US 20180344261A1
ao) United States

12 Patent Application Publication o) Pub. No.: US 2018/0344261 A1

YOSHIDA 43) Pub. Date: Dec. 6, 2018
(54) SIGNAL PROCESSING APPARATUS, Publication Classification
IMAGING APPARATUS, AND SIGNAL (51) Int.Cl
PROCESSING METHOD AG6IB 5/00 (2006.01)
(71) Applicant: CANON MEDICAL SYSTEMS AGIB S/956 %ggg'g})
CORPORATION, Otawara-shi (JP) ( 0
(52) US.CL
(72) Inventor: Takami YOSHIDA, Kawasaki (JP) CPC ........... A6IB 5/7285 (2013.01); A61B 5/055
(2013.01); AGIB 50456 (2013.01)
(73) Assignee: CANON MEDICAL SYSTEMS G7) ABSTRACT
CORPORATION, Otawara-shi (JP) In one embodiment, a signal processing apparatus that is

configured to be connected to an imaging apparatus
includes: a memory configured to store a predetermined
program; and processing circuitry configured, by executing
the predetermined program, to detect respective peaks of a

(21)  Appl. No.: 15/993,721

(22) Filed: May 31, 2018 plurality of biological signals related to heartbeat of plural
leads, calculate difference in peak time between the plurality
(30) Foreign Application Priority Data of biological signals, and detect a specific waveform
included in the plurality of biological signals based on the

Jun. 2, 2017 (IP) oo 2017-110316 difference in peak time.

"\
=

ECG-STGNAL PROCESSING
APPARATUS 30 F-207
| TINE-DIFFERENCE
___________________________________ 1000 DATABASE
 ELECTROCARDI0GRAPH | 208
. | 1
ot AT 121 | 11 2 A |
| |ELECTRODE | | DATABASE |
| U | FIRST-PEAK UPDATE
| DIFFERENTIAL AD |
| 101 | AwpLIFIER _>CONVéRTER | DETECTION —= FUNCTION
| | FUNCTION 99
" | ELECTRODE > |
: o TINE-
| i DIFFERENCE | At HAVEF ORI
! |ELECTRODE 1 | FUNCTION
! 1| SECOND-PEAK
! DIFFERENTIAL AD |
| 10% _— ‘ DETECTION
: WILIFIER [~ COERTER [T 17| Her
! |ELEGTRODE | N
| i PROCESSING GIRCUITRY
_________________________ 300

:‘ ECG SYNCHRONIZATION i SYNCHRONIZATION STGNAL
3 IMAGING APPARATUS 3



US 2018/0344261 A1

Dec. 6,2018 Sheet 1 of 13

Patent Application Publication

JWIL

1 914

JNIL

VIS Sy

JAYM-0

JAYi-d

YNBIS
NOI.LYZINOYHONAS

IVNDIS 903



Patent Application Publication  Dec. 6,2018 Sheet 2 of 13 US 2018/0344261 A1

TIME

~——==- LEAD I
LEAD I

FIG. 2

IYIINdLOd



US 2018/0344261 A1

Dec. 6,2018 Sheet 3 of 13

Patent Application Publication

w
M

! presme——— mmmmmmm—— T mmm—— J
L ANOWEN “
o _
| ] |
. :
i : i
| “ AYOWAN "
M “ “
i | H
1902 G0z~ 0z~ m
M I | -
m

| M -

| m m

m m !

| OVAYIINI | : ERLELEII

| NOTLVDINAMMOD | | 40553004 m 10dL0/1ndNI

| | |

i €07 {200 i 10e

| | AYLINOYIO BNISSIO0Nd |

_ .all.\..\unall...! lllllllll e o 4
o 80¢ SNLYYYddY DNISSIO0Nd TYNDIS-D03

O |

|
I



US 2018/0344261 A1

Dec. 6,2018 Sheet 4 of 13

Patent Application Publication

¥ 914

IYNOIS NOILYZINOHHONAS

i ALINDYIY @zuwmwoom& — . 1;ziw
|
NOILONNd | |
NO1103130 f=i
NY3d-ANOD3S | |
NOT LONN4 i
L oo NOLY IO | o7 m
_ WMO-IAA 1V | JONFYIIC i
-IN1L L
147 NotLonnd | |
NOILONN4 NOT103130 (=i
31vadn WaAd-15¥414 | |
ISvavLva m
i 1z 0z Ll |
wON\ ..... |
3SVav1vQ W
| FONFA410-FUIL| |
L0G-+ 08 | SNLYHYddY |
_ R ONISSI00Yd TYN9IS-DOT |
[ -

m SNLYYYddY ONIOVUI |
| NOILYZINOYHONAS 903 |
[T
! 300419313
| |dALEM00 [ | MY | 7o)
Tl WIINRE41
| 300419313
sl Ll eZ01
| 300419373
| ¥aL¥aAN0D WHETW | qlo)
1 WIINTYFA10
| 30041031
e L 210}
| HdV¥D0 1 Q¥¥004 103 T3
0oL~



Patent Application Publication  Dec. 6,2018 Sheet 5 of 13 US 2018/0344261 A1

( START )

__ST100
ACQUIRE FIRST ECG SIGNAL

ST101
PERFORM FIRST PEAK DETECTION PROCESSING

__8T102
AGQUIRE SEGOND ECG SIGNAL

_8T103
PERFORM SEGOND PEAK DETECGTION PROGESSING

ST104

YES __ST105

OCCURRENGE
FREQUENCY At HIGH?

VES _ST107
OUTPUT SYNGHRONIZATION SIGNAL

ST108

UPDATE DATABASE BY USING
PEAK TIME DIFFERENGE At

PROCESSING TERMINATED?

FIG. 5



Patent Application Publication  Dec. 6,2018 Sheet 6 of 13 US 2018/0344261 A1

s

=

[N

fat

fanY

5
p —
-
Eaaeh < o s o s - - T—
N7 o L

PEAK TIME DIFFERENCE At

LEAD I
LEAD @



US 2018/0344261 A1

Dec. 6,2018 Sheet 7 of 13

Patent Application Publication

[ 91

m ISYAvLYQ JONFY4410-3NI hu

(J+0) B3~ (1+) Q1 =
(1+W) 1V

(Uye1-(u) o3 =
W3y

(e)e3-(e) a3 =
©3v

@e-@@ = WH-0Oa= |
RN (h3iv

o avdl

I Qv




Patent Application Publication  Dec. 6,2018 Sheet 8 of 13 US 2018/0344261 A1

/ TIME-DIFFERENGE DATABASE \

100

80

60

40

20

OCCURRENCE FREQUENGY (%)

| ]

0 2 4 6 8 10 12 14
PEAK TIME DIFFERENCE At (ms)

o

FIG. 8



US 2018/0344261 A1

Dec. 6,2018 Sheet 9 of 13

Patent Application Publication

69

H .H_ 3SI0N SY LInsSH 3134134 (410413¢ UEIHEIE(
zoEomEm Q¥vOSId >.:.ommmoo ST JAVA-Y ESME%Q ST JAvil-d ZBmmmoo ST JAYM-d

Mo
AH»ozm:emmm mozmxx:oomv AHszm:omxw mozmmm:oomv Aﬂ>ozm:aumm mozmmg:oowu Aﬂ>ozm=oumm mozmmx:gowv

(sw)1v mozmmm%:o (swiv mozwmm.&E (swy1v mozmmmn_..:a (swiv mozmmmm&o

1L WA VI EY 1L VA IWIL WAd
0189720 01891V 20 01891 ¢ 0 0189720
o [T |8s 3o 3 5
28 28 =3 23
. 55 55 S< SS  Jsvaviva
a3 =k 28 Q& 0L ¥4
e o o R o
mm<¢zooﬁw mm<mgcoAﬁ mm<&sooww &
3Lvadn aLvadn 3Lvadn 31vadn |
Gy =17 EIENEREIL
(suy _; p<v®sm_ =1V) E ! ..A (S =1V ) JNIL WYad
| | | ” (I QvaD)
! _ Wad ONOOAS
y \ \ SR
Wid LS414
Y \j \ Y \j
. ,/\\ 3SION //\\ ,/\\ ,/\\
INVI-Y INVi-Y INVN-Y INVA-Y



Patent Application Publication  Dec. 6,2018 Sheet 10 of 13 US 2018/0344261 A1

100
SN 5 1
PEAK-TIME DIFFERENCE
§ DETERMINATION IS NOT PERFORMED
i PEAK-TIME_DIFFERENCE
o DETERMINATION [S PERFORMED
o 60 |
L
2
o
L
S 40
-
=
=
=
S 20
[T

EXANINEE 1 EXAMINEE 2 EXAMINEE 3

FIG. 10



US 2018/0344261 A1

Dec. 6,2018 Sheet 11 of 13

Patent Application Publication

NOILONNS
TR ¥ANNYOS ZDWW%Mmimo AYdS1a
NOILVZ INOYHONAS
| 01¢ 0¢¢ 0g¢
~ AMLINOYIO BNISSIO0Md — |
! NO1LONN4 |
NOI193130 “
_ NOLLONL: W3-ON003S | | m
NO1LONN4 NOILYINOTVO aE
- NOI10313a E ) EE RE) (N A ny
| NS043AVH v =T m
e Pl
! | H
e NOTLONNd | | i
| NOI LONN4 NOILO3LA] f=i—tH
N 31vadn WId-1SyId | |
L ISVavLYa L
i o
i ¥ 0z~ 1l i
80¢~" m — m
H | _1
m svavLyva i
ECEEEE G
| L0T- 0€ | SNLY4YddV DNISSI00Nd
b ] T¥ND1S-553
FTSNLYAVAAY 10 ‘SALVAVAAY THN) SNLYHVAAY ONIOVHI NOILYZINOSHONAS 903
B00g"

300410313
YANINOD || I | qz)
ay ILNR¥3410
30041031
44 ¢ll ecol
300410373
IS || WY | qrg
a/ TVIINRA:1T
30041031
el L elol
HAY¥D01 QY00YLOT T
001



US 2018/0344261 A1

Dec. 6,2018 Sheet 12 of 13

Patent Application Publication

¢l 914

IVNBIS NOTLYZINOYHONAS

WNBIS 3LVLS ONIOVAI |

YITIONINOY FONINDAS

SNLYYYddY TUW

| auLinowtn
i BNISSI00Yd
i NOILONNA
m NOT10313q
| NVId-ANOOIS
| NOILONNA NOI LONNA
L L4 No1193130 \ NOT LY N TV)
i WYO3AYHM 1V | 30N3y3441a
| ~INIL
A NOT 19NN
| NOI 19NN NOI.193.3Q
m 3Lvadn Wad-15414
| Isvav1va
|
M ¥4 0¢
L S I _— .
wON\ ml ....................... |
] {
W ISYaV1YQ i
m 0NIIAIG-TNIL | |
L0¢—4 0¢ m SNLYYYddY DNI1SSI0Yd
w TYND1S-993
T

00F~
| 3004103
| MALEMN0O || WAL | 7o)
v LAELEREI
" 30041031
44 ¢ll ecol
| 3004037
m 3 LYFANOD Y31411dIY q101
T TWIINEH1C
| 3004103 H
1zl 1L 2101
| HAY4901 Q¥YD04 1033
001~



Patent Application Publication  Dec. 6,2018 Sheet 13 of 13 US 2018/0344261 A1

( START )

__ST100
ACQUIRE FIRST ECG SIGNAL

_ST101
PERFORM FIRST PEAK DETEGTION PROGESSING

_8T102
ACQUIRE SECOND ECG SIGNAL

__8T103
PERFORM SECOND PEAK DETECTION PROCESSING

ST104

NO

PEAK DETEGTED?

YES _ST105
CALGULATE PEAK TIME DIFFERENCE At

ST106

NO

OCCURRENCE
FREQUENCY At HIGH?

VES __S8T107
OUTPUT SYNCHRONIZATION SIGNAL

ST200 NO
1S GRADIENT PULSE APPLIED?

YES ST108

UPDATE DATABASE BY USING
PEAK TIME DIFFERENCE At

PROCESSING TERMINATED?

FIG. 13



US 2018/0344261 Al

SIGNAL PROCESSING APPARATUS,
IMAGING APPARATUS, AND SIGNAL
PROCESSING METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2017-110316, filed on Jun. 2, 2017, the entire contents of
which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
signal processing apparatus, an imaging apparatus, and a
signal processing method.

BACKGROUND

[0003] An electrocardiograph is a device that attaches
electrodes to a living body and measures potential difference
between the electrodes. A signal measured by an electrocar-
diograph is called an electrocardiogram (ECG) signal and is
widely used in the medical field. An ECG signal has, e.g,,
respective waveforms called a P-wave, an R-wave, a QRS
complex, and a T-wave. Since these waveforms are used for
diagnosis of various cardiac diseases and are also used for
synchronization signals of a medical imaging apparatus
capable of electrocardiographic (ECG) synchronization
imaging, automatic detection of waveforms is important for
industrial applications.

[0004] For instance, in image diagnosis of the heart with
the use of a magnetic resonance imaging (MRI) apparatus,
imaging may be performed at a timing synchronized with
the systole or diastole of the heart by using a synchronization
signal (also called a trigger signal) detected from each ECG
signal. Such imaging is referred to as ECG synchronization
imaging.

[0005] When ECG synchronization imaging is performed,
a specific waveform in each ECG signal is detected to
generate a trigger signal, and the start and end of imaging are
controlled at a timing synchronized with the trigger signal.
In particular, the trigger signal is often generated by detect-
ing an R-wave in each ECG signal. In this case, imaging
starts immediately after the R-wave in some cases, and it is
desirable that the delay time from detection of the R-wave
to generation of the trigger signal is as short as possible.
[0006] Since imaging with the use of an MRI apparatus
involves application of a pulsed gradient magnetic field
(hereinafter, referred to as a gradient pulse) and a pulsed
radio-frequency magnetic field (hereinafter, referred to as an
RF pulse), large noise that dynamically changes is super-
imposed on each ECG signal due to the application of these
pulses. Even for the ECG signal on which such noise is
superimposed, it is necessary to detect the synchronization
signal with high reliability.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] In the accompanying drawings:

[0008] FIG. 1 is a schematic waveform diagram illustrat-
ing an ECG signal;

[0009] FIG. 2 is a diagram illustrating a lead I and a lead
1I of an ECG signal;

[0010] FIG. 3 is a diagram illustrating a hardware con-
figuration of an ECG-signal processing apparatus;
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[0011] FIG. 4 is a block diagram illustrating a configura-
tion of the ECG-signal processing apparatus according to the
first embodiment;

[0012] FIG. 5 is a flowchart illustrating processing per-
formed by the ECG-signal processing apparatus according
to the first embodiment;

[0013] FIG. 6 is a schematic diagram illustrating a pro-
cessing concept of calculating peak time difference;

[0014] FIG. 7 is the first diagram illustrating a concept of
generating and updating a time-difference database;

[0015] FIG. 8 is the second diagram illustrating the con-
cept of generating and updating the time-difference data-
base;

[0016] FIG. 9 is a schematic diagram illustrating an out-
line of an operation performed by the ECG-signal process-
ing apparatus according to the first embodiment;

[0017] FIG. 10 is a schematic diagram illustrating an
evaluation result of R-wave detection;

[0018] FIG. 11 is a block diagram illustrating a configu-
ration of a modification of the first embodiment;

[0019] FIG. 12 is a block diagram illustrating a configu-
ration of the ECG-signal processing apparatus according to
the second embodiment; and

[0020] FIG. 13 is a flowchart illustrating processing pet-
formed by the ECG-signal processing apparatus according
to the second embodiment.

DETAILED DESCRIPTION

[0021] Hereinafter, respective embodiments of ECG-sig-
nal processing apparatuses, ECG synchronization imaging
apparatuses, and ECG-signal processing methods will be
described with reference to the accompanying drawings. In
the embodiments described below, the same reference signs
are given for identical components in terms of configuration
and function, and duplicate description is omitted.

[0022] In one embodiment, a signal processing apparatus
that is configured to be connected to an imaging apparatus
includes: a memory configured to store a predetermined
program; and processing circuitry configured, by executing
the predetermined program, to detect respective peaks of a
plurality of biological signals related to heartbeat of plural
leads, calculate difference in peak time between the plurality
of biological signals, and detect a specific waveform
included in the plurality of biological signals based on the
difference in peak time.

First Embodiment

[0023] FIG. 1 is a schematic diagram illustrating an ECG
signal to be detected by the ECG-signal processing appara-
tus 1 according to the first embodiment. As shown in FIG.
1, the ECG signal has specific waveforms such as a P-wave,
an R-wave, an S-wave, and a T-wave.

[0024] Although a description will be given of an aspect of
detecting R-waves among specific waveforms in each of the
following embodiments, this is only one aspect and embodi-
ments of the present invention are not limited to such an
aspect. The ECG-signal processing apparatus 1 of each
embodiment can perform ECG synchronization imaging by
detecting waveforms other than R waves (e.g., P-waves,
S-waves, and T-waves).

[0025] As shown in FIG. 1, the ECG-signal processing
apparatus 1 of the first embodiment detects a heartbeat
synchronization signal (hereinafter, simply referred to as a
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synchronization signal) from each R-wave, and provides the
synchronization signal to an apparatus that performs ECG
synchronization imaging. As an ECG synchronization imag-
ing apparatus (imaging apparatus) 300 that can perform
imaging in synchronization with heartbeat, e.g., a CT (Com-
puted Tomography) apparatus and an MRI (Magnetic Reso-
nance Imaging) apparatus are available. For instance, the
ECG synchronization imaging apparatus 300 uses an imag-
ing method (ECG synchronization imaging method) in
which a start timing of data acquisition is determined on the
basis of a position of the R-wave. The ECG synchronization
imaging apparatus 300 inputs a synchronization signal cor-
responding to the position of the R-wave, and determines the
start timing of data acquisition on the basis of the input
synchronization signal. Although depending on the purpose
of imaging, image data need to be acquired immediately
after the R-wave. Thus, it is necessary to shorten the delay
time, i.e., time from detecting the R-wave in each ECG
signal to generating the synchronization signal.

[0026] For instance, in the case of an MRI apparatus,
various types of non-contrast enhanced MRA (Magnetic
Resonance Angiography) methods are used, such as an FBI
(Fresh Blood Imaging) method or a Time-SLIP (Time-
Spatial Labeling

[0027] Inversion Pulse) method. In data acquisition under
the FBI method, for instance, the MRI apparatus acquires a
diastolic image and a systolic image by controlling the
timing of data acquisition with reference to the synchroni-
zation signal, and calculates a difference image between the
diastolic image and the systolic image so as to obtain a blood
vessel image in which an artery is depicted. On the other
hand, in data acquisition under the Time-SLIP method, the
MRI apparatus can obtain a blood flow image by, e.g.,
controlling a timing of applying each labeling pulse and a
timing of data acquisition with reference to the synchroni-
zation signal. In this way, the MRI apparatus controls each
timing of data acquisition and respective application timings
of various pulses with reference to the synchronization
signal generated from the ECG signal. Since these timings
are often immediately after the R-wave, it is desirable that
the delay time is as short as possible. Note that above-
described imaging methods are merely some possible
examples, and the MRI apparatus performs imaging by
using the synchronization signal as a reference in other
imaging methods such as contrast enhanced imaging or
various imaging methods that targets the heart.

[0028] The waveform of the ECG signal exemplified in
FIG. 1 is not influenced by noise or other unnecessary
waveforms, and has a waveform in which the R-wave
appears conspicuously. However, for instance, in the ECG
signal observed while an object is inside the bore of the MRI
apparatus, there is influence of blood flowing in a static
magnetic field and thus it is not necessarily the case that only
the R-wave appears as a conspicuous waveform. Addition-
ally, in an imaging period during which the MRI apparatus
performs a pulse sequence, large noise is superimposed on
the ECG signal due to influence of gradient pulses and RF
pulses applied during the imaging period.

[0029] Thus, in the ECG-signal processing apparatus 1 of
the present embodiment, in order to reduce erroneous detec-
tion due to noise and improve detection accuracy of the
R-wave, the R-wave is detected by using biological signals
related to heartbeat of plural leads.
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[0030] Although, in the following, a description will be
given for a case where two signals of a lead I and a lead 11
out of plural ECG signals outputted from an electrocardio-
graph, embodiments of the present invention are not limited
to the case of using the leads T and II.

[0031] For instance, in the case of a 12-lead electrocar-
diograph, respective signals of a lead III, a lead aVR, a lead
aVL, a lead aVF, and leads V1 to V6 are outputted in
addition to the leads I and II. These signals of plural leads
can also be used for detecting the R-wave. Further, a pulse
wave signal, a heart sound signal, and a vector cardiogram
may be used for detecting the R-wave.

[0032] The ECG signals of plural leads are plural signals
simultaneously observing an electric signal propagating
through the heart from plural positions. For instance, among
electrodes of a 12-lead electrocardiograph, respective four
electrodes used for four limb leads are attached to the right
hand, the left hand, the right foot, and the left foot. In this
case, the lead I is voltage difference from the right-hand
direction as viewed from the left-hand direction. In other
words, the lead I is the potential difference between the
right-hand electrode and the left-hand electrode. Similarly,
the lead 11 is voltage difference from the right-hand direction
as viewed from the direction of the left foot. In other words,
the lead II is the potential difference between the electrode
on the left foot and the electrode on the right hand.

[0033] FIG. 2 is a schematic diagram illustrating wave-
forms of the respective ECG signals of the lead I and the lead
11. As described above, the ECG signals of plural leads are
signals observed from different positions. Thus, even for one
R-wave, its shape changes, e.g., between the lead I and the
lead II as shown in FIG. 2. By using this change as a clue
to discriminate between the R-wave and other waveforms,
erroneous detection of the R-wave is reduced to improve the
accuracy of detecting the R-wave in the present embodi-
ment.

[0034] FIG. 3is a block diagram illustrating an example of
the hardware configuration of the ECG-signal processing
apparatus 1. The ECG-signal processing apparatus 1
includes an input/output interface 201, processing circuitry
208, a communication interface 203, and a memory 207.
Further, the memory 207 includes a random access memory
(RAM) 204, a nonvolatile memory 205, and a disk drive
206.

[0035] The nonvolatile memory 205 of the memory 207 is,
e.g., a storage device such as a hard disk and a flash memory,
and stores various programs and data.

[0036] The processing circuitry 208 is configured as, e.g,,
one or plural processor(s) 202. The term “processor”
includes a special-purpose or general-purpose processor
such as a central processing unit (CPU) or a signal process-
ing processor. The processor 202 of the processing circuitry
208 implements various functions of the ECG-signal pro-
cessing apparatus 1 described below by software processing,
1.e., processing of reading out one or more programs from
the nonvolatile memory 205 to the RAM 204 and executing
them. The processor 202 may read out programs stored in a
recording medium such as a magnetic disk, an optical disk,
or a USB memory, from the disk drive 206 or the input/
output interface 201, in addition to the programs stored in
the nonvolatile memory 205. In addition, the processor 202
may download programs from an external server via the
communication interface 203.
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[0037] The processing circuitry 208 may be configured as
hardware such as an application specific integration circuit
(ASIC) or a field-programmable gate array (FPGA). The
various functions of the ECG-signal processing apparatus 1
can also be implemented by hardware processing to be
executed by an ASIC, an FPGA, or a special-purpose
electronic circuit. Moreover, the processing circuitry 208
may implement the various functions of the ECG-signal
processing apparatus 1 by combining hardware processing
and software processing.

[0038] FIG. 4 is a block diagram illustrating a functional
configuration of the ECG-signal processing apparatus 1 of
the first embodiment and configurations of respective appa-
ratuses connected to the ECG-signal processing apparatus 1.
An electrocardiograph 100 generates two ECG signals
including the lead I and the lead II as examples of ECG
signals of plural leads, and transmits them to the ECG-signal
processing apparatus 1. The ECG-signal processing appa-
ratus 1 generates a synchronization signal from the received
ECG signals and transmits the synchronization signal to the
ECG synchronization imaging apparatus 300. The ECG
synchronization imaging apparatus 300 performs imaging of
an object on the basis of the synchronization signal.

[0039] The electrocardiograph 100 includes electrodes
101a, 1015, 1024, and 1025, differential amplifiers 111 and
112, and A/D converters 121 and 122. The electrodes 1014,
1015, 102a, and 1024 are attached to the surface of the
object.

[0040] The differential amplifier 111 amplifies a weak
potential difference between the electrodes 101a and 1015,
and the differential amplifier 112 amplifies a weak potential
difference between the electrodes 102a and 10254. The A/D
converter 121 converts the analog signal amplified by the
differential amplifier 111 into a digital signal, and the A/D
converter 122 converts the analog signal amplified by the
differential amplifier 112 into a digital signal.

[0041] For instance, the electrodes 101a and 1015 are
respectively attached to the left hand and the right hand, and
the differential amplifier 111 and the A/D converter 121
output the ECG signal corresponding to the lead I.

[0042] Meanwhile, the electrodes 102a and 102b are
respectively attached to the left foot and the right hand, and
the differential amplifier 112 and the A/D converter 122
output the ECG signal corresponding to the lead II.

[0043] Although the electrocardiograph 100 shown in
FIG. 4 exemplifies four electrodes 101a, 1015, 1024, and
1025, the number of electrodes is not limited to four as
described above. For instance, in order to obtain a 12-lead
electrocardiogram, the electrocardiograph may be config-
ured to include four electrodes attached to the respective
four limbs and six electrodes attached to the chest. Addi-
tionally, instead of the method of obtaining the potential
difference between two electrode attachment points of the
body, a method of recording the potential difference between
a predetermined reference point and an electrode attachment
point may be used. Although the electrocardiograph 100
equipped with two differential amplifiers 111 and 112 and
two A/D converters 121 and 122 is exemplified, number of
the differential amplifiers and number of the A/D converters
are not limited to two.

[0044] As described above, the ECG-signal processing
apparatus 1 includes at least the processing circuitry 208 and
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the memory 207. The memory 207 stores a time-difference
database 30. Details of the time-difference database 30 will
be described below.

[0045] The processing circuitry 208 implements a first-
peak detection function 11, a second-peak detection function
12, a time-difference calculation function 20, a database
update function 21, and a waveform detection function 22 by
causing the processor 202 of the processing circuitry 208 to
execute the programs read out from the memory 207.
[0046] The first-peak detection function 11 acquires the
first ECG signal from the electrocardiograph 100 via the
input/output interface 201. The first ECG signal is, e.g., an
ECG signal corresponding to the lead 1. Further, the first-
peak detection function 11 performs filter processing on the
acquired first ECG signal in order to enhance an R-wave
component and suppress a noise component. In this filtering
process, a low pass filter, a high pass filter, a band pass filter,
or a combination of these filters is used. In the following, a
description will be given of a case where the R-wave
component is enhanced by the filter processing. The first
ECG signal in which the R-wave component is enhanced is
referred to as a first enhanced ECG signal.

[0047] Further, the first-peak detection function 11 com-
pares the value of the first enhanced ECG signal with a
predetermined first threshold value. When the value of the
first enhanced ECG signal exceeds the first threshold value
as a result of the comparison, the first-peak detection func-
tion 11 determines that the first peak is detected, and then
outputs the time corresponding to the first peak as the first
peak time to the time-difference calculation function 20.
[0048] In the meantime, the second-peak detection func-
tion 12 acquires the second ECG signal from the electro-
cardiograph 100 via the input/output interface 201. The
second ECG signal is, e.g., an ECG signal corresponding to
the lead II. The second-peak detection function 12 generates
the second enhanced ECG signal by performing filter pro-
cessing on the acquired second ECG signal in a manner
similar to the first-peak detection function 11. Further, the
second-peak detection function 12 compares the value of the
second enhanced ECG signal with a predetermined second
threshold value. When the value of the second enhanced
ECG signal exceeds the second threshold value as a result of
the comparison, the second-peak detection function 12
determines that the second peak is detected, and then outputs
the time corresponding to the second peak as the second
peak time to the time-difference calculation function 20,
similarly to the first-peak detection function 11.

[0049] The first-peak detection function 11 and the sec-
ond-peak detection function 12 may output the absolute
value of the first enhanced ECG signal and the absolute
value of the second enhanced ECG signal, respectively, in
order to deal with the case where the R-wave appears on the
minus side in the filtering processing for enhancing the
R-wave. For instance, when arrhythmia occurs or when the
attachment positions of the electrodes 101 and 102 are not
appropriate with respect to the position or orientation of the
heart, the R-wave sometimes appears on the minus side. In
such a case, the detection of the R-wave appearing on the
minus side is missed unless an absolute value is used. In the
following description, it is assumed that the first and second
enhanced ECG signals are calculated as absolute values after
the filtering processing.

[0050] The time-difference calculation function 20 calcu-
lates difference At between the first peak time detected by
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the first-peak detection function 11 and the second peak time
detected by the second-peak detection function 12. In gen-
eral, even when the peak is detected for each of the ECG
signals of plural leads acquired from the same object, the
peak times separately detected for the ECG signals of the
respective leads do not necessarily coincide with each other.
Thus, the time-difference calculation function 20 calculates
how much difference exists in peak time between leads.

[0051] The database update function 21 updates the time-
difference database 30 in which peak time differences cal-
culated by the time-difference calculation function 20 are
summed up, each time the peak time difference is calculated.
As a summing up method of the peak time differences, the
occurrence frequency may be summed up by counting up the
occurrence frequency for each time difference, or the occur-
rence frequency may be calculated as the occurrence prob-
ability normalized by the total number of the detected peaks.
Further, when summing up the peak time differences, only
peak time differences smaller than a specific threshold value
may be summed up.

[0052] The waveform detection function 22 compares the
time differences calculated by the time-difference calcula-
tion function 20 with the occurrence frequency (or occur-
rence probability) of each time difference stored in the
time-difference database 30 so as to determine whether the
detected peak is indicative of the R-wave or caused by other
factors such as noise.

[0053] Note that, in the case of a peak caused by the
R-wave, a peak is normally detected once per heartbeat.
Thus, when the ECG signals are monitored for a long time,
the number of occurrences of the peak time difference
corresponding to the R-wave increases with time.

[0054] By contrast, in the case of a peak caused by noise,
its occurrence frequency is lower than that of heartbeat and
its peak time difference between plural leads is not neces-
sarily constant. Thus, the occurrence frequency of the peak
time difference calculated when noise is detected as a peak
is not so high.

[0055] FIG. 5 is a flowchart illustrating an outline of
processing performed by the ECG-signal processing appa-
ratus 1 according to the first embodiment. FIG. 6 to FIG. 9
are diagrams illustrating the processing concept of the
ECG-signal processing apparatus 1. Hereinafter, the pro-
cessing performed by the ECG-signal processing apparatus
1 will be described on the basis of the step number of FIG.
5 by referring to FIG. 6 to FIG. 9 as required.

[0056] The steps ST100 and ST101 are steps correspond-
ing to the first-peak detection function 11 of the processing
circuitry 208.

[0057] In the step ST100, the processing circuitry 208
acquires the first ECG signal corresponding to the lead I as
a time-sequential signal from the electrocardiograph 100, for
instance. The ECG signal inputted to the processing circuitry
208 is, e.g., a digital signal sampled at 1000 Hz (i.e,
sampled at a sampling interval of 1 ms) in the A/D converter
121 of the electrocardiograph 100.

[0058] Inthe nextstep ST101, the processing circuitry 208
generates the first enhanced ECG signal by performing the
filtering processing on the first ECG signal. Then, the
processing circuitry 208 determines whether a peak is
detected or not, by comparing the first enhanced ECG signal
with the first threshold value.
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[0059] The steps ST102 and ST103 are steps correspond-
ing to the second-peak detection function 12 of the process-
ing circuitry 208.

[0060] In the step ST102, the processing circuitry 208
acquires the second ECG signal corresponding to the lead 11
as a time-sequential signal from the electrocardiograph 100,
for instance. The ECG signal inputted to the processing
circuitry 208 is a digital signal sampled in the A/D converter
122 of the electrocardiograph 100 in synchronization with
the first ECG signal.

[0061] In the next step ST 103, the processing circuitry
208 generates the second enhanced ECG signal by perform-
ing the filtering processing on the second ECG signal. Then,
the processing circuitry 208 determines whether a peak is
detected or not, by comparing the second enhanced ECG
signal with the second threshold value.

[0062] The first threshold value and the second threshold
value may be respectively determined from the first
enhanced ECG signal and the second enhanced ECG signal.
Alternatively, the first threshold value and the second thresh-
old value may be fixed values determined in advance.
[0063] Inthe next step ST104, the processing circuitry 208
determines whether a peak is detected in the first-peak
detection function 11 and the second-peak detection function
12 or not. When a peak is detected at least one of the
first-peak detection function 11 and the second-peak detec-
tion function 12 (YES in the step ST104), the processing
proceeds to the step ST105. On the other hand, when neither
the first-peak detection function 11 nor the second-peak
detection function 12 detects a peak (NO in the step ST104),
the processing proceeds to the step ST109.

[0064] In the step ST105, the processing circuitry 208
acquires the latest peak time detected by the first-peak
detection function 11 and the latest peak time detected by the
second-peak detection function 12, and calculates the peak
time difference At between both.

[0065] FIG. 6 is a schematic diagram illustrating the
concept of the processing from the steps ST100 to ST105.
As shown in FIG. 6, for instance, the peak time difference
At is calculated as the difference between the time of the first
peak detected in the ECG signal of the lead I and the time
of the second peak detected in the ECG signal of the lead 11
in the step ST105.

[0066] In the step ST106, the processing circuitry 208
determines whether the occurrence frequency of the calcu-
lated peak time difference At is high or not, by referring to
the time-difference database 30. In the time-difference data-
base 30, the history of the peak time differences calculated
from the peaks detected in the past is stored in such a manner
that the respective peak time differences are associated with
the occurrence frequency of the peak time differences.
[0067] FIG. 7 is a schematic diagram illustrating the
concept of the procedure of generating or updating the
time-difference database 30 to be performed by the database
update function 21. As shown in the upper part of FIG. 7, the
first-peak detection function 11 detects the first peak from
the ECG signal corresponding to the lead I and calculates the
respective detection times ta(1), ta(2), ta(3), . . ., ta(n), and
ta(n+1). Similarly, the second-peak detection function 12
detects the second peak from the ECG signal corresponding
to the lead II and calculates the respective detection times
th(1), th(2), th(3), . . ., th(n), and th(n+1) as shown in the
middle part of FIG. 7. Further, the time-difference calcula-
tion function 20 sequentially calculates respective time
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differences between the first peak and the second peak as
At(1), At(2), At(3), At(n), and At(n+1).

[0068] The database update function 21 classifies each
time difference into a classification (i.e., section or division)
of a predetermined time width, and counts the occurrence
frequency of the time difference for each classification. The
database update function 21 constructs the time-difference
database 30 by classifying the time difference At into clas-
sifications of 2 ms width, for example, and sequentially
counting the number of occurrence of the time difference At
falling into each classification. For instance, each time
difference At satisfying 0<At<2 ms is classified into the
classification “0 ms”, each time difference At satisfying
2=At<4 ms is classified into the classification *2 ms”, each
time difference At satisfying 4<At<6 ms is classified into the
classification “4 ms”, each time difference At satisfying
6=At<8 ms is classified into the classification “6 ms”, and
each time difference At satistfying 8<At<10 ms is classified
into the classification “8 ms”.

[0069] FIG. 8 is a schematic diagram illustrating the
time-difference database 30 constructed as described above
in the form of a graph. In FIG. 8, the horizontal axis
indicates each classification of the above-described time
difference At, and the vertical axis indicates a ratio (%) of the
occurrence frequency of the time difference At to the total
number of occurrences. The case shown in FIG. 8 indicates
that the occurrence frequency of the time difference At
satisfying 4=At<6 ms (i.e., belonging to the classification “4
ms”) is significantly higher than the occurrence frequency of
the time difference belonging to any other classification.
[0070] Returning to FIG. 5, in the step ST106, the pro-
cessing circuitry 208 refers to the time-difference database
30 each time the time difference is newly calculated in the
step ST105. When it is determined (as YES in the step
ST106) that the occurrence frequency classification of the
peak time difference in the database 30, corresponding to the
calculated peak time difference in the step ST105, is higher
than the predetermined threshold value, the processing pro-
ceeds to the step ST107.

[0071] In the step ST107, since the R-wave is considered
to be correctly detected by the determination in step ST 106,
the synchronization signal is outputted to the ECG synchro-
nization imaging apparatus 300. After that, the processing
proceeds to the step ST108.

[0072] Conversely, when it is determined (as NO) in the
step ST106 that the occurrence frequency of the peak time
difference in the database 30, corresponding to the calcu-
lated peak time difference in the step ST105, is lower than
the predetermined threshold value, R-wave 1s considered to
be erroneously detected. In this case, the processing pro-
ceeds to the step ST108 without outputting the synchroni-
zation signal to the ECG synchronization imaging apparatus
300.

[0073] In the step ST108, the time-difference database 30
is updated by using the peak time difference At calculated in
step ST105. In other words, the occurrence frequency of the
time difference of the corresponding classification is recal-
culated by incrementing the total number of peak time
differences by one and increasing the number of occurrences
of the time difference of the corresponding classification by
one. In this manner, the time-difference database 30 is
updated.

[0074] The step ST109 is determination for stopping. The
processing circuitry 208 repeats the processing from the
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steps ST100 to ST108 until an instruction to terminate the
processing is inputted from the outside.

[0075] FIG. 9 is a schematic timing chart illustrating the
operation concept from the above-described steps ST100 to
ST108. The top part in FIG. 9 is a diagram illustrating an
ECG signal including R-waves and noise. The second top
part and the third top part in FIG. 9 correspond to the
processing from the steps ST100 to ST104. The fourth top
part in FIG. 9 corresponds to the processing of the step
ST105. The fifth top part and subsequent parts in FIG. 9
correspond to the processing from the steps ST106 to
ST108.

[0076] As described above, the ECG-signal processing
apparatus 1 of the first embodiment uses two peak detection
functions including the first-peak detection function 11 and
the second-peak detection function 12. The detection accu-
racy of each of the first-peak and second-peak detection
functions 11 and 12 is not necessarily high. However, by
comparing the occurrence frequency of the peak time dif-
ference between respective peak times detected by both
functions 11 and 12 with the corresponding occurrence
frequency of the peak time difference accumulated in the
time-difference database 30 as the past history, it is possible
to reduce the false detection of the noise mixed in the ECG
signal as the R-wave.

[0077] FIG. 10 is a schematic diagram illustrating a result
of performing R-wave detection on ECG signals in order to
confirm the effect of the ECG-signal processing apparatus 1
according to the first embodiment. Three volunteers were
subjected to MRI examination by using a 3 Tesla MRI
apparatus, and then, R-wave detection was performed on the
ECG signals acquired during the MRI examination. After
that, evaluation was performed based on the number of false
detections (i.e., the number of erroneous detections) out of
all the R-waves detected by the signal processing apparatus.
The horizontal axis of FIG. 10 indicates ID of each exam-
inee. Individual differences are large in the R-wave shape.
Regarding the examinee 1, the probability of false detection
was very high when only the conventional peak detection
was performed. Meanwhile, regarding the examinees 2 and
3, the probability of false detection was not so high even
when only the conventional peak detection was performed.
[0078] By contrast, when the determination with the use of
the peak time difference of the above-described embodiment
was performed, the probability of the false detection was
greatly improved for the examinee 1. In addition, even in the
cases of the examinees 2 and 3, the probability of the false
detection was reduced. In this way, in any case, it is possible
to reduce the probability of the false detection by performing
the determination with the use of the peak time difference of
the present embodiment, and the effect of the above-de-
scribed processing of the ECG-signal processing apparatus
1 was confirmed.

Modification of the First Embodiment

[0079] FIG. 11 is a block diagram illustrating a configu-
ration of a modification of the first embodiment. In the
modification of the first embodiment, the ECG-signal pro-
cessing apparatus 1 is included in an ECG synchronization
imaging apparatus 300a.

[0080] In FIG. 11, a scanner 310 is an apparatus that
performs imaging in synchronization with the synchroniza-
tion signal outputted from the ECG-signal processing appa-
ratus 1.
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[0081] For instance, when the ECG synchronization imag-
ing apparatus 300a is an MRI apparatus, the scanner 310
includes components such as a static magnetic field magnet,
a gradient coil, an RF coil, a transmitter, and a receiver. The
scanner 310 performs ECG synchronization imaging in
synchronization with the synchronization signal detected
from the R-wave so as to acquire MR signals of an object.
An image generation function 320 of processing circuitry of
the MRI apparatus reconstructs an image by using the
acquired MR signals.

[0082] Alternatively, when the ECG synchronization
imaging apparatus 300a is a CT apparatus, for instance, the
scanner 310 includes components such as an X-ray tube, an
X-ray detector, and a DAS (Data Acquisition System). Also
in this case, the scanner 310 performs ECG synchronization
imaging in synchronization with the synchronization signal
detected from the R-wave so as to acquire projection data for
an object. The image generation function 320 of the pro-
cessing circuitry of the CT apparatus reconstructs an image
by using the acquired projection data.

[0083] The image generated by the image generation
function 320 of the MRI apparatus or the CT apparatus is
displayed on a display 330. The display 330 may display the
ECG signal acquired from the electrocardiograph 100 and/or
the synchronization signal acquired from the signal process-
ing apparatus 1.

Second Embodiment

[0084] FIG. 12 is a block diagram illustrating a configu-
ration of the ECG-signal processing apparatus 1 of the
second embodiment and a configuration of apparatuses
connected to the ECG-signal processing apparatus 1.
[0085] As compared with the configuration of the ECG-
signal processing apparatus 1 of the first embodiment shown
in FIG. 4, the second embodiment differs from the first
embodiment in that the ECG synchronization imaging appa-
ratus 300 in FIG. 4 is replaced by the MRI apparatus 400 and
“an imaging state signal” is outputted from a sequence
controller of the MRI apparatus 400 to the database update
function 21 of the ECG-signal processing apparatus 1.
Excluding these two points, the ECG-signal processing
apparatus 1 of the second embodiment has the same con-
figuration as the ECG-signal processing apparatus 1 of the
first embodiment.

[0086] In general, since a gradient magnetic field and a
high-frequency magnetic field are applied in a period during
which imaging is performed by the MRI apparatus 400,
there is a high possibility that large noise is mixed in ECG
signals. Thus, when the time-difference database 30 is
generated or updated in a period during which imaging is
performed by the MRI apparatus 400, there is a high
possibility that quality of the database to be generated or
updated is deteriorated by being affected by noise.

[0087] For this reason, in the second embodiment, the
MRI apparatus 400 is configured to monitor “an operation
state”. Then, when the operation state of the MRI apparatus
400 is “in the imaging state” or “in operation”, generation or
update of the time-difference database 30 is prohibited and
the MRI apparatus 400 performs generation or update of the
time-difference database 30 only when the MRI apparatus
400 is “in the non-imaging state” or “not in operation”.
[0088] In order to determine whether the MRI apparatus
400 is “in the imaging state (i.e., in operation)” or “in the
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non-imaging state”, the imaging state signal outputted from
the MRI apparatus 400 is used.

[0089] In the MRI apparatus 400, data are acquired by
executing a pulse sequence in which imaging conditions
such as intensity and application timing of each gradient
pulse and each RF pulse are defined. Additionally, a unit of
imaging from the start of executing a pulse sequence until
completion of acquiring predetermined data by repeating the
necessary number of TR (Repetition Time) is called, e.g.,
“protocol”. In the present specification, when the MRI
apparatus 400 is “in the imaging state” or “in operation”, this
means it is in a period during which a pulse sequence is
executed, for instance. Conversely, in the present specifica-
tion, when the MRI apparatus 400 is “in the non-imaging
state” or “not in operation”, this means, e.g., it is in a period
during which a pulse sequence is not executed. For instance,
a period before starting the first protocol included in a series
of examinations or a period between a protocol and the next
protocol may correspond to “in the non-imaging state” and
“not in operation”. Further, in a period of one TR included
in the pulse sequence, there may be a period during which
neither gradient pulse nor RF pulse is applied, and such a
period can also be treated as “in the non-imaging state” or
“not in operation”.

[0090] A signal indicating whether a gradient pulse and/or
an RF pulse is applied or not can be used as the imaging state
signal for determining whether the MRI apparatus 400 is “in
the imaging state (i.e., in operation)”.

[0091] FIG. 13 is a flowchart illustrating an operation
performed by the ECG-signal processing apparatus 1
according to the second embodiment, which differs from the
first embodiment (FIG. 5) only in that the processing of the
step ST200 is added between the steps ST107 and ST108.
[0092] Inthe step ST200, on the basis of the imaging state
signal, it is determined whether a gradient pulse is applied
or not. Only when the gradient pulse is not applied (i.e., only
when it is in the non-imaging state and determined as NO in
the step ST200), the processing proceeds to the next step
ST108 in which the time-difference database 30 is updated.
[0093] The ECG-signal processing apparatus 1 of the
second embodiment stops update of the time-difference
database 30 the non-imaging state, during which noises due
to switching of a gradient pulse are mixed in the ECG signal,
and thus, peak detection becomes difficult. Accordingly, the
ECG-signal processing apparatus 1 of the second embodi-
ment can prevent erroneously updating the time-difference
database 30 due to the noises.

[0094] In the ECG-signal processing apparatus 1 accord-
ing to the second embodiment as described above, since the
time-difference database 30 can be generated with high-
quality without being influenced by noise, it is possible to
accurately detect the R-wave.

[0095] According to the ECG signal processing apparatus
according to at least one embodiment described above, it is
possible to accurately detect a specific waveform from a
biological signal related to heartbeat in which noise is
mixed.

[0096] 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 inven-
tions. Indeed, the novel methods and systems described
herein may be embodied in a variety of other forms; fur-
thermore, various omissions, substitutions and changes in
the form of the methods and systems described herein may



US 2018/0344261 Al

be made without departing 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. A signal processing apparatus configured to be con-
nected to an imaging apparatus, the signal processing appa-
ratus comprising:

a memory configured to store a predetermined program;

and

processing circuitry configured, by executing the prede-
termined program, to

detect respective peaks of a plurality of biological
signals related to heartbeat of plural leads,

calculate difference in peak time between the plurality
of biological signals, and

detect a specific waveform included in the plurality of
biological signals based on the difference in peak
time.

2. The signal processing apparatus according to claim 1,

wherein the memory is configured to store a time-differ-
ence database in which the difference in peak time and
occurrence frequency of the difference in peak time are
associated with each other; and

the processing circuitry is configured to

update the time-difference database each time a peak of
the plurality of biological signals is detected and the
difference in peak time between the plurality of
biological signals is calculated, and

refer to the time-difference database to detect the
specific waveform, when the occurrence frequency
in the time-difference database associated with dif-
ference in peak time between respective peaks of a
plurality of newly detected biological signals is
higher than a predetermined occurrence frequency.

3. The signal processing apparatus according to claim 1,

wherein the plurality of biological signals are ECG sig-
nals; and

the specific waveform is an R-wave.
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4. The signal processing apparatus according to claim 1,
wherein the plurality of biological signals related to
heartbeat of plural leads are a lead 1 and a lead II
included in ECG signals; and
the processing circuitry is configured to detect the specific
waveform based on difference in peak time between a
first peak detected from a signal of the lead I and a
second peak detected from a signal of the lead II.
5. The signal processing apparatus according to claim 2,
wherein the processing circuitry is configured to monitor
an operation state of the imaging apparatus, and
determine whether to update the time-difference database
or not, according to the operation state of the imaging
apparatus.
6. The signal processing apparatus according to claim 5,
wherein the imaging apparatus is an MRI apparatus; and
the processing circuitry is configured to
update the time-difference database based on time
difference of a peak detected in a period during
which the MRI apparatus does not perform imaging,
and
hold the time-difference database in a period during
which the MRI apparatus perform imaging, without
updating the time-difference database.
7. An imaging apparatus comprising;
processing circuitry configured to
detect respective peaks of a plurality of biological
signals related to heartbeat of plural leads,
calculate difference in peak time between the plurality
of biological signals, and
detect a specific waveform included in the plurality of
biological signals based on the difference in peak
time; and
a scanner configured to acquire imaging data of an object
by imaging the object in synchronization with the
specific waveform and generate an image of the object
based on the imaging data.
8. A signal processing method comprising:
detecting respective peaks of a plurality of biological
signals related to heartbeat of plural leads,
calculating difference in peak time between the plurality
of biological signals, and
detecting a specific waveform included in the plurality of
biological signals based on the difference in peak time.
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