustrating a first modification accord-
ing to the first embodiment;

FIG. 10 is a diagram illustrating a second modification
according to the first embodiment;

FIG. 11 is a diagram illustrating an image acquirer accord-
ing to a second embodiment.

FIG. 12 is a diagram illustrating an example of two-
dimensional speckle tracking.

FIG. 13 is a diagram illustrating a volume information
calculator according to the second embodiment;

FIG. 14 is a flowchart illustrating an example of process-
ing performed by an ultrasound diagnostic apparatus accord-
ing to the second embodiment;

FIG. 15A and FIG. 15B are diagrams illustrating an image
acquirer according to a third embodiment;

FIG. 16A and FIG. 16B are diagrams illustrating a volume
information calculator according to the third embodiment;

and

FIG. 17 is a flowchart illustrating an example of process-
ing performed by an ultrasound diagnostic apparatus accord-
ing to the third embodiment.

DETAILED DESCRIPTION

An ultrasound diagnostic apparatus according to the pres-
ent embodiments includes an image acquirer, a volume
information calculator, a wall motion calculator, a time
charge rate calculator, an extremum detector, and an index
calculator. The image acquirer is configured to acquire a
group of ultrasonic image data generated by ultrasonic
scanning on a heart including at least a left ventricle for a
period of one or more heart beats. The volume information
calculator is configured to calculate, from the group of the
ultrasonic image data, time-series data of volume informa-
tion 1in a first region of interest in the left ventricle. The wall
motion information calculator configured to calculate, from
the group of the ultrasonic image data, time-series data of
wall motion information in a second region of interest in the
left ventricle. The time change rate calculator is configured
to calculate, from the time-series data of the volume infor-
mation, first time-series data that is time-series data of a time
change rate of volume information and calculate, from the
time-series data of the wall motion information, second
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time-series data that is time-series data of a time change rate
of wall motion information. The extremum detector is
configured to detect an extremum in early diastole of the first
time-series data as a first extremum and detect an extremum
in early diastole of the second time-series data as a second
extremum. The index calculator is configured to calculate an
index using the first extremum and the second extremum.

An ultrasound diagnostic apparatus according to embodi-
ments will be explained in detail below with reference to
accompanying drawings.

First Embodiment

The configuration of an ultrasound diagnostic apparatus
according to a first embodiment will be first described. FIG.
1 is a block diagram illustrating a configuration example of
the ultrasound diagnostic apparatus according to the first
embodiment. As illustrated in FIG. 1, the ultrasound diag-
nostic apparatus according to the first embodiment includes
an ultrasonic probe 1, a monitor 2, an input device 3, an
electrocardiograph 4, and an apparatus body 10.

The ultrasonic probe 1 includes a plurality of piezoelectric
transducer elements. The piezoelectric transducer elements
generate ultrasonic waves based on a drive signal supplied
from a transmitter-receiver unit 11 included in the apparatus
body 10 described later. The ultrasonic probe 1 receives a
reflected wave from a subject P to convert the reflected wave
thus received into an electric signal. The ultrasonic probe 1
also includes matching layers provided to the piezoelectric
transducer elements and backing materials and so on pre-
venting ultrasonic waves from traveling backwards from the
piezoelectric transducer elements. The ultrasonic probe 1 is
removably attached to the apparatus body 10.

When ultrasonic waves are transmitted from the ultra-
sonic probe 1 to the subject P, the ultrasonic waves thus
transmitted are sequentially reflected on the planes of dis-
continuity of acoustic impedances in body tissues of the
subject P and then received by the plurality of piezoelectric
transducer elements included in the ultrasonic probe 1 as
reflected wave signals. The amplitudes of the reflected wave
signals thus received depend on the differences between the
acoustic impedances on a plane of discontinuity on which
the ultrasonic waves are reflected. When the ultrasonic
pulses transmitted are reflected on a moving blood flow or
the surface of a cardiac wall, for example, the reflected wake
signals undergoes a frequency shift depending on the veloc-
ity component in the ultrasound transmission direction of the
moving body because of the Doppler effect.

The ultrasonic probe 1 according to the first embodiment
is an ultrasonic probe that can scan the subject P three-
dimensionally as well as two-dimensionally using ultrasonic
waves. Specifically, the ultrasonic probe 1 according to the
present embodiment is a mechanical four-dimensional probe
that two-dimensionally scans the subject P with a plurality
of piezoelectric transducer elements disposed in line and
also three-dimensionally scans the subject P by oscillating
the piezoelectric transducer elements at a predetermined
angle (oscillation angle). Alternatively, the ultrasonic probe
1 according to the first embodiment is a two-dimensional
matrix array probe that can perform three-dimensional ultra-
sonic scanning on the subject P with the plurality of piezo-
electric transducer elements disposed in a matrix shape. The
two-dimensional matrix array probe can also two-dimen-
sionally scan the subject P by converging ultrasonic waves
and transmitting the ultrasonic waves thus converted.

The input device 3 includes a mouse, a keyboard, buttons,
a panel switch, a touch command screen, a foot switch, a
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track ball, or a joystick, and receives various setting requests
from the operator of the ultrasound diagnostic apparatus and
transmits the setting requests thus received to the apparatus
body 10. The setting information that the input device 3
according to the first embodiment receives from the operator
will be described later.

The monitor 2 displays a graphical user interface (GUI)
through which the operator of the ultrasound diagnostic
apparatus inputs various setting requests using the input
device 3 and displays ultrasonic images generated by the
apparatus body 10, for example.

The electrocardiograph 4 acquires electrocardiogram
(ECG) of the subject P as a biological signal of the subject
P three-dimensionally scanned. The electrocardiograph 4
transmits the electrocardiogram thus acquired to the appa-
ratus body 10.

The apparatus body 10 is an apparatus that generates
ultrasonic image data based on the reflected wave signal
received by the ultrasonic probe 1. The apparatus body 10
illustrated in FIG. 1 is an apparatus that can generate
two-dimensional ultrasonic image data based on two-dimen-
sional reflected wave signal data received by the ultrasonic
probe 1. The apparatus body 10 illustrated in FIG. 1 also is
an apparatus that can generate three-dimensional ultrasonic
image data based on three-dimensional reflected wave data
received by the ultrasonic probe 1. The three-dimensional
ultrasonic image data may be referred to as “volume data”
in some cases below.

The apparatus body 10 includes a transmitter-receiver unit
11, a B-mode processing unit 12, a Doppler processing unit
13, an image generating unit 14, and an image memory 15,
an internal memory unit 16, an image processing unit 17,
and a control unit 18 as illustrated in FIG. 1.

The transmitter-receiver unit 11 includes a purse genera-
tor, a transmission delay unit, and a pulsar, and supplies a
drive signal to the ultrasonic probe 1. The pulse generator
repeatedly generates a rate pulse for forming a transmitting
ultrasonic wave at a predefined rate frequency. The trans-
mission delay unit provides each rate pulse generated by the
pulse generator with a transmission delay time for each
piezoelectric transducer element. The transmission delay
time is required to focus ultrasonic waves generated by the
ultrasonic probe 1 into a beam and to determine transmission
directionality. The pulsar applies a drive signal (drive pulse)
to the ultrasonic probe 1 at the timing based on the rate
pulse. In other words, the transmission delay unit adjusts the
transmission direction of ultrasonic waves transmitted from
the surface of the piezoelectric transducer elements as
required by changing the transmission delay time provided
to each rate pulse.

The transmitter-receiver unit 11 has functions capable of
instantaneously changing transmission frequencies, trans-
mission drive voltages, and the like in order to perform a
predefined scan sequence based on an instruction from the
control unit 18 described later. In particular, the transmission
drive voltages can be changed with a linear amplifier type of
transmission circuit capable of instantaneously changing
values or a mechanism electrically switching over a plurality
of power source units.

The transmitter-receiver unit 11 includes a preamplifier,
an analog/digital (A/D) converter, and a reception delay unit,
and an adder, performs various types of processing on the
reflected wave signals received by the ultrasonic probe 1,
and generates reflected wave data. The preamplifier ampli-
fies the reflected wave signals for each channel. The A/D
converter A/D-converts the reflected wave signals thus
amplified. The reception delay unit provides a reception
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delay time required to determine reception directionality.
The adder performs addition processing on the reflected
wave signals processed by the reception delay unit, and
generates reflected wave data. The addition processing pet-
formed by the adder enhances reflection components along
the direction in accordance with the reception directionality
of the reflected wave signals. The transmission and reception
directionalities form an integrated reception beam of ultra-
sound transmission and reception.

The transmitter-receiver unit 11 causes the ultrasonic
probe 1 to transmit two-dimensional ultrasonic beams when
the subject P is two-dimensionally scanned. The transmitter-
receiver unit 11 then generates two-dimensional reflected
wave data from two-dimensional reflected wave signals
received by the ultrasonic probe 1. The transmitter-receiver
unit 11 also causes the ultrasonic probe 1 to transmit
three-dimensional ultrasonic beams when the subject P is
three-dimensionally scanned. The transmitter-receiver unit
11 then generates three-dimensional reflected wave data
from three-dimensional reflected wave signals received by
the ultrasonic probe 1.

Various forms are selectable such as cases where the
signals output from the transmitter-receiver unit 11 are
signals including phase information called radio frequency
(RF) signals or signals including amplitude information after
envelope demodulation processing, for example.

The B-mode processing unit 12 receives reflected wave
signals from the transmitter-receiver unit 11, performs loga-
rithmic amplification, envelope demodulation, and the like,
and generates data in which the intensity of a signal is
represented by the brightness of its luminance (B-mode
data).

The Doppler processing unit 13 performs frequency
analysis of velocity information from the reflected wave data
received from the transmitter-receiver unit 11 and extracts a
blood flow component, a tissue component, and a contrast
agent echo component affected by the Doppler effect,
thereby generating data (Doppler data) in which moving
body information such as velocity, variance, power, and the
like are extracted at multiple points.

The B-mode processing unit 12 and the Doppler process-
ing unit 13 according to the first embodiment can process
both two-dimensional reflected wave data and three-dimen-
sional reflected wave data. Specifically, the B-mode pro-
cessing unit 12 generates two-dimensional B-mode data
from two-dimensional reflected wave data and three-dimen-
sional B-mode data from three-dimensional reflected wave
data. The Doppler processing unit 13 generates two-dimen-
sional Doppler data from two-dimensional reflected wave
data and three-dimensional Doppler data from three-dimen-
sional reflected wave data.

The image generating unit 14 generates ultrasonic wave
image data from the data generated by the B-mode process-
ing unit 12 and the Doppler processing unit 13. Specifically,
the image generating unit 14 generates two-dimensional
B-mode image data in which the intensity of a reflected
wave signal is represented by the luminance from the
two-dimensional B-mode data generated by the B-mode
processing unit 12. The image generating unit 14 also
generates two-dimensional Doppler image data representing
moving body information from the two-dimensional Dop-
pler data generated by the Doppler processing unit 13. The
two-dimensional Doppler image data includes a speed
image, a variance image, a power image, and an image in
which these images are combined. The image generating
unit 14 can also generate a Doppler waveform in which

10

15

20

25

30

35

40

45

50

55

60

65

6

speed information of blood flows and tissues are plotted in
a time-serial manner from the Doppler data generated by the
Doppler processing unit 13.

The image generating unit 14 typically generates ultra-
sonic image data for display through conversion (scan-
conversion) of signal arrays of ultrasonic scan lines into
signal arrays of scan lines in a video format represented by
television. Specifically, the image generating unit 14 gener-
ates ultrasonic image data for display through coordinate
conversion in accordance with the form of the ultrasonic
scan performed by the ultrasonic probe 1. The image gen-
erating unit 14 also performs various types of image pro-
cessing other than the scan conversion. For example, the
image generating unit 14 uses a plurality of image frames
after the scan conversion and performs image processing
reproducing an image having an average brightness
(smoothing processing) and image processing using a dif-
ferentiation filter in an image (edge enhancement process-
ing). The image generating unit 14 also combines text
information on various parameters, scales, body marks, and
the like with ultrasonic image data.

Specifically, the B-mode data and the Doppler data are
ultrasonic image data before the scan conversion, and data
generated by the image generating unit 14 is ultrasonic
image data for display after the scan conversion. The
B-mode data and the Doppler data are also referred to as raw
data.

The image generating unit 14 further generates three-
dimensional B-mode image data by performing coordinate
conversion on the three-dimensional B-mode data generated
by the B-mode processing unit 12. The image generating
unit 14 also generates three-dimensional Doppler image data
by performing coordinate conversion on the three-dimen-
sional Doppler data generated by the Doppler processing
unit 13. In other words, the image generating unit 14
generates “three-dimensional B-mode image data and three-
dimensional Doppler image data” as “three-dimensional
ultrasonic image data (volume data)”.

The image generating unit 14 further performs rendering
processing on volume data to generate various types of
two-dimensional image data so that the monitor 2 displays
the volume data. The rendering processing performed by the
image generating unit 14 includes processing performing
multi-planer reconstruction (MPR) and generating MPR
image data from volume data. The rendering processing
performed by the image generating unit 14 also includes
processing performing curved MPR on volume data and
processing performing maximum intensity projection on
volume data. The rendering processing performed by the
image generating unit 14 further includes volume rendering
(VR) processing generating two-dimensional image data on
which three-dimensional information is reflected.

The image memory 15 is a memory storing therein image
data for display generated by the image generating unit 14.
The image memory 15 can also store therein data generated
by the B-mode processing unit 12 and the Doppler process-
ing unit 13. The B-mode data and the Doppler data stored in
the image memory 15 can be called by the operator after
diagnosis, for example, and serve as ultrasonic image data
for display via the image generating unit 14. The image
generating unit 14 stores in the image memory 15 volume
data and the ultrasonic scanning time required for generating
the volume data in association with electrocardiographic
waveforms transmitted from the electrocardiograph 4. The
image processing unit 17 and the control unit 18 described
later can refer to the data stored in the image memory 15,
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thereby acquiring the cardiac time phase at the time of
ultrasonic scanning performed for generating the volume
data.

The internal memory unit 16 stores therein various types
of data such as control programs for performing transmis-
sion and reception of ultrasonic waves, image processing,
and display processing; diagnostic information (patients’
IDs and doctors’ opinions, for example); a diagnostic pro-
tocol; and various body marks. The internal memory unit 16
is also used, for example, for storing the images stored by
the image memory 15 as necessary. The data stored in the
internal memory unit 16 can be transferred to an external
device through an interface (not illustrated). The external
device includes a personal computer used by a doctor
performing image diagnosis, a storage medium such as a CD
or DVD, and a printer.

The image processing unit 17 is installed in the apparatus
body 10 to perform computer aided diagnosis (CAD). The
image processing unit 17 acquires ultrasonic image data
stored in the image memory 15, thereby performing image
processing to support diagnosis. The image processing unit
17 then stores the results from the image processing in the
image memory 15 and the internal memory unit 16. The
processing performed by the image processing unit 17 will
be described later.

The control unit 18 controls the entire processing pet-
formed by the ultrasound diagnostic apparatus. Specifically,
the control unit 18 controls processing performed by the
transmitter-receiver unit 11, the B-mode processing unit 12,
the Doppler processing unit 13, the image generating unit
14, and the image processing unit 17 based on various
setting requests input by the operator through the input
device 3 and various control programs and various types of
data read from the internal memory unit 16. The control unit
18 also controls the monitor 2 to display ultrasonic image
data for display stored in the image memory 15 and the
internal memory unit 16. The control unit 18 further per-
forms control on the results from processing performed by
the image processing unit 17 to be displayed on the monitor
2 or output to an external device.

Described above is the overall configuration of the ultra-
sound diagnostic apparatus according to the first embodi-
ment. Based on the configuration described above, the
ultrasound diagnostic apparatus according to the first
embodiment calculates an index substituting for “E/e™ used
as an index correlating with left ventricular end-diastolic
pressure.

As described above, both left ventricular inflow blood
velocities and mitral annulus tissue velocities need to be
measured to calculate “E/e” conventionally used as an index
correlating with LVEDP. “E” and “e” have conventionally
been measured at different heart beats. Alternatively, to
increase accuracy of “E/e", a technique with which Doppler
waveforms in two regions can be simultaneously collected
has been used to simultaneously measure “E” and “e"” from
the same heart beat. The mitral annulus tissue velocities are
measured in one region or in two regions (typically, two
regions on the septal and lateral wall in a four-chamber
section). To accurately measure the mitral annulus tissue
velocities, measurement of the mitral annulus tissue veloci-
ties is preferably performed in a plurality of regions for each
of a plurality of sections.

However, when “E” and “e” are simultaneously col-
lected, there is only one region where “e”” can be measured.
To obtain “¢" in a plurality of regions, measurement needs
to be performed at different heart beats, lengthening the time
for image acquisition. When measuring “E” and “e” at
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different heart beats, “e™ can be measured in a plurality of,
that is, two or more regions, but increasing the measurement
regions lengthens the testing time.

In diagnosis of left ventricular diastolic performance,
when “E/e”™ is below “8”, the diastolic performance is
considered as normal, and when “E/e” is over “15”, the
diastolic performance is considered as abnormal. However,
the cutoff value as a judgment criterion between normal and
abnormal is not always “15”, and a wide range of values
between “8” and “22” has been generally used. The causes
for the wide overlap of the cutoff values between “8” and
“22” are classified roughly into the following two causes.

The first cause is that the results of measurement of “E”
and “e”” performed using the Doppler method include errors
dependent on the Doppler angles. In particular, when “e™ is
measured using the tissue Doppler method, the errors in the
measurement results are increased unless the motion direc-
tion of the mitral annulus corresponds to the scan line
direction. For example, in the case of dilated cardiomyopa-
thy (DCM) with which the left ventricle grows spherical, the
motion direction of the mitral annulus may not correspond
to the scan line direction, which may increase errors of “e"™.
To solve this problem, two-dimensional speckle tracking
(hereinafter, 2DT) is used in recent years in which an index
corresponding to “E/e" is obtained by using a peak value of
the global strain rate in the longitudinal direction in early
diastole. Because the speckle tracking methods do not use
the Doppler method for detecting motions, the problem of
dependency on the Doppler angle is not involved. However,
the method described above cannot simultaneously measure
“E” and “e” at one heart beat.

The second cause is that while “E” is an index for global
function of the left ventricle, “e"™ is an index for a local part
of the mitral annulus as described above.

There have been some cases where “E/e” is not always an
index accurately reflecting left ventricular end-diastolic
pressure LVEDP as describe above. From this background,
the ultrasound diagnostic apparatus according to the first
embodiment is configured to calculate an index accurately
reflecting a left ventricular end-diastolic pressure LVEDP by
means of the function of the image processing unit 17
described below.

FIG. 2 is a block diagram illustrating a configuration
example of an image processing unit according to the first
embodiment. As illustrated in FIG. 2, the image processing
unit 17 according to the first embodiment includes an image
acquirer 17a, a volume information calculator 175, a wall
motion information calculator 17¢, a time change rate cal-
culator 174, an extremum detector 17¢, and an index cal-
culator 17/

According to the first embodiment, the operator first uses
the ultrasonic probe 1 that can perform three-dimensional
scanning to three-dimensionally scan the left heart of the
subject P for the period of one or more heart beats by
approaching the cardiac apex, for example. Based on this
scanning, the image generating unit 14 generates a plurality
of pieces of three-dimensional ultrasonic image data along
the time series for the period of one or more heart beats and
stores the data thus generated in the image memory 15. The
pieces of three-dimensional ultrasonic image data stored in
the image memory 15 are a group of three-dimensional
ultrasonic image data generated by ultrasonic scanning over
the heart including at least the left ventricle for the period of
one or more heart beats. The three-dimensional ultrasonic
image data according to the first embodiment is three-
dimensional B-mode image data.
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Thereafter, the image acquirer 17a acquires the group of
three-dimensional ultrasonic image data generated by ultra-
sonic scanning over the heart including at least left ventricle
for the period of one or more heart beats. FIG. 3 is a diagram
illustrating the image acquirer according to the first embodi-
ment. The image acquirer 17a acquires a plurality of pieces
of three-dimensional ultrasonic image data along the time
series for the period of one or more heart beats as illustrated
in FIG. 3. Each piece of three-dimensional ultrasonic image
data includes left ventricle of the subject P.

Thereafter, the volume information calculator 175 calcu-
lates time-series data of volume information in the first
region of interest in the left ventricle from the group of
three-dimensional ultrasonic image data. The wall motion
information calculator 17¢ calculates time-series data of
wall motion information in the second region of interest in
the left ventricle from the same group of three-dimensional
ultrasonic image data.

Specifically, the volume information calculator 175 uses
the results from tracking the position of the first region of
interest by means of processing including pattern matching
between pieces of image data and calculates volume infor-
mation. The wall motion information calculator 17¢ uses the
results from tracking the position of the second region of
interest by means of processing including pattern matching
between pieces of image data and calculates wall motion
information.

More specifically, the volume information calculator 175
and the wall motion information calculator 17¢ use the
results from three-dimensional speckle tracking (hereinafter,
3DT) performed on three-dimensional moving image data
acquired by the three-dimensional echocardiography and
calculate the volume information in the first region of
interest and the wall motion information in the second
region of interest. The speckle tracking methods are methods
for estimating accurate motions by using optical flow meth-
ods and various types of spatial-temporal interpolation pro-
cessing, for example, in combination with the pattern match-
ing processing. The speckle tracking methods also include a
method for estimating motions without performing pattern
matching processing. Described below is a case where 3DT
processing is performed by the volume information calcu-
lator 175. However, according to the first embodiment, both
cases are acceptable: a case where the 3DT processing is
performed by the image acquirer 17a or the wall motion
information calculator 17¢ and another case where the 3DT
processing is performed by a processing unit other than the
image processing unit 17 (the control unit 18, for example).

FIG. 4 is a diagram illustrating an example of three-
dimensional speckle tracking. For example, the input device
3 receives a request to display the first frame (first volume)
of the group of three-dimensional ultrasonic image data
from the operator. The control unit 18 to which the request
to display is transferred reads out the three-dimensional
ultrasonic image data in the first frame from the image
memory 15 and directs the monitor 2 to display the data thus
read out. For example, the control unit 18 directs the image
generating unit 14 to generate a plurality of pieces of MPR
image data on which the three-dimensional ultrasonic image
data in the first frame is cut along the sections in a plurality
of directions and controls the monitor 2 to display the pieces
of data thus generated.

Thereafter, the operator refers to the plurality of pieces of
MPR image data displayed on the monitor and sets a
plurality of tracking points where 3DT is performed. To cite
an example, the operator traces the positions of the left
ventricular endocardium and the epicardium in each piece of
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MPR image data. The volume information calculator 176
reconstructs three-dimensional boundary surfaces from the
left ventricular endocardial surface and the epicardial sur-
face thus traced. The volume information calculator 175
then sets up a mesh structured by a plurality of rectangles
with respect to the endocardial surface in the first frame and
sets the top of each rectangle to a tracking point as illustrated
in FIG. 4. The volume information calculator 175 also sets
up a mesh structured by a plurality of rectangles with respect
to the epicardial surface in the first frame and sets the top of
each rectangle to a tracking point (not illustrated). At this
time, the volume information calculator 175 sets each track-
ing point on the endocardial surface in a pair with the
corresponding tracking point on the epicardial surface. The
volume information calculator 175 then sets template data
with respect to each of the tracking points set in the first
frame The template data consists of a plurality of voxels
centering on each of the tracking points.

The volume information calculator 175 then explores a
region that fits best to the speckle pattern of the template
data between two frames the most, thereby traces to which
position the template data moves in the next frame. The
volume information calculator 176 thus traces to which
position in the nth frame each tracking point in the first
frame moves, as illustrated in FIG. 4. It should be noted the
mesh for setting the tracking points may be set by the
volume information calculator 175 detecting the endocardial
surface or the epicardial surface of the left ventricle included
in the first frame.

The volume information calculator 176 performs 3DT
with respect to the group of three-dimensional ultrasonic
image data with the entire left ventricle (the endocardium
and the epicardium of the left ventricle, for example) as the
first region of interest. The volume information calculator
176 then calculates the inner cavity (V) surrounded by the
endocardial surface of the left ventricle from the results of
3DT on the endocardium in each volume data. The volume
information calculator 175 thus generates time-series data
for the period of one or more heart beats of the inner cavity
volume (V). The volume information calculator 175 then
generates the volume of the inside of the epicardium from
the results of the 3DT of the epicardium. The volume
information calculator 175 generates time-series data for the
period of one or more heart beats of the volume of the
epicardium. In the first embodiment, temporal differential of
the inner cavity volume (V) is used as a value corresponding
to the left ventricular inflow blood velocity as described
later.

The wall motion information calculator 17¢ generates
time-series data for the period of one or more heart beats of
the wall motion information from the result of 3DT with
respect to the group of three-dimensional ultrasonic image
data. In the first embodiment, as described later, the temporal
differential of the wall motion information is used as a value
corresponding to the mitral annular velocity. Described
below is a specific example of the wall motion information
calculated from the results of 3DT and the second region of
interest.

The wall motion information calculator 17¢ calculates the
wall motion information and strain from the results of 3DT
performed on the endocardium and the epicardium. The wall
motion information calculator 17¢ calculates strain in the
longitudinal direction (LS) and strain in the circumferential
direction (C8), and strain in the radial direction (RS).

Alternatively, the wall motion information calculator 17¢
calculates area change ratio (AC) of the left ventricle endo-
cardial surface as wall motion information from the results
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of 3DT performed on the endocardium, for example. From
the viewpoint of a value corresponding to the mitral annular
velocity, LS is the most suitable for the wall motion infor-
mation. In the viewpoint of a value corresponding to the
change of the inner cavity volume (V), AC is the most
suitable for the wall motion information.

Alternatively, the wall motion information calculator 17¢
may calculate displacement from the results of 3DT per-
formed on the endocardium or the epicardium, for example.
The temporal differential of the displacement can also be
used as a value corresponding to the mitral annular velocity.
When using the displacement as the wall motion informa-
tion, the wall motion information calculator 17¢ can calcu-
late displacement in the longitudinal direction (LD) and
displacement in the radial direction (RD). The wall motion
information calculator 17¢ may alternatively calculate abso-
lute displacement (AD) of the tracking point in a time phase
other than the reference phase with respect to the tracking
point in the reference time phase (R-waves, for example).

“Strain”, “area change ratio”, and “displacement” are wall
motion information obtained by using the speckle tracking
technique and can trace the motion of the myocardium,
enabling their definitions in a local region. “Strain” and
“area change ratio” in particular are known to be advanta-
geous to “displacement” in that information on expansion
and contraction of a local region of the myocardium can be
obtained without affection of “translation”, which is the
motion of the entire heart.

Both cases are acceptable: a case where the wall motion
information calculator 17¢ calculates wall motion informa-
tion of the entire left ventricle (overall wall motion infor-
mation) as wall motion information in the second region and
another case where the wall motion information calculator
17¢ calculates wall motion information of the left ventricle
mitral annulus (local wall motion information) as wall
motion information in the second region. For example, the
wall motion information calculator 17¢ calculates local wall
motion information using segmented regions recommended
by the American Society of Echocardiography and American
Heart Association.

When the second region of interest is the entire left
ventricle, the wall motion information calculator 17¢ calcu-
lates wall motion information in all segmented regions and
averages all wall motion information thus calculated,
thereby calculating wall motion information of the entire left
ventricle.

When the second region of interest is the valve ring region
(mitral annular region) of the left ventricle, the wall motion
information calculator 17¢ calculates wall motion informa-
tion of each of the anterior wall, the side wall, the posterior
wall, the inferior wall, the septum, and the anteroseptal wall
at the base level and averages the six sets of the wall motion
information thus calculated, thereby calculating wall motion
information of the valve ring of the left ventricle.

From the viewpoint of a value corresponding to change of
the inner cavity volume (V), overall wall motion informa-
tion such as “the entire endocardial surface” and “the entire
valve ring region” is preferably used rather than “local wall
motion information in the valve ring region” such as “wall
motion information of the anteroseptal wall” and “average
of wall motion information of the anteroseptal wall and the
side wall”. ““Wall motion information of the entire valve ring
region” is local wall motion information for the left ven-
tricle, but is overall wall motion information for the valve
ring.

When LS, CS, RS, or RD is used as wall motion infor-
mation, for example, the wall motion information calculator
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17¢ calculates an average of values in the local regions for
the entire left ventricle. When using AC, the wall motion
information calculator 17¢ calculates an average of a value
in the local regions over the entire left ventricle or the area
change ratio for the entire endocardial surface. When using
LD or AD, the wall motion information calculator 17¢
preferably calculates an average of the entire valve ring
region.

Both cases are acceptable: a case where the information
calculated as the wall motion information is set by the
operator through the input device 3 and another case where
the information calculated as the wall motion information is
set as default.

The time change rate calculator 174 illustrated in FIG. 2
calculates the first time-series data serving as time-series
data of the time change rate of volume information from the
time-series data of the volume information. The time change
rate calculator 174 illustrated in FIG. 2 also calculates the
second time-series data serving as time-series data of the
time change rate of wall motion information from the
time-series data of the wall motion information. The extre-
mum detector 17¢ illustrated in FIG. 2 detects an extremum
in early diastole of the first time-series data as the first
extremum and detects an extremum in early diastole of the
second time-series data as the second extremum. FIGS. 5
and 6 are diagrams illustrating an extremum detection unit
according to the first embodiment.

In the upper diagram in FIG. 5, the dashed line illustrates
a graph plotting time-series data of an inner cavity volume
(V, unit: mL) calculated by the volume information calcu-
lator 176 and the solid line illustrates a graph plotting
time-series data of the area change ratio (AC, unit: %) of the
entire left ventricular endocardium calculated by the wall
motion information calculator 17¢. In the lower diagram in
FIG. 5, the dashed line illustrates graph plotting time-series
data of the time change rate (dV/dt, unit: mL/s) of the inner
cavity volume calculated by the time change rate calculator
17d as the first time-series data and the solid line illustrates
a graph plotting time-series data of the time change rate of
the area change ratio (ACR, unit: 1/s) calculated by the time
change rate calculator 174 as the second time-series data. A
graph of ECG acquired from the electrocardiograph 4 is also
illustrated.

In the case illustrated in FIG. 5, the extremum detector
17e detects a peak value “(dV/dt)e” of “dV/dt” as the first
extremum in early diastole time phase. “e” here indicates
“early diastole”. In the case illustrated in FIG. 5, the
extremum detector 17 also detects a peak value “SRe” of
“ACR” as the second extremum in early diastole. “e” here
indicates “early diastole” similarly to above. “SR” indicates
“strain rate”. AC is a form of the wall motion information as
described above.

The extremum detector 17e first determines end systole
(ES) in the time-series data to detect a peak value in early
diastole. As the determination method of ES, a method is
known in which the duration of aortic valve closure (AVC)
of the subject P is measured in advance as an ejection period
in measurement of the left ventricular outflow and the result
from the measurement is referred to. A determination
method of ES is also known in which the duration of the
second sound is measured using phonocardiogram. In the
first embodiment, these methods may be used, but they
require separate measurement for determining ES.

The extremum detector 17¢ according to the first embodi-
ment performs the estimation processing described below to
easily determine ES without performing measurement. The
extremum detector 17¢ estimates time phase in early diastole
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in the first time-series data using the time phase in which the
volume information is minimum when detecting the first
extremum.

For example, the extremum detector 17e detects time
phase as “Fs” in which “V” is minimum in a graph plotting
time-series data in the inner cavity volume, as illustrated in
the upper diagram in FIG. 5. The extremum detector 17¢
then explores candidates for the local maximum of “dV/dt”
in an exploration period from the time phase detected as
“ES” 10 an end diastole (ED). In this exploration period, two
maximums that are an E-wave in early diastole accompanied
by left ventricular enlargement and an A-wave in late
diastole accompanied by atrial contraction emerge as the
candidates.

The extremum detector 17¢ detects a local maximum
close to the time phase detected as “ES” as “(dV/dt)e”. In the
case illustrated in the lower diagram in FIG. 5, the extremum
detector 17¢ detects “dV/dt” at the time “t1” as “(dV/dt)e”.

The extremum detector 17 then estimates time phase in
early diastole in the second time-series data using the time
phase in which the first extremum has been detected when
detecting the second extremum. At this point, the time when
“dV/dt” is the peak does not generally correspond to the time
when “SR” is the peak. For this reason, the extremum
detector 17e detects the peak value of the time change rate
of the wall motion information in the time phase closest to
the time phase in which the first extremum has been detected
as the second extremum. In the case illustrated in the lower
diagram in FIG. 5, the extremum detector 17e detects
“ACR” at the time “t2” when ACR is the peak at the time
closest to the time “t1” as “SRe”.

When the wall motion information is “RS” or “displace-
ment”, the polarity in diastole is “negative”, and when the
wall motion information is information other than “RS” and
“displacement”, the polarity in diastole is “positive”. The
extremum detector 17¢ selects between negative and posi-
tive of the peak to be explored in accordance with the
polarity of the peak value to be explored.

It is known that peculiar contraction called post systolic
shortening (PSS) is generated by myocardial ischemia.
When PSS occurs, there is a possibility that a plurality of
peaks of “SR” emerge in early diastole. The extremum
detector 17e may detect the maximum peak of “SR” in the
range of the predetermined time period including the time
phase in which the first extremum has been detected as
“SRe”. In an example illustrated in FIG. 6, the extremum
detector 17e sets the time range [“t1-dT” to “t1+dT”] with
respect to the time “t1” in which “(dV/dt)e” is detected. As
illustrated in FIG. 6, the extremum detector 17e then detects
“SR” at the time “t2” in which “SR” is maximum in the
range [“t1-dT” to “t1+dT”] as “SRe”.

Back to FIG. 2, the index calculator 17/ calculates an
index using the first extremum and the second extremum.
For example, the index calculator 17f calculates “(dV/dt)e/
SRe” that is the ratio between “(dV/dt)e” and “SRe” as an
index. In other words, “(dV/dt)e” is used as “E” and “SRe”
is used as “e™ in the first embodiment. In the first embodi-
ment, “(dV/dt)e/SRe” is calculated as an index with respect
to EDP instead of “E/e™. The index “(dV/dt)e/SRe” is
displayed on the monitor 2 or output to an external device
under the control of the control unit 18.

The volume information calculator 176 may calculate left
ventricular ejection fraction (EF) from time-series data of
volume information. EF is a value defined by left ventricular
end-diastolic volume and left ventricular end-systolic vol-
ume. The volume information calculator 175 thus can
acquire left ventricular end-diastolic volume and left ven-
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tricular end-systolic volume from time-series data of volume
information, thereby calculating EF.

The volume information calculator 175 may also calculate
the cardiac mass from time-series data of volume informa-
tion. As described above, the volume information calculator
176 performs 3DT on the epicardial surface as well as the
endocardial surface and generates time-series data for the
period of one or more cardiac cycles of the volume sur-
rounded by the epicardial surface. The volume information
calculator 175 subtracts the inner cavity volume from the
volume inside the epicardium in the same time phase,
thereby calculating “cardiac volume (mL)”. The volume
information calculator 175 then multiplies the “cardiac
volume (mL)” by a general cardiac density value (1.05
g/mL, for example), thereby calculating “cardiac mass (g)”.
The volume information calculator 175 may further normal-
ize the “cardiac mass (g)” by “body surface arca (BSA)
(m?)”, thereby calculating “Mass-Index (g/m>)”.

The left ventricular ejection fraction, the cardiac volume,
the cardiac mass, the Mass-Index, and the like calculated by
the volume information calculator 176 are displayed
together with the index on the monitor 2 or output to an
external device under the control of the control unit 18.

FIG. 7 is a diagram illustrating an example of an experi-
ment employing image processing analysis according to the
first embodiment. FIG. 7 is an example of results from
application of the analysis method described above to an
experimental animal (dog). The vertical axis of the graph in
FIG. 7 is “(dV/dt)e/SRe” calculated by the method described
above when the peak value of temporal differential of AC
(ACR) of the global endocardium is used as SRe. In FIG. 7,
“(dV/dt)e/SRe” is indicated as “dQ/de™. The unit of “dQ/
de™ is “ImL]=[mL/s]/[1/s]”, showing the dimension of the
volume. The horizontal axis of the graph in FIG. 7 indicates
the left atrial pressure (LAP, unit: mmHg) measured using a
cardiac catheter. LAP substantially equals to the left ven-
tricular filling pressure. As exemplified in FIG. 7, the
correlation function “R*=0.83” demonstrates that an index
calculated according to the present embodiment correlates
well with LAP.

Described next is processing performed by the ultrasound
diagnostic apparatus according to the first embodiment with
reference to FIG. 8. FIG. 8 is a flowchart illustrating an
example of processing performed by the ultrasound diag-
nostic apparatus according to the first embodiment.

As illustrated in FIG. 8, the ultrasound diagnostic appa-
ratus according to the first embodiment determines if the
group of three-dimensional ultrasonic image data to be
processed has been specified and a request to calculate an
index has been received (Step S101). When the request to
calculate an index has not been received (No at Step S101),
the ultrasound diagnostic apparatus waits until the request to
calculate an index is received.

When the request to calculate an index has been received
(Yes at Step S101), the image acquirer 17a acquires the
group of three-dimensional ultrasonic image data thus speci-
fied (Step S102). The volume information calculator 176
performs three-dimensional speckle tracking processing
with respect to the group of three-dimensional ultrasonic
image data (Step S103).

The volume information calculator 176 calculates time-
series data of the inner cavity volume (V) (Step S104) and
the time change rate calculator 17d calculates time-series
data of the time change rate (dV/dt) of the inner cavity
volume (the first time-series data) through conversion using
temporal differential of the time-series data of the imner
cavity volume (V) (Step S105). The extremum detector 17¢
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calculates the peak value “(dV/dt)e” in early diastole of
dV/dt as the first extremum (Step S106). The extremum
detector 17e estimates the time phase of early diastole in the
first time-series data using the time phase in which the inner
cavity volume is minimum.

In parallel with the processing in Step S104 to Step S106,
the wall motion information calculator 17¢ calculates time-
series data of the wall motion information (S) (Step S107)
and the time change rate calculator 174 calculates time-
series data (the second time-series data) of the time change
rate (SR) of the wall motion information through conversion
using temporal differential of the time-series data of the wall
motion information (S) (Step S108). The extremum detector
17¢ calculates the peak value “SRe” in early diastole of SR
as the second extremum (Step S109). The extremum detec-
tor 17e uses the time phase of the first extremum thus
detected to perform processing of Step S109 after perform-
ing the processing of Step S106.

The index calculator 17f calculates the index “(dV/dt)e/
SRe” (Step S110), outputs the index under the control of the
control unit 18 (Step S111), and ends the processing.

As described above, according to the first embodiment,
the speckle tracking technique, not the Doppler method, is
used to acquire volume information and wall motion infor-
mation in the same heart beat from the same three-dimen-
sional moving image data (the group of three-dimensional
ultrasonic image data). In the first embodiment, time-series
data of the time change rate of volume information and
time-series data of the time change rate of wall motion
information in the same heart beat are acquired. If it is
assumed that the area of the mitral annulus does not change
in diastole, it is thought that the wave height “(dV/dt)e” in
early diastole of “dV/dt” is proportional to the wave height
of the E-wave at the left ventricular inflow velocity. In the
first embodiment, therefore, the peak value “(dV/dt)e” of
time-series data of the time change rate of volume informa-
tion is detected as a value corresponding to “E” that con-
ventionally used to be obtained using the Doppler method.
Furthermore, in the first embodiment, the peak value “SRe”
of time-series data of the time change rate of wall motion
information is detected as a value corresponding to “e”” that
conventionally used to be obtained using the Doppler
method.

Actual patients with cardiac diseases have complications
of cardiac dysrhythmia such as auricular fibrillation and
extrasystole at high rates. Because cardiac dysrhythmia
affects both “E” and “e™ values in measurement of “E/e™,
synchronism of “E” and “e™ is required for accurate mea-
surement of “E/e".

In the first embodiment, “(dV/dt)e” and “SRe” are
acquired from data of the same heart beat, “(dV/dt)e/SRe” is
considered to be an index accurately reflecting EDP even
when cardiac dysrhythmia occurs. In other words, the values
of the denominator and the numerator in “(dV/dt)e/SRe” are
values with which the synchronism is secured.

As described above, the Doppler method is not used in
acquiring wall motion information in the first embodiment.
Furthermore, information of the entire left ventricle is
acquired all at once to acquire overall wall motion informa-
tion (wall motion information of the entire left ventricle and
wall motion information of the entire valve ring) in the first
embodiment.

As described above. no error stemming from the depen-
dency on Doppler angles will be generated in wall motion
information when calculating an index in the first embodi-
ment. The value corresponding to “e™ can be calculated
from a plurality of local wall motion information in the first
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embodiment. Two values corresponding to “E” and “e”” can
be calculated at the same heart beat in the first embodiment.
Therefore, an index accurately reflecting left ventricular
end-diastolic pressure can be calculated in the first embodi-
ment.

In the first embodiment, two modifications described
below may be used for calculating the index described
above. Modifications according to the first embodiment will
be described below with reference to FIG. 9 and FIG. 10.
FIG. 9 is a diagram illustrating a first modification according
to the first embodiment. FIG. 10 is a diagram illustrating a
second modification according to the first embodiment.

In the first modification, the volume information calcula-
tor 17b calculates time-series data of volume information
using 2DT, not 3DT. For example, the volume information
calculator 1756 sets a plurality of sections perpendicular to
the longitudinal direction with respect to three-dimensional
ultrasonic image data (the first frame), as illustrated in FIG.
9. The volume information calculator 175 then sets a track-
ing point for each of closed curves (M1 to M6 . . . ) forming
the epicardium and closed curves (ml to m6 . . . ) forming
the endocardium on each section as illustrated in FIG. 9. The
volume information calculator 175 thus performs 2DT on a
plurality of sections with respect to the group of three-
dimensional ultrasonic image data.

The volume information calculator 175 then spatially
interpolates and combines the results from the 2DT process-
ing on the sections, thereby acquiring data corresponding to
the results from the 3DT processing. The volume informa-
tion calculator 176 uses the data thus acquired to calculate
time-series data of the inner cavity volume (V). In the
present modification, global, CS is preferably used as wall
motion information. Furthermore, the wall motion informa-
tion calculator 17¢ calculates time-series data of wall motion
information by using the data generated by the volume
information calculator 175 spatially interpolating and com-
bining the results from 2DT processing. In this modification
also, an index accurately reflecting left ventricular end-
diastolic pressure can be calculated. As the direction of the
sections in the present modification, a plurality of MPR
longitudinal axis images may be used other than the MPR
short axis images described above.

In the second modification, the volume information cal-
culator 175 calculates time-series data of volume informa-
tion with a method other than the speckle tracking technol-
ogy. Specifically, the volume information calculator 17
performs calculation processing of volume information
using the results from detecting the position of an inner
cavity boundary as the first region of interest. More specifi-
cally, the volume information calculator 17 uses a known
automatic contour detection technique such as edge detec-
tion related to image luminance distribution, and identifies
the position of the left ventricular endocardium as illustrated
in FIG. 10 (see the hatched region in FIG. 10). The volume
information calculator 175 thus calculates time-series data
of the inner cavity volume (V). The automatic contour
detection processing may be performed by a processing umt
other than the volume information calculator 174.

In the second modification, the wall motion information
calculator 17¢ performs calculation processing of wall
motion information using the results from detecting the
positions of the cardiac region as the second region of
interest. The wall motion information calculator 17¢ calcu-
lates wall motion information using the results from the
automatic contour detection performed by the volume infor-
mation calculator 175. In this case, the wall motion infor-
mation calculator 17¢ preferably calculates the global area

(11}
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change ratio (AC) of the entire endocardial surface from the
positional information of the left ventricular endocardial
surface as wall motion information for detecting SRe. In the
processing performed according to the present modification,
the processing at Step S102 illustrated in FIG. 8 is substi-
tuted by the automatic contour detection processing. In this
modification also, an index accurately reflecting left ven-
tricular end-diastolic pressure can be calculated.

Second Embodiment

In a second embodiment, described is a case where the
index described above is calculated using a group of two-
dimensional ultrasonic image data.

The image processing unit 17 according to the second
embodiment includes the same configuration as the image
processing unit 17 according to the first embodiment illus-
trated in FIG. 2. In the second embodiment, however, a
group of two-dimensional ultrasonic image data is to be
processed by the image acquirer 174, the volume informa-
tion calculator 175, and the wall motion information calcu-
lator 17¢ as described below.

The frame rate (volume rate) in a case where three-
dimensional scanning is performed to collect a group of
three-dimensional ultrasonic image data is around 20 to 30
frames per second, for example. In that case, the temporal
resolution of the group of three-dimensional ultrasonic
image data to be collected is lowered. This may cause
variation in the time phase in which the first extremum or the
second extremum is detected or underestimation of the first
extremum or the second extremum. Widening the distance
between the scan lines can improve the temporal resolution,
but it will relatively lower the spatial resolution (bearing
resolution) compared with the two-dimensional scanning.

For this reason, the operator first two-dimensionally scans
a predetermined section of the left heart of the subject P for
the period of one or more heart beats by apical approach, for
example. The image generating unit 14 thus generates a
plurality of pieces of two-dimensional ultrasonic image data
along the time series for the period of one or more heart
beats and stores the data thus generated in the image
memory 15. The pieces of two-dimensional ultrasonic image
data stored in the image memory 15 are a group of two-
dimensional ultrasonic image data generated by ultrasonic
scanning on the predetermined section of the heart including
at least the left ventricle for the period of one or more heart
beats. The two-dimensional ultrasonic image data according
to the second embodiment is two-dimensional B-mode
image data. In the second embodiment, both cases are
acceptable: a case where the two-dimensional scanning is
performed using an ultrasonic probe 1 that is a mechanical
four-dimensional probe or a two-dimensional matrix array
probe and another case where the two-dimensional scanning
is performed using an ultrasonic probe 1 dedicated for
two-dimensional scanning.

The image acquirer 17a according to the second embodi-
ment acquires the group of two-dimensional ultrasonic
image data generated by ultrasonic scanning on the prede-
termined section including at least the left ventricle for the
period of one or more heart beat. The predetermined section
described above is a section for imaging the longitudinal
axis image. In the second embodiment, any one of apical
four-chamber view (hereinafter, A4C), apical two-chamber
view (hereinafter, A2C), or apical long-axis view (herein-
after, A3C) is used as two-dimensional ultrasonic image data
of the longitudinal axis image.
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The image acquirer 17a according to the second embodi-
ment acquires the group of two-dimensional ultrasonic
image data generated by ultrasonic scanning on the prede-
termined section of the heart including at least the left
ventricle (A4C plane, A3C plane, or A2C plane) for the
period of one or more heart beats. FIG. 11 is a diagram
illustrating an image acquirer according to the second
embodiment. The image acquirer 17a acquires image data of
a plurality of A4C planes along time series for the period of
one or more heart beats, for example, as illustrated in FIG.
11.

Thereafter, the volume information calculator 175 accord-
ing to the second embodiment calculates time-series data of
volume information in the first region of interest in the left
ventricle from the group of two-dimensional ultrasonic
image data. The wall motion information calculator 17¢
according to the second embodiment calculates time-series
data of wall motion information in the second region of
interest in the left ventricle from the group of two-dimen-
sional ultrasonic image data.

Specifically, the volume information calculator 175
according to the second embodiment performs calculation
processing of volume information using the results from
tracking the position of the first region of interest by means
of processing including pattern matching between two-
dimensional ultrasonic image data. The wall motion infor-
mation calculator 17¢ according to the second embodiment
performs calculation processing of wall motion information
using the results from tracking the position of the second
region of interest by means of processing including pattern
matching between two-dimensional ultrasonic image data.

In other words, in the second embodiment, two-dimen-
sional speckle tracking processing is performed. Described
below is a case where 2DT processing is performed by the
volume information calculator 175. In the second embodi-
ment, however, both cases are acceptable: a case where 2DT
processing is performed by the image acquirer 17a and the
wall motion information calculator 17¢ and another case
where 2DT processing is performed by a processing unit
other than the image processing unit 17 (the control unit 18,
for example).

FIG. 12 is a diagram illustrating an example of two-
dimensional speckle tracking. For example, the input device
3 receives from an operator a request to display the group of
two-dimensional ultrasonic image data in the first frame.
The control unit 18 to which the request to display is
transferred reads out the two-dimensional ultrasonic image
data in the first frame and causes the monitor 2 to display the
data thus read out.

Thereafter, the operator refers to the two-dimensional
ultrasonic image data displayed on the monitor 2 to set a
plurality of tracking points for 2DT. To cite an example, the
operator traces the points of the left ventricular endocardium
and the epicardium in the two-dimensional ultrasonic image
data. The volume information calculator 175 reconstructs
two-dimensional boundary surfaces from the endocardium
and the epicardium thus traced. The volume information
calculator 176 then sets a plurality of tracking points paired
on each of the endocardium and epicardium in the first frame
as illustrated in F1G. 12. The volume information calculator
176 sets template data to each of the tracking points set in
the first frame. The template data consist of a plurality of
pixels centering on a tracking points.

The volume information calculator 175 then explores a
region that fits to the speckle pattern of the template data
between the two frames the most, thereby tracking to which
position the template data is moved in the next frame. The
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tracking point may be set by the volume information cal-
culator 175 detecting the endocardium and the epicardium of
the left ventricle included in the first frame.

The volume information calculator 176 then approxi-
mately calculates the inner cavity volume (V) using the
“area-length method” and the “Simpson method” estimating
the three-dimensional inner cavity shape from the contour of
the two-dimensional image. F1G. 13 is a diagram illustrating
a volume information calculator according to the second
embodiment.

The volume information calculator 17b calculates time-
series data approximating the inner cavity volume by per-
forming the Simpson method as illustrated in FIG. 13, for
example. When performing the Simpson method, the vol-
ume information calculator 176 divides the A4C image
equally into twenty discs perpendicular to the longitudinal
axis (L) as illustrated in FIG. 13. The volume information
calculator 175 then calculates the distance between two
points where the i-th disc intersects with the endocardial
surface (see a, in FIG. 13). The volume information calcu-
lator 175 then approximates the three-dimensional shape of
the inner cavity in the i-th disc as a slice of a column of the
diameter “a,” as illustrated in FI1G. 13. The volume infor-
mation calculator 175 calculates the sum of the volume of
the twenty columns as volume information approximating
the inner cavity volume. The volume information calculator
174 thus calculates time-series data of the volume informa-
tion.

The “area-length method” presumes the left ventricle as a
spheroid and calculates the length of the short axis of the left
ventricular inner cavity from the results of measurement of
the left ventricular inner cavity area including the left
ventricular longitudinal axis and the left ventricular inner
cavity longitudinal axis length, thereby calculating an
approximate value of the inner cavity. The volume informa-
tion calculator 175 calculates the left ventricular inner cavity
short axis length by measuring the left ventricular inner
cavity area and the left ventricular inner cavity longitudinal
axis length from the results of 2DT processing, thereby
calculating the volume information approximating the inner
cavity volume.

The wall motion information calculator 17¢ according to
the second embodiment uses a two-dimensional longitudinal
axis image, and therefore calculates any of strain in the
longitudinal direction (LS), displacement in the longitudinal
axis (LD), a moving distance (AD), displacement in the wall
thickness direction (RD), or “transverse strain (1S)”, that is,
the wall thickness change rate in the longitudinal axis image
as the types of wall motion information. From the viewpoint
of a value corresponding to the mitral annulus tissue veloc-
ity, LS or LD in parallel with the longitudinal direction is
preferably used.

Furthermore, the wall motion information calculator 17¢
according to the second embodiment uses a two-dimensional
longitudinal axis image, and therefore preferably calculates
an overall average of the endocardium in LS, TS, and RD
and calculates an average in two-divided regions of the right
side and the left side of the mitral annulus in LD and AD as
definition regions of wall motion information.

In the second embodiment, the calculation processing
performed by the time change rate calculator 174, the
detection processing performed by the extremum detector
17¢, the calculation processing performed by the index
calculator 17fare the same as those in the first embodiment.
The index is displayed on the monitor 2 or output to an
external device under the control of the control unit 18.
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The volume information calculator 174 according to the
second embodiment may further calculate the left ventricle
ejection fraction from the time-series data of the inner cavity
volume calculated by the approximation. The volume infor-
mation calculator 175 according to the second embodiment
may also calculate an approximate value of the volume
inside the epicardium from the results of 2DT, thereby
calculating the cardiac volume, the cardiac mass, and the
Mass-Index. The left ventricle ejection fraction, the cardiac
volume, the cardiac mass, the Mass-Index, and the like that
the volume information calculator 175 calculates are dis-
played on the monitor 2 or output to an external device under
the control of the control unit 18.

Described next with reference to FIG. 14 will be process-
ing performed by an ultrasound diagnostic apparatus accord-
ing to the second embodiment. FIG. 14 is a flowchart
illustrating an example of processing performed by an
ultrasound diagnostic apparatus according to the second
embodiment.

As illustrated in FIG. 14, the ultrasound diagnostic appa-
ratus according to the second embodiment determines if a
group of two-dimensional ultrasonic image data to be pro-
cessed has been specified and a request to calculate an index
has been received (Step S201). When the request to calculate
has not been received (No at Step S201), the ultrasound
diagnostic apparatus waits until the request to calculate is
received.

When the request to calculate an index has been received
(Yes at Step S201), the image acquirer 17a acquires the
group of two-dimensional ultrasonic image data thus speci-
fied (Step S202). The volume information calculator 1756
performs two-dimensional speckle tracking processing with
respect to the group of two-dimensional ultrasonic image
data (Step S203).

The volume information calculator 175 approximately
calculates time-series data of the inner cavity volume (V)
(Step S204) and the time change rate calculator 17d calcu-
lates time-series data of the time change rate (dV/dt) of the
inner cavity volume (the first time-series data) through
conversion using temporal differential of the time-series data
of the inner cavity volume (V) (Step S205). The extremum
detector 17e calculates the peak value “(dV/dt)e” in early
diastole of dV/dt as the first extremum (Step S206). The
extremum detector 17e estimates the time phase of early
diastole in the first time-series data using the time phase in
which the inner cavity volume is minimum at step S206.

In parallel with the processing in Step S204 to Step S206,
the wall motion information calculator 17¢ calculates time-
series data of the wall motion information (S) (Step S207)
and the time change rate calculator 174 calculates time-
series data (the second time-series data) of the time change
rate (SR) of the wall motion information through conversion
using temporal differential of the time-series data of the wall
motion information (S) (Step S208). The extremum detector
17e calculates the peak value “SRe” in early diastole of SR
as the second extremum (Step S209). The extremum detec-
tor 17e uses the time phase of the first extremum thus
detected to perform processing of Step S209 after perform-
ing the processing of Step S206.

The index calculator 17/ calculates the index “(dV/dt)e/
SRe” (Step S210), outputs the index under the control of the
control unit 18 (Step S211), and ends the processing.

As described above, in the second embodiment, restric-
tions on both the temporal resolution and the spatial reso-
lution are improved by using two-dimensional moving
image data compared with the first embodiment using three-
dimensional moving image data. Two-dimensional scanning
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can provide moving image data of around 60 to 80 frames
per second (fps) even if the scanning intervals are set
sufficiently small to raise the bearing resolution compared
with three-dimensional scanning. Accordingly, in the second
embodiment, variation in the time phase in which the first
extremum or the second extremum is detected and under-
estimation of the first extremum or the second extremum can
be prevented.

However, in the second embodiment, because wall
motion information is estimated using information on one
section, there is a restriction compared to the first embodi-
ment that a value corresponding to “e”” can be acquired only
from a region that is spatially restricted. Furthermore, there
are cases where a value corresponding to “E” includes an
error stemming from the underlying bulking value that is
estimated from a two-dimensional section.

The method described in the second embodiment using
the two-dimensional moving image having high temporal
resolution is preferably applied when it is important to
secure the synchronism of the denominator and the numera-
tor with which the index is calculated. Specifically, in cases
where the period of heart beats are not constant such as atrial
fibrillation, the synchronism of values corresponding to “E”
and “e" 1s important. Therefore, the method described in the
second embodiment can function effectively.

In the second embodiment, an automatic contour detec-
tion technique may also be applied instead of 2DT similarly
to the second modification according to the first embodi-
ment. In that case, the wall motion information calculator
17¢ preferably calculates the change rate of the overall
length of the entire endocardium as “LS” serving as wall
motion information used for calculating an index from the
positional information of the left ventricular endocardial
contour. In the processing performed in the present modi-
fication, the processing at Step S202 illustrated in FIG. 14 is
substituted by the automatic contour detection processing.

The present modification can also provide an index cor-
relating with EDP even when using the information of a part
of the inner cavity area surrounded by the contour as the
numerator of the index instead of the inner cavity volume.
In that case, when presuming that the wall motion informa-
tion is the strain rate (unit: 1/s), the unit of the index
eventually obtained has the dimension of the area, that is
“cm®”,

Third Embodiment

In a third embodiment, described is cases where the index
described above is calculated using a plurality of groups of
two-dimensional ultrasonic image data.

The image processing unit 17 according to the third
embodiment includes the same configuration as the image
processing unit 17 according to the first embodiment illus-
trated in FIG. 2. However, in the third embodiment, a
plurality of groups of two-dimensional ultrasonic image data
is to be processed by the image acquirer 174, the volume
information calculator 175, and the wall motion information
calculator 17¢ as described below.

In the third embodiment, the operator first two-dimen-
sionally scans each of the sections as predetermined sections
of the left heart of the subject P for the period of one or more
heart beats by apical approach. For example, the operator
two-dimensionally scans each of the two or more sections
selected from the sections for the apical four-chamber view
(A4C), the apical two-chamber view (A2C), and the apical
long-axis view (A3C) for the period of one or more heart
beats sequentially. The image generating unit 14 thus gen-
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erates a plurality of pieces of two-dimensional ultrasonic
image data along time series for the period of one or more
heart beats for each of the sections and stores the data thus
generated in the image memory 15. The two-dimensional
ultrasonic image data for each of the sections stored in the
image memory 15 is the groups of two-dimensional ultra-
sonic image data generated by ultrasonic scanning on each
of the sections of the heart including at least the left ventricle
for the period of one or more heart beats. The two-dimen-
sional ultrasonic image data according to the third embodi-
ment is collected using an ultrasonic probe 1 dedicated for
two-dimensional scanning.

The image acquirer 17a according to the third embodi-
ment acquires the groups of two-dimensional ultrasonic
image data generated by ultrasonic scanning on each of the
sections of the heart including at least the left ventricle for
the period of one or more heart beats. The image acquirer
17a acquires a plurality of groups of two-dimensional ultra-
sonic image data corresponding to each of a plurality of
sections as predetermined sections.

FIGS. 15A and 15B each are a diagram illustrating an
image acquirer according to the third embodiment. As
illustrated in FIG. 15A, the image acquirer 17a acquires a
plurality of pieces of image data of A4C along time series of
one or more heart beats and a plurality of pieces of image
data of A2C along time series of one or more heart beats, for
example.

Alternatively, the image acquirer 174 acquires a plurality
of pieces of image data of A4C along time series of one or
more heart beats, a plurality of pieces of image data of A3C
along time series of one or more heart beats, and a plurality
of pieces of image data of A2C along time series of one or
more heart beats, as illustrated in FIG. 15B.

The volume information calculator 175 according to the
third embodiment calculates time-series data of volume
information in the first region of interest in the left ventricle
from a plurality of groups of two-dimensional ultrasonic
image data. The wall motion information calculator 17¢
according to the third embodiment calculates time-series
data of wall motion information in the second region of
interest in the left ventricle from the groups of two-dimen-
sional ultrasonic image data.

Specifically, the volume information calculator 175
according to the third embodiment performs calculation
processing of volume information using the results of track-
ing the position of the first region of interest by means of
processing including pattern matching between two-dimen-
sional ultrasonic image data similarly to the second embodi-
ment. The wall motion information calculator 17¢ according
to the third embodiment performs calculation processing of
wall motion information using the results of tracking the
second region of interest by means of processing including
pattern matching between two-dimensional ultrasonic image
data, similarly to the second embodiment.

In other words, in the third embodiment, two-dimensional
speckle tracking processing is performed in each of a
plurality of groups of two-dimensional ultrasonic image
data. Described below is a case where 2DT processing is
performed by the volume information calculator 175. How-
ever, in the third embodiment, both cases are acceptable: a
case where 2DT processing is performed by the image
acquirer 17a or the wall motion information calculator 17¢
and another case where 2DT processing is performed by a
processing unit (the control unit 18, for example) other than
the image processing unit 17.

In the third embodiment, when using an ultrasonic probe
1 dedicated for two-dimensional scanning, the groups of
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two-dimensional ultrasonic image data for each section are
collected in different times individually. The volume infor-
mation calculator 176 arrays each group of two-dimensional
ultrasonic image data with R-waves and P-waves as the
reference time phases and with two-dimensional ultrasonic
image data of the R-waves and P-waves at the head, for
example. The volume information calculator 176 thus sub-
stantially matches the time phases between the group of the
ultrasonic image data of A4C and the group of the ultrasonic
image data of A2C along the time series, for example. The
volume information calculator 175 may select the groups of
two-dimensional ultrasonic image data in which the R-wave
intervals and the P-wave intervals or the ECG forms sub-
stantially correspond to each other from each of the groups
of two-dimensional ultrasonic image data to substantially
match the time phases of each group of two-dimensional
ultrasonic image data. Both cases are acceptable: a case
where the processing for matching the time phases is pet-
formed by the image acquirer 17a or the wall motion
information calculator 17¢ and another case where the
processing for matching the time phases is performed by a
processing unit other than the image processing unit 17 (the
control unit 18, for example). In the third embodiment,
however, an ultrasonic probe 1 that is a two-dimensional
matrix array probe may be used to simultaneously perform
two-dimensional scanning for a plurality of sections. In that
case, processing for matching the time phases is not neces-
sarily performed in the third embodiment.

The volume information calculator 175 according to the
third embodiment acquires the position of the tracking point
corresponding to the endocardium in each piece of two-
dimensional ultrasonic image data (specifically, the position
of the inner cavity contour) from the results of 2DT pro-
cessing of two-dimensional ultrasonic image data for each of
the sections in the same time phase. The volume information
calculator 175 then approximately calculates the inner cavity
volume (V) from the position of the inner cavity contour
using the “modified-Simpson method” that is a modification
method of the “Simpson method” estimating the three-
dimensional shape of the inner cavity. FIGS. 16A and 16B
each are a diagram illustrating a volume information calcu-
lator according to the third embodiment.

When two-dimensional scanning is performed for each of
the two sections of the A4C plane and the A2C plane, the
volume information calculator 176 divides each of the A4C
image and the A2C image in the same time phase equally
into twenty discs perpendicular to the longitudinal axis, for
example. The volume information calculator 175 then cal-
culates the distance between two points where the i-th disc
of the A4C image intersects with the endocardial surface
(see a, in FIG. 16A) and the distance between two points
where the i-th disc of the A2C image intersects with the
endocardial surface (see b, in FIG. 16A), as illustrated in
FIG. 16A. The volume information calculator 176 then
approximates the three-dimensional shape of the inner cav-
ity of the i-th disc as a slice of an ellipsoid having a major
axis and a minor axis estimated from “a,”” and “b,”. The
volume information calculator 175 calculates the sum of the
volume of the twenty ellipsoids as volume information
obtained by approximation of the inner cavity volume. The
volume information calculator 176 thus calculates time-
series data of the volume information.

When two-dimensional scanning on each of the A4C
plane, the A3C plane, and the A2C plane is performed, the
volume information calculator 176 divides each of the A4C
image, the A3C image, and the A2C image equally into
twenty discs perpendicular to the longitudinal axis, for
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example. The volume information calculator 176 then
acquires the positions of two points where the i-th disc of the
A4C image intersects with the endocardial surface, the
positions of two points where the i-th disc of the A3C image
intersects with the endocardial surface, and the positions of
two points where the i-th disc of the A2C image intersects
with the endocardial surface. The volume information cal-
culator 175 then determines the inner cavity shape of the i-th
disc from the positions of the six points thus acquired using
the “spline interpolation” (see the dotted closed curve illus-
trated in FIG. 16B), for example. The volume information
calculator 17b then approximates the three-dimensional
shape of the inner cavity in the i-th disc as a cylinder slice
with the spline closed curves serving as the top plane and the
bottom plane. The volume information calculator 175 cal-
culates the sum of the volumes of the twenty discs as volume
information obtained by approximation of the inner cavity
volume. The volume information calculator 175 thus calcu-
lates time-series data of the volume information. The time
change rate calculator 174 performs temporal differential of
the time-series data of volume information, thereby calcu-
lating the first time-series data, and the extremum detector
17e detects the first extremum “(dV/dt)e” from the first
time-series data. The extremum detector 17¢ estimates the
time phase of ES for detecting the first extremum using the
method described in the first embodiment.

The wall motion information calculator 17¢ according to
the third embodiment generates time-series data of wall
motion information on each section. The types of various
wall motion information and the definition regions of wall
motion information in the third embodiment are basically
the same as in the second embodiment.

When wall motion information defined on one section is
set as wall motion information in the second region of
interest, the wall motion information calculator 17¢ accord-
ing to the third embodiment generates time-series data of the
wall motion information on the section concerned. For
example, the wall motion information calculator 17¢ gen-
erates time-series data of wall motion information of the
A4C plane (average of wall motion information on two
points, for example). In that case, the time change rate
calculator 174 performs temporal differential of time-series
data of one piece of wall motion information output from the
wall motion information calculator 17¢, thereby calculating
the second time-series data, and the extremum detector 17e
detects the second extremum “SRe” from the second time-
series data. The extremum detector 17¢ detects the second
extremum using the time phase in which the first extremum
has been detected. The index calculator 17/ calculates an
index by dividing the first extremum by the second extre-
mum.

When wall motion information defined by each of the
sections is set as wall motion information in the second
region of interest, the output form of the data output to the
time change rate calculator 174 from the wall motion
information calculator 17¢ is roughly classified into the two
output forms described below, in the third embodiment.

When the first output form is performed, the wall motion
information calculator 17¢ calculates time-series data
obtained by averaging the time-series data of the wall
motion information of each of the groups of two-dimen-
sional ultrasonic image data as time-series data of wall
motion information. For example, in the first output form,
the wall motion information calculator 17¢ calculates time-
series data of LS of the A4C (time-series data of the average
of LS at two positions on the A4C plane, for example) and
time-series data of LS of the A2C (time-series data of the
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average of LS at two positions on the A2C plane, for
example). The wall motion information calculator 17¢ cal-
culates time-series data of the average (S') of the time-series
data of LS of the A4C plane and the time-series data of LS
of the A2C plane.

The time change rate calculator 174 that has received the
time-series data of the averaged wall motion information
from the wall motion information calculator 17¢ performs
temporal differential of “time-series data of S, thereby
calculating the second time-series data (time-series data of
SRY, and the extremum detector 17e detects the second
extremum “SR'e” from the second time-series data (time-
series data of SR"). The extremum detector 17e detects the
second extremum using the time phase in which the first
extremum has been detected. The index calculator 17/
calculates an index value by dividing the first extremum by
the second extremum.

When the second output form is performed, the wall
motion information calculator 17¢ calculates a plurality of
pieces of time-series data of wall motion information cor-
responding to the groups of two-dimensional ultrasonic
image data. The time change rate calculator 174 calculates
a plurality of pieces of the second time-series data from the
respective pieces of the time-series data of wall motion
information. The extremum detector 17¢ calculates the value
obtained by averaging the extremum in early diastole
detected in each of the pieces of the second time-series data
as the second extremum. For example, in the second output
form, the wall motion information calculator 17¢ calculates
time-series data of LS of the A4C plane and time-series data
of LS of the A2C plane. The time change rate calculator 174
calculates the second time-series data of the A4C plane and
the second time-series data of the A2C plane as the second
time-series data, for example.

The extremum detector 17e detects an extremum in early
diastole of the second time-series data of the A4C plane and
an extremum in early diastole of the second time-series data
of the A2C plane, for example. The extremum detector 17e
uses the time phase in which the first extremum has been
detected to detect an extremum of each of the second
time-series data of the A4C plane and the second time-series
data of the A2C plane, for example. The extremum detector
17¢ then averages the extremum of the second time-series
data of the A4C plane and the extremum of the second
time-series data of the A2C plane, thereby calculating the
second extremum “SR'e”. The index calculator 17f calcu-
lates an index by dividing the first extremum by the second
extremum.

The first output form is considered to be suitable for
obtaining an averaged peak value with the effect of the
region of extremely poor motion being lessened, for cases
where the motion of the heart is extremely poor locally, such
as myocardial infarction. In contrast, the second output form
is considered to be suitable for obtaining a global peak value
including the variations among the regions, for cases of
dyssynchrony such as left bundle branch block where the
index values of regional wall motion (e.g. strain) and its
peak timing vary.

The index calculated by the index calculator 17fis dis-
played on the monitor 2 or output to an external device under
the control of the control unit 18.

The volume information calculator 175 according to the
third embodiment may further calculate the left ventricular
ejection fraction from the time-series data of the inner cavity
volume approximately calculated. Furthermore, the volume
information calculator 175 according to the third embodi-
ment may calculate an approximate value of the internal
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volume of the epicardium from the results of 2DT process-
ing, thereby calculating an approximate value of the cardiac
volume, the cardiac mass, and the Mass-Index. The approxi-
mate values of the left ventricular ejection fraction, the
cardiac volume, the cardiac mass, and the Mass-Index,
calculated by the volume information calculator 175, for
example, are displayed on the monitor 2 or output to an
external device together with the index value under the
control of the control unit 18.

Described next is processing performed by an ultrasound
diagnostic apparatus according to the third embodiment with
reference to FI1G. 17. FIG. 17 is a flowchart illustrating an
example of processing performed by an ultrasound diagnos-
tic apparatus according to the third embodiment. The flow-
chart illustrated in FIG. 17 represents an example of pro-
cessing in which the first output form is performed.

As illustrated in FIG. 17, the ultrasound diagnostic appa-
ratus according to the third embodiment determines if the
group of two-dimensional ultrasonic image data for each of
the sections to be processed has been specified and a request
to calculate an index has been received (Step S301). When
the request to calculate an index has not been received (No
at Step S301), the ultrasound diagnostic apparatus waits
until the request to calculate an index is received.

When the request to calculate an index has been received
(Yes at Step S301), the image acquirer 17a acquires the
group of two-dimensional ultrasonic image data for each of
the sections thus specified (Step S302). The volume infor-
mation calculator 174 performs two-dimensional speckle
tracking processing with respect to each of the groups of
two-dimensional ultrasonic image data (Step S303).

The volume information calculator 175 approximately
calculates time-series data of the inner cavity volume (V)
(Step S304) and the time change rate calculator 174 calcu-
lates time-series data of the time change rate (dV/dt) of the
inner cavity volume (the first time-series data) through
conversion using temporal differential of the time-series data
of the inner cavity volume (V) (Step S305). The extremum
detector 17e calculates the peak value “(dV/dt)e” in early
diastole of dV/dt as the first extremum (Step S306). The
extremum detector 17e estimates the time phase of early
diastole in the first time-series data using the time phase in
which the inner cavity volume is minimum at Step S306.

In parallel with the processing in Step S304 to Step S306,
the wall motion information calculator 17¢ calculates time-
series data of the wall motion information of each of the
sections and averages a plurality of pieces of the time-series
data of the wall motion information, thereby calculating
time-series data of averaged wall motion information (S')
(Step S307). The time change rate calculator 174 calculates
time-series data (the second time-series data) of the time
change rate (SR') of the averaged wall motion information
through conversion using temporal differential of the time-
series data of the averaged wall motion information (Step
S308). The extremum detector 17e calculates the peak value
“SRe” in early diastole of SR as the second extremum (Step
S309). The extremum detector 17 uses the time phase of the
first extremum thus detected to perform processing of Step
S309 after performing the processing of Step S306.

The index calculator 17/ calculates the index “(dV/dt)e/
SRe” (Step S310), outputs the index under the control of the
control unit 18 (Step S311), and ends the processing.

As described above, in the third embodiment, a plurality
of pieces of two-dimensional moving image data are used in
which the temporal resolution and the spatial resolution are
secured, thereby obtaining a more “overall value” for the
value corresponding to “e” compared with the second
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embodiment. This reduces the possibility that the value
corresponding to “e” includes an error. In the third embodi-
ment, the approximation accuracy of the inner cavity vol-
ume can also be improved using a plurality of pieces of
two-dimensional moving image data compared with the
second embodiment.

The method described in the third embodiment is suitably
applied to cases where the totality of the value correspond-
ing to “e™ is more important than the synchronism of the
values corresponding to “E” and “e”. For example, in cases
where the period of heart beats is constant, the synchronism
of the values corresponding to “E” and “e™ is secured to
some extent. Therefore, the method described in the third
embodiment can effectively function in cases such as myo-
cardial infarction where the period of heart beats is constant
but estimating V from only one section will decrease accu-
racy due to an unusual shape present locally.

In the third embodiment also, an automatic contour detec-
tion technique may be applied instead of 2DT processing
similarly to the second modification according to the first
embodiment. In the processing performed by the present
modification, Step S302 illustrated in FIG. 17 is substituted
by automatic contour detection processing.

In the third embodiment, cases are acceptable where 2DT
is performed using a plurality of short axis images, not a
plurality of longitudinal axis images, to interpolate and
combine the position of the contour of the inner cavity,
thereby acquiring volume information at the same time
acquiring wall motion information defined from the short
axis image (CS or RS, suitably) from a plurality of sections.
In this modification, to improve the volume estimation
precision, short axis images of approximately three to seven
sections with different levels with respect to the longitudinal
axis are preferably combined.

Described above in the first to the third embodiments are
cases where processing on groups of ultrasonic image data
is performed in an ultrasound diagnostic apparatus. How-
ever, the image processing method described above in the
first to the third embodiments may be performed by an
image processing apparatus installed separately from the
ultrasound diagnostic apparatus. In that case, the image
processing apparatus performs an image processing method
described above by receiving groups of ultrasonic image
data received from an ultrasound diagnostic apparatus, a
database of PACS, or a database of an electronic health
record system.

The image processing method described above in the first
to the third embodiments can be performed by executing an
image processing program prepared in advance on a com-
puter such as a personal computer and a workstation. This
image processing program can be distributed through a
network such as the Internet. The image processing program
can also be recorded in a non-temporary storage medium
that can be read by a computer, such as a hard disc, a flexible
disk (FD), a CD-ROM, an MO, a DVD, and a flash memory
such as a USB memory and an SD card memory and read out
from such a non-temporary storage medium by a computer.

As described above, according to the first to the third
embodiments, an index accurately reflecting left ventricular
end-diastolic pressure can be calculated.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
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ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

What is claimed is:
1. An ultrasound diagnostic apparatus, comprising;
a processor configured to:
acquire a group of ultrasonic image data generated by
ultrasonic scanning on a heart including at least a left
ventricle for a period of one or more heart beats;
calculate, from the group of the ultrasonic image data,
time-series data of volume in a first region of interest
in the left ventricle;
calculate, from the group of the ultrasonic image data,
time-series data of wall motion in a second region of
interest in the left ventricle;
calculate, from the time-series data of the volume, first
time-series data that is time-series data of a time
change rate of the volume; and
calculate, from the time-series data of the wall motion,
second time-series data that is time-series data of a
time change rate of the wall motion;
detect an extremum in early diastole of the first time-
series data as a first extremum;
detect an extremum in early diastole of the second
time-series data as a second extremum; and
calculate an index using the first extremum and the
second extremum.
2. The ultrasound diagnostic apparatus according to claim
1, wherein the processor is further configured to:
acquire a group of three-dimensional ultrasonic image
data generated by ultrasonic scanning on a heart includ-
ing at least the left ventricle for the period of one or
more heart beats,
calculate the time-series data of the volume from the
group of three-dimensional ultrasonic image data, and
calculate the time-series data of the wall motion from the
group of three-dimensional ultrasonic image data.
3. The ultrasound diagnostic apparatus according to claim
1, wherein the processor is further configured to:
acquire a group of two-dimensional ultrasonic image data
generated by ultrasonic scanning on a predetermined
section of a heart including at least the left ventricle for
the period of one or more heart beats,
calculate, from the group of the two-dimensional ultra-
sonic image data, the time-series data of the volume in
the first region of interest in the left ventricle, and
calculate, from the group of the two-dimensional ultra-
sonic image data, the time-series data of the wall
motion in the second region of interest in the left
ventricle.
4. The ultrasound diagnostic apparatus according to claim
3, wherein the processor is further configured to:
acquire a plurality of groups of two-dimensional ultra-
sonic image data corresponding to respective sections
as the predetermined section,
calculate the time-series data of the volume from the
plurality of groups of two-dimensional ultrasonic
image data, and
calculate the time-series data of the wall motion from the
plurality of groups of two-dimensional ultrasonic
image data.
5. The ultrasound diagnostic apparatus according to claim
4, wherein the processor is further configured to calculate
time-series data obtained by averaging time-series data of
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wall motion for each of the plurality of groups of two-
dimensional ultrasonic image data as the time-series data of
the wall motion.

6. The ultrasound diagnostic apparatus according to claim
4, wherein the processor is further configured to:

calculate a plurality of pieces of time-series data of wall

motion corresponding to the plurality of groups of
two-dimensional ultrasonic image data,

calculate a plurality of pieces of second time-series data

from the plurality of pieces of time-series data of the
wall motion, and

calculate an average of extremums in early diastole

detected in each of the pieces of second time-series data
as the second extremum.

7. The ultrasound diagnostic apparatus according to claim
1, wherein the processor is further configured to estimate a
time phase of the early diastole in the first time-series data
using a time phase in which the volume is minimum to
detect the first extremum.

8. The ultrasound diagnostic apparatus according to claim
7, wherein the processor is further configured to estimate a
time phase of the early diastole in the second time-series
data using a time phase in which the first extremum has been
detected to detect the second extremum.

9. The ultrasound diagnostic apparatus according to claim
1, wherein the processor is further configured to perform
calculation processing of the volume using a result of
tracking a position of the first region of interest by pattern
matching between pieces of image data.

10. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
perform calculation processing of the wall motion using a
result of tracking a position of the second region of interest
by pattern matching between pieces of image data.

11. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
perform calculation processing of the volume using results
of detecting a position of an inner cavity boundary as the
first region of interest.

12. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
perform calculation processing of the wall motion using
results of detecting a position of an inner cavity boundary as
the second region of interest.

13. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
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calculate at least one of strain and an area change ratio of a
myocardium as the wall motion.

14. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
calculate at least displacement as the wall motion.

15. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
calculate wall motion of the entire left ventricle as the wall
motion in the second region of interest.

16. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
calculate wall motion of a valve ring of a left ventricle as the
wall motion in the second region of interest.

17. The ultrasound diagnostic apparatus according to
claim 1, wherein the processor is further configured to
calculate at least one of a left ventricular ejection fraction
and a cardiac mass from the time-series data of the volume.

18. The ultrasound diagnostic apparatus according to
claim 1, wherein the index is indicative of a pressure of the
left ventricle.

19. An image processing apparatus, comprising:

a processor configured to:

acquire a group of ultrasonic image data generated by
ultrasonic scanning on a heart including at least a left
ventricle for the period of one or more heart beats;

calculate, from the group of the ultrasonic image data,
time-series data of volume in a first region of interest
in the left ventricle;

calculate, from the group of the ultrasonic image data,
time-series data of wall motion in a second region of
interest in the left ventricle;

calculate, from the time-series data of the volume, first
time-series data that is time-series data of a time
change rate of the volume;

calculate, from the time series data of the wall motion,
second time-series data that is time-series data of a
time change rate of the wall motion;

detect an extremum in early diastole of the first time-
series data as a first extremum,;

detect an extremum in early diastole of the second
time-series data as a second extremum; and

calculate an index using the first extremum and the
second extremum.

20. The image processing apparatus according to claim
19, wherein the index is indicative of a pressure of the left
ventricle.
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