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SIGNAL PROCESSING APPARATUS,
IMAGING APPARATUS, AND SIGNAL
PROCESSING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority of
Japanese Patent Application No. 2014-226259, filed on Nov.
6, 2014, and Japanese Patent Application No. 2015-212542,
filed on Oct. 29, 2015, the entire contents of each 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 whose electrodes
are set on a biological body to measure an electric potential
difference between the electrodes. A signal measured by an
electrocardiograph is referred to as an ECG (electrocardio-
gram) signal and is widely used in the medical field. The ECG
signal includes waveforms such as a P-wave, an R-wave, a
QRS complex wave, and a T-wave. Since these waveforms are
used for a synchronization signal of a medical diagnosis
device capable of electrocardiographic synchronization
imaging in addition to diagnosis of various cardiac diseases,
automatic detection of such waveforms is important in terms
of industrial applications.

[0004] In cardiac diagnosis using images obtained by an
MRI (Magnetic Resonance Imaging) apparatus as an
example, imaging is performed in synchronization with the
timing of systole and/or diastole of a heart by using a syn-
chronization signal (which is also referred to as a trigger
signal) detected from an ECG signal. Such imaging is
referred to as ECG synchronization imaging.

[0005] When ECG synchronization imaging is performed,
a trigger signal is generated by detecting a specific waveform
in an ECG signal, and start and end of imaging are controlled
based on the timing synchronized with this trigger signal.
Especially, a trigger signal is generated by detecting an
R-wave in an ECG signal in many cases. In such cases,
imaging is sometimes performed immediately after the tim-
ing of'an R-wave and thus the delay time from detection of an
R-wave to generation of a trigger signal is preferably as short
as possible.

[0006] In addition, when a specific signal is detected from
an ECG signal, it is necessary to detect a trigger signal with
low delay and high accuracy not only from a normal wave-
form of an ECG signal but also from an abnormal waveform
of an ECG signal. A patient, who undergoes a cardiac exami-
nation with an image diagnostic apparatus such as an MRI
apparatus, is suspected to have a certain cardiac disease in
many cases and thus ECG signals as the detection target of
each trigger signal include an abnormal waveform in some
cases. Since systole and diastole of a heart is repeated even in
the case of such an abnormal waveform, it is necessary to
infallibly detect a trigger signal with short delay time from an
abnormal waveform included in ECG signals in order to
perform imaging synchronized with systole and/or diastole of
a heart.
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[0007] Meanwhile, since application of pulsed gradient
magnetic fields and pulsed RF (Radio Frequency) magnetic
fields is included in imaging with the use of an MRI appara-
tus, noise which dynamically changes due to the application
of the above magnetic fields is superimposed on ECG signals.
Accordingly, it is also necessary to infallibly detect a syn-
chronization signal from an ECG signal on which such noise
is superimposed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] In the accompanying drawings:

[0009] FIG. 1A is a schematic diagram showing an ECG
signal which is a detection target of the ECG waveform pro-
cessing apparatus of the first embodiment;

[0010] FIG. 1B is a schematic diagram obtained by magni-
fying the vicinity of an R-wave in FIG. 1A

[0011] FIG. 2A to FIG. 2C are schematic diagrams, each of
which shows an ECG signal with noise superimposed on and
difficulty in detecting an R-wave from such an ECG signal,
[0012] FIG. 3 is a block diagram showing an example of
hardware configuration of the ECG signal processing appa-
ratus of the first embodiment;

[0013] FIG. 4 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus of the first embodiment and configuration of a device/
apparatus connected to the ECG signal processing apparatus;
[0014] FIG. 5 is a flowchart showing an example of an
operation performed by the ECG signal processing apparatus
of the first embodiment;

[0015] FIG. 6 is a schematic diagram showing a concept of
a high-frequency enhanced ECG signal;

[0016] FIG. 7 is a schematic diagram showing a concept of
template generation processing;

[0017] FIG. 8 is a schematic diagram showing a concept of
template update processing;

[0018] FIG. 9 is a schematic chart showing results of per-
forming detection of R-waves on ECG signals, for confirming
the effect of the ECG signal processing apparatus of the first
embodiment;

[0019] FIG. 10 is a schematic diagram showing a concept
of updating templates in a modification of the first embodi-
ment;

[0020] FIG. 11 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus of the second embodiment;

[0021] FIG. 12A to FIG. 12E are timing charts for explain-
ing the effect of the ECG signal processing apparatus of the
second embodiment, in comparison with conventional detec-
tion methods;

[0022] FIG. 13 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus of the third embodiment;

[0023] FIG. 14 is a flowchart showing an example of an
operation performed by the ECG signal processing apparatus
of the third embodiment;

[0024] FIG. 15A to FIG. 15E are timing charts showing
examples of operations performed by the ECG signal pro-
cessing apparatus of the third embodiment;

[0025] FIG. 16 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus of the fourth embodiment;

[0026] FIG. 17A and FIG. 17B are diagrams showing
results of evaluation test for confirming the effect of the ECG
signal processing apparatus of the fourth embodiment;
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[0027] FIG. 18 is a functional block diagram showing an
example of configuration in which an ECG synchronization
imaging apparatus includes an ECG signal processing appa-
ratus of one of the embodiments;

[0028] FIG. 19 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus of the fifth embodiment;

[0029] FIG. 20A and FIG. 20B are explanatory diagrams
showing a concept of a coordinate conversion function of the
ECG signal processing apparatus of the fifth embodiment,
using a vectorcardiogram as an example;

[0030] FIG. 21 is another explanatory diagram showing the
concept of the coordinate conversion function of the ECG
signal processing apparatus of the fifth embodiment, using a
vectorcardiogram as an example; and

[0031] FIG. 22 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus as a modification of the fifth embodiment.

DETAILED DESCRIPTION

[0032] In one embodiment, a signal processing apparatus
includes a storage circuit and processing circuitry configured
to (a) generate detection parameters for detecting a specific
signal included in a biosignal relevant to a heartbeat, based on
a waveform of the biosignal, (b) store the detection param-
eters in the storage circuit, (c) detect the specific signal by
using the detection parameters, and (d) generate a synchro-
nization signal for performing heartbeat synchronization
imaging based on the specific signal.

[0033] ECG signal processing apparatuses, ECG synchro-
nization imaging apparatuses (imaging apparatuses), and
ECG signal processing methods according to embodiments
ofthe present invention will be described with reference to the
accompanying drawings. Note that components of the same
reference number operate or function in the same way in the
following embodiments and thus duplicate explanation is
omitted.

First Embodiment

[0034] FIG. 1A is a schematic diagram showing an ECG
signal which is a detection target of the ECG waveform pro-
cessing apparatus 1 of the first embodiment. As shown in FIG.
1A, the ECG signal includes specific waveforms such as a
P-wave, an R-wave, and a T-wave.

[0035] In each of the following embodiments, an example
of detecting an R-wave among the specific waves will be
explained. However, an example of detecting an R-wave is
only one aspect and the ECG waveform processing apparatus
1, 1a, 15, 1c, 1d, and 1e of the following embodiments can
detect waveforms other thanan R-wave (such as a P-wave and
a T-wave, for example).

[0036] FIG. 1B is a schematic diagram obtained by magni-
fying the vicinity of an R-wave in FIG. 1A. In FIG. 1B, the
time interval from the peak of the R-wave to the heartbeat
synchronization signal is defined as a delay time. Hereinafter,
the heartbeat synchronization signal is simply referred to as a
synchronization signal. As an ECG synchronization imaging
apparatus 200 (i.e., imaging apparatus 200) capable of imag-
ing in synchronization with a heartbeat, for example, a CT
(Computed Tomography) apparatus and an MRI (Magnetic
Resonance Imaging) apparatus are included.

[0037] The ECG synchronization imaging apparatus 200
uses an imaging technique (ECG synchronization imaging
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technique) in which a start timing of data acquisition is deter-
mined with reference to a generation timing of an R-wave, for
example. The ECG synchronization imaging apparatus 200
acquires the synchronization signal corresponding to the tim-
ing or position of the R-wave, and determines the start timing
of data acquisition based on the acquired synchronization
signal as a reference. Depending on a purpose of imaging,
acquisition of imaging data is needed immediately after an
R-wave. Therefore, time from detecting the arrival of an
R-wave from an ECG signal to generation of a synchroniza-
tion signal (i.e., a delay time) is needed to be shortened.
[0038] For example, in an MRI apparatus, various tech-
niques of non-contrast MRA (Magnetic Resonance Angiog-
raphy) such as an FBI (Fresh Blood Imaging) technique, a
Time-SLIP (Time-Spatial Labeling Inversion Pulse) tech-
nique are used. In the data acquisition of the FBI technique,
the MRI apparatus can obtain vascular images depicting an
artery by (a) controlling the data acquisition timing with
reference to a synchronization signal to obtain diastole
images and systole images and (b) calculating subtraction
images between the diastole images and the systole images,
for example. In the data acquisition of the Time-SLIP tech-
nique, the MRI apparatus can obtain blood flow images by,
for example, controlling the timing of data acquisition and the
timing of applying a labeling pulse with reference to a syn-
chronization signal.

[0039] As mentioned above, an MRI apparatus controls the
timing of data acquisition and the timing of applying various
pulses based on the synchronization signals generated from
ECG signals as a reference. Since these timings are immedi-
ately after an R-wave in many cases, it is desirable that this
delay time is as short as possible. Incidentally, the above-
mentioned techniques are only examples. Needless to say, an
MRI apparatus acquires imaging data with reference to a
synchronization signal in other imaging such as contrast-
enhanced imaging and various types of imaging in which an
imaging target is an organ such as a heart.

[0040] As is clear from FIG. 1A, an R-wave generally
shows the largest amplitude of the waveforms included in an
BCG signal. However, even such an R-wave is susceptible to
the influence of noise during imaging with the use of an MRI
apparatus, which makes it difficult to detect the R-wave. FIG.
2A to FIG. 2C are schematic diagrams showing the above-
described difficulty in detecting an R-wave. In each of FIG.
2A,FIG. 2B, and FIG. 2C, signals of respective two channels
outputted from an electrocardiograph are superimposed.
[0041] FIG. 2A shows an example of an ECG signal
observed in a condition under which an object such as a
patient is outside an MRI apparatus. In FIG. 2A, noise is
comparatively small and an R-wave is distinctly indicated.
[0042] FIG. 2B shows an example of an ECG signal
observed in a condition under which an object is inside a bore
of an MRI apparatus. In the case of FIG. 2B, the MRI appa-
ratus is in a non-operating state (i.e., in a state where imaging
is not performed) and only astatic magnetic field is applied on
the object. Although a T-wave subsequent to an R-wave in
FIG. 2B is larger than that in FIG. 2A due to influence of
blood flowing under the static magnetic field, dynamic noise
is not so large in the case of FIG. 2B.

[0043] FIG. 2C shows an example of an ECG signal
observed during imaging. In FIG. 2C, it can be recognized
that large noise is superimposed on each ECG signal due to
influence of gradient magnetic fields and RF pulses applied
during imaging.



US 2016/0128643 Al

[0044] Note that an MRI apparatus acquires imaging data
by executing a pulse sequence in which various imaging
conditions such as intensity and application timings of gra-
dient magnetic fields and RF pulses are determined. Further,
an imaging sequence from the start of a pulse sequence to the
completion of acquisition of predetermined imaging data by
repeating necessary number of TR (Repetition Time) is often
referred to as a protocol.

[0045] Hereafter, each of the following three phrases for
describing a state of an MRI apparatus including “in an oper-
ating state”, “during imaging”, and “in a state where imaging
1s performed” means a period during which a pulse sequence
is applied.

[0046] By contrast, each of the following three phrases for
describing a state of an MRI apparatus including “in a non-
operating state”, “during suspension”, and “in a state where
imaging is not performed” means a period during which a
pulse sequence is not applied.

[0047] For example, a period before start of the first proto-
col, which is included in a series of examinations, corre-
sponds to the above-described “in an non-operating state”,
“during suspension”, and “in a state where imaging is not
performed”. A period between one protocol and the next
protocol also corresponds to the above-described “in an non-
operating state”, “during suspension”, and “in a state where
imaging is not performed”.

[0048] Further, a period during which any gradient mag-
netic field or RF pulse is not applied may exist in one TR
included in a pulse sequence. Such a period may be treated as
the above-described “in a non-operating state”, “during sus-
pension”, or “in a state where imaging is not performed”.
[0049] FIG. 3 is a block diagram showing an example of
hardware configuration of the ECG signal processing appa-
ratus 1. The ECG signal processing apparatus 1 includes an
input/output interface 301, processing circuitry 302, a com-
munication interface 303, and a memory circuit 307. The
memory circuit 307 includes a RAM (Random Access
Memory) 304, a nonvolatile memory 305, and a disc drive
306.

[0050] The nonvolatile memory 305 of the memory circuit
307isa storage device such as a hard disc and a flash memory,
and stores various programs and various types of data.
[0051] The processing circuitry 302 includes one or plural
processors, for example. The above-described term “proces-
sor” includes, for instance, a processor such as a special-
purpose or general-purpose CPU (Central Processing Unit),
or a special-purpose or general-purpose signal processor.
[0052] Theprocessor of the processing circuitry 302 imple-
ments various functions of the ECG signal processing appa-
ratus 1 as described below by software processing, i.e., by
reading one or plural programs from the nonvolatile memory
305 to the RAM 304 and executing the programs. Addition-
ally, the processor of the processing circuitry 302 may read in
programs stored in a recording medium such as a magnetic
disc, an optical disc, and a USB (Universal Serial Bus)
memory via the disc drive 306 or the input/output interface
301, aside from the programs stored in the nonvolatile
memory 305. Further, the processor of the processing cir-
cuitry 302 may download programs from an external server
via the communication interface 303.

[0053] Moreover, the processing circuitry 302 may be con-
figured as hardware such as an ASIC (Application Specific
Integrated Circuit) and an FPGA (Field Programmable Gate
Array). Various functions of the ECG signal processing appa-
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ratus 1 can also be implemented by hardware processing with
the use of an ASIC, an FPGA, or a special-purpose electronic
circuit. Additionally or alternatively, the processing circuitry
302 may implement various functions of the ECG signal
processing apparatus 1 by a combination of hardware and
software processing.

[0054] FIG. 4 is a block diagram showing an example of
functional configuration of the ECG signal processing appa-
ratus 1 of the first embodiment and configuration of a device/
apparatus connected to the ECG signal processing apparatus
1. The electrocardiograph 100 generates ECG signals and
transmits the ECG signals to the ECG signal processing appa-
ratus 1. The ECG signal processing apparatus 1 generates
synchronization signals from ECG signals, and transmits the
generated synchronization signals to the ECG synchroniza-
tion imaging apparatus 200.

[0055] The electrocardiograph 100 includes electrodes
101a and 1015, a differential amplifier 110, and an A/D
(analogue to digital) converter 120. The electrodes 1014 and
1015 are set on a human body. The differential amplifier 110
amplifies a weak electrical potential difference between the
electrodes 101a and 1015. The A/D converter 120 converts
the analogue signal amplified by the differential amplifier 110
into a digital signal.

[0056] Although two electrodes 101a and 1015 are illus-
trated, the number of electrodes of the electrocardiograph 100
is not limited to two. For example, in order to obtain a twelve-
lead electrocardiogram, the electrocardiograph 100 may be
configured to include four electrodes to be mounted on the
respective four limbs and further six electrodes to be mounted
on the chest part. In addition, instead of the method of obtain-
ing an electrical potential difference between two points of a
body, a method of recording an electrical potential difference
between a predetermined reference and a mounting point of
an electrode may be used.

[0057] The ECG signal processing apparatus 1 includes at
least a storage circuit 50 and the above-described processing
circuitry 302. The storage circuit 50 is a part of the memory
circuit 307. The processing circuitry 302 implements a filter
processing function 10, a detection function 20, a template
generation function 30, and a template update function 40 by
causing its processor to execute the programs being read out
from the memory circuit 307.

[0058] The filter processing function 10 acquires an ECG
signal from the electrocardiograph 100, and performs pro-
cessing of enhancing an R-wave in the acquired ECG signal.
The processing of enhancing an R-wave includes (a) process-
ing of enhancing a high-frequency component of an ECG
signal by using a high-pass filter configured to enhance a
high-frequency component of an ECG signal and (b) process-
ing of enhancing a specific frequency band of an ECG signal
by using a band-pass filter. Hereinafter, an ECG signal sub-
jected to the processing of enhancing a high-frequency com-
ponent or the processing of enhancing a specific frequency
band by the filter processing function 10 is referred to as an
“enhanced ECG signal”.

[0059] The template generation function 30 generates
detection parameters for detecting an R-wave, from the
enhanced ECG signal. As detection parameters for detecting
an R-wave, various types are possible. A waveform template
is one of detection parameters. In the present embodiment, a
waveform template (hereinafter, simply referred to as a tem-
plate) is generated by extracting a waveform near the R-wave
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from the entire waveform of the ECG signal time-sequen-
tially inputted from the electrocardiograph 100.

[0060] The storage circuit50 stores the generated template.
Note that the storage circuit 50 stores two or more templates.
As shown in FIG. 4 as an example, M templates from a
template (1) to a template (M), which are different from each
other, are stored in the storage circuit 50. Here, M is a natural
number equal to or larger than two. The storage circuit 50 is
configured as a rewritable memory.

[0061] The template update function 40 updates the tem-
plates stored in the storage circuit 50. As to a detailed method
of updating, it will be described below.

[0062] The detection function 20 detects an R-wave from
each of enhanced ECG signals time-sequentially outputted
from the filter processing function 10, and generates a syn-
chronization signal according to detection of each R-wave.
Then, the detection function 20 outputs the generated syn-
chromzation signal to the ECG synchronization imaging
apparatus 200.

[0063] The detection function 20 includes an evaluation
value calculation function 21 and a determination function
22. The evaluation value calculation function 21 calculates an
evaluation value based on the enhanced ECG signal and every
one of the templates stored in the storage circuit 50. The
determination function 22 detects an R-wave by comparing
each of the calculated evaluation values with a predetermined
threshold value.

[0064] As detection parameters for detecting an R-wave,
feature quantity such as a peak value of an R-wave, a rising
slope of an R-wave, a falling slope of an R-wave, and a
half-value width of an R-wave may be used aside from tem-
plates. When an R-wave is detected by using the above-
described feature quantity, the template generation function
30 generates detection parameters by extracting at least two
parameters of the above-described feature quantity. In addi-
tion, the storage circuit 50 stores these detection parameters
generated by the template generation function 30.

[0065] For example, when the detection parameter is a
combination of a peak value and a half-value width of an
R-wave, the storage circuit 50 stores plural combinations of a
peak value and a half-value width of an R-wave. Further, in
this case, the detection function 20 detects an R-wave by
comparing detection parameters (i.e., a peak value and a
half-value width of an R-wave) extracted from an enhanced
ECG signal with the same detection parameters stored in the
storage circuit 50, as matching processing. Although various
types of feature quantity may be used for detection param-
eters as mentioned above, the following embodiments will be
explained under the premise that each detection parameter is
a template.

[0066] FIG. 5 is a flowchart showing an example of an
operation performed by the ECG signal processing apparatus
1 of the first embodiment.

[0067] The step ST100 and the step ST101 are processing
corresponding to the filter processing function 10 of the pro-
cessing circuitry 302. In the step ST100, an ECG signal is
inputted to the processing circuitry 302 as one of time-se-
quential signals. The inputted ECG signal is a digital signal
sampled by, for example, 1000 Hz in the A/D converter 120 of
the electrocardiograph 100 (the sampling interval is one mil-
lisecond in the case of sampling by 1000 Hz). In order to
reduce calculation burden after filter processing within the
range which does not deteriorate performance such as a delay
time, the filter processing function 10 may perform down-
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sampling of the ECG signal to the frequency of 500 Hz by
thinning even-numbered or odd-numbered sampled data
parts of the original ECG signal.

[0068] Inthe step ST101, the processing circuitry 302 gen-
erates an enhanced ECG signal by, for example, performing
filter processing of enhancing a high-frequency component
on the ECG signal subjected to the down-sampling process-
ing.

[0069] FIG. 6 is a schematic diagram showing a concept of
an enhanced ECG signal. The upper part of FIG. 6 simplisti-
cally illustrates an example of a waveform of an inputted ECG
signal, and the lower part of FIG. 6 simplistically illustrates
an example of a waveform of the above ECG signal after
being subjected to high-frequency enhancement processing.
In the high-frequency enhancement processing, an R-wave
having a steep rising slope and a steep falling slope is
enhanced. By contrast, a T-wave and a P-wave are suppressed,
since they have gentle rising and falling slopes. In order to
reduce noise, a low-pass filter may be used in combination
with a high-pass filter in the high-frequency enhancement
processing.

[0070] The steps ST102 and ST103 are processing corre-
sponding to the template generation function 30 of the pro-
cessing circuitry 302, and FIG. 7 shows the concept of gen-
erating templates by the template generation function 30.
[0071] In the step ST102, the processing circuitry 302
detects a peak of the enhanced ECG signal generated in the
step ST101. When noise is small, a peak of an enhanced ECG
signal approximately corresponds to the peak of its R-wave in
general. The enhanced ECG signal is time-sequentially input-
ted to the template generation function 30 of the processing
circuitry 302 at sampling intervals (e.g., at intervals of two
millisecond), and processing of detecting a peak, i.e., deter-
mination as to whether a peak is arrived or not is performed at
sampling intervals.

[0072] When a peak is detected (YES in the step ST102),
the processing circuitry 302 generates a template by extract-
ing a part of the R-wave based on the position of the detected
peak from the inputted enhanced ECG signal.

[0073] FIG. 7 shows an example of generating a template
(N), a template (N+1), and a template (N+2) by extracting a
part of a waveform indicated by a broken line frame from the
(N)th, (N+1)th, and (N+2)th R-waves, respectively, so that
each of the extracted parts is temporally positioned immedi-
ately before the peak and has a predetermined time-length
(i.e., W millisecond). As is clear from FIG. 7, when a peak
height of each R-wave fluctuates between heartbeats, tem-
plates which are slightly different in shape from each other
are generated.

[0074] The length of a past waveform to be extracted for
generating a template is not limited to the above-described
aspect (i.e., 10 milliseconds). For example, each template
may be generated by extracting a part of a waveform from 20
milliseconds before the peak position to the peak position.
[0075] Note that detection of a peak of each enhanced ECG
signal is processing for simply generating each template, and
not processing for detecting each R-wave to generate a syn-
chronization signal.

[0076] Next, the steps ST104 and ST105 are processing
corresponding to the template update function 40 of the pro-
cessing circuitry 302. In the step ST104, the processing cir-
cuitry 302 determines whether or not it updates templates
stored in the storage circuit 50 by using newly generated
templates, or determines a method of updating the templates.
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In the next step ST105, the processing circuitry 302 updates
the templates stored in the storage circuit 50, in accordance
with the determination in the step ST104.

[0077] As a method of updating, for example, the oldest
template in the storage circuit 50 may be eliminated and the
newly-generated latest template may be added to the tem-
plates to be stored in the storage circuit 50. For example, when
M templates from the template (N-1) to the template (N-M)
are stored in storage circuit 50 as shown in FIG. 8, the oldest
template (N-M) is eliminated and the newly-generated latest
template (N) is newly stored in the storage circuit 50. In this
updating method, the templates in the storage circuit 50 are
updated, each time a template is newly generated.

[0078] The steps ST106 to ST108 are processing corre-
sponding to the detection function 20 of the processing cir-
cuitry 302. In the step ST106, the processing circuitry 302
performs matching processing between an enhanced ECG
signal subjected to the filter processing and each of the tem-
plates stored in the storage circuit 50 so as to calculate an
evaluation value for each of the templates, by its evaluation
value calculation function 21.

[0079] Specifically, the processing circuitry 302 calculates
a difference in intensity between the M-th template, which
has length of W milliseconds and is stored in the storage
circuit 50, and the latest part of the enhanced ECG signal
whose length is also W milliseconds, for each sampling time
used in the step ST100. Then, the processing circuitry 302
calculates the summation of the absolute values of the differ-
ences and defines the summation as an evaluation value E,.
Since this evaluation value E__ is calculated for each of the
templates stored in the storage circuit 50, M evaluation values
E,, are calculated when the total number of the templates
stored in the memory circuits 50 is M.

[0080] Inthe step ST107, the processing circuitry 302 cal-
culates the minimum value Emin of the M evaluation values
E,., and detects an R-wave by performing threshold process-
ing on the minimum value Emin, as its determination function
22. Specifically, when the minimum value Emin is smaller
than a predetermined threshold value, the processing circuitry
302 determines that an R-wave is detected.

[0081] When an R-wave is detected, the processing cit-
cuitry 302 generates a synchronization signal and outputs the
generated synchronization signal to the ECG synchronization
imaging apparatus 200 in the step ST108. When an R-wave is
not detected, the processing returns to the step ST100.
[0082] Although a difference between an enhanced ECG
signal and each of the templates is used for an evaluation
value in the above processing, a correlation value between an
enhanced ECG signal and each of the templates may be used
for an evaluation value instead of the above-described differ-
ence. In this case, the determination function 22 of the pro-
cessing circuitry 302 calculates the maximum value Emax of
the M evaluation values E,, and determines that an R-wave is
detected when the maximum value Emax is larger than a
predetermined threshold value.

[0083] The step ST109 is determination processing as to
whether the entire processing should be completed or not, and
the processing circuitry 302 repeats the processing of the
steps ST100 to ST108 until a command to complete the
processing is inputted from outside.

[0084] The above-described ECG signal processing appa-
ratus 1 of the first embodiment is configured to store plural
templates, which are different from each other, in the storage
circuit 50. Therefore, even if a waveform of an R-wave
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included in each of enhanced ECG signals (e.g., a wave height
value of each R-wave) inputted to the detection function 20
fluctuates for each R-wave, the fluctuated R-wave can be
detected with high reliability in the case where the fluctuated
R-wave is similar to one of the plural templates stored in the
storage circuit 50. In other words, robustness of detection to
fluctuating ECG signals can be improved by detecting an
R-wave with the use of plural templates.

[0085] FIG. 9 is a schematic chart showing results of per-
forming detection of R-waves on ECG signals, for confirming
the effect of the ECG signal processing apparatus 1 of the first
embodiment. Thirteen volunteers underwent MRI diagnosis
with the use of an MRI apparatus of 1.5 Tesla and another
MRI apparatus of 3.0 Tesla, and an evaluation is made on how
many of the total number of R-waves included in ECG signals
acquired during the MRI diagnosis can be accurately
detected. Out of the total R-waves (22298, in this example),
8006 R-waves were acquired in an operating state of the MRI
apparatus (i.e., during imaging), and the rest of the R-waves
were acquired in a non-operating state of the MRI apparatus.
AnF valueisused for an evaluation index and the vertical axis
of the chart in FIG. 9 indicates F values. An F value can be
calculated from the following formulas (1) to (3).

F value=(2*PR)/(P+R): Formula (1)

P=TP/(TP+FP): Formula (2)

R=TP/(TP+FNy:

[0086] Inthe above test, acase where an R-wave is detected
with an error within the range of +20 milliseconds from the
correct R-wave position is treated as success. In addition, TP
(True Positive) indicates the number of success, FP (False
Positive) indicates the number of erroneous detection (i.e., an
R-wave is incorrectly detected), and FN indicates the number
of missing (i.e., failure in detecting an R-wave which should
have been detected). An F value is an evaluation index in
which the above-described erroneous detection and missing
are reflected in addition to success. The higher an F value is,
the higher reliability of detection becomes.

[0087] The horizontal axis of the chart in FIG. 9 indicates
the number of templates stored in the storage circuit 50.
Especially in an operating state of the MRI apparatus (i.e.,
during imaging), an F value is improved by increasing the
number of templates, and the above-described effect of the
processing performed by the ECG signal processing appara-
tus 1 can be confirmed.

[0088] (Modification of First Embodiment)

[0089] In the above-described first embodiment, the oldest
template of all the templates stored in the storage circuit 50 is
eliminated and a newly generated template is added in the
processing of updating templates in the steps ST104 and
ST105 in FIG. 5 (see also FIG. 8). On the other hand, in the
modification of the first embodiment, a similarity value
between the newly generated template and each of the tem-
plates stored in the storage circuit 50 is calculated, and the
templates in the storage circuit 50 is updated by storing the
newly generated template when this similarity value is deter-
mined to be smaller than a predetermined value.

[0090] Specifically, as shown in FIG. 10, the ECG signal
processing apparatus 1 is configured to update the templates
stored in the storage circuit 50, when the newly generated
template is not similar to any one of the templates stored in the
storage circuit 50 (i.e., when the similarity value is low). By
contrast, when the newly generated template is similar to at

Formula (3)
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least one of the templates stored in the storage circuit 50 (i.e.,
when the similarity value is high), the ECG signal processing
apparatus 1 does not update the templates stored in the storage
circuit 50.

[0091] In this modification, the newly generated template
having alow similarity value is stored in the storage circuit 50
as one of the templates to be used for detection and the
template having the highest similarity value to the newly
generated template of all the templates stored in the storage
circuit 50 at this update timing is eliminated.

[0092] Only the templates, which have low similarity to
each other, remain in the storage circuit 50 by such an update
method. As aresult, when an abnormal waveform is included
in ECG signals as shown in FIG. 12A to be described below,
the template generated based on this abnormal waveform is
stored in the storage circuit 50 as an abnormal waveform
template and remains in the storage circuit 50 after the stor-
age. Therefore, when an abnormal waveform similar to the
above-described abnormal waveform template arrives next
time, this abnormal waveform can be detected by using the
abnormal waveform template which has been already stored.

Second Embodiment

[0093] FIG. 11 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus 1a of the second embodiment. The ECG signal process-
ing apparatus 1a of the second embodiment has configuration
in which a second storage circuit 60 is added to the configu-
ration of the ECG signal processing apparatus 1 of the first
embodiment.

[0094] The second storage circuit 60 stores at least one
preliminarily generated fixed template. Preferably, the sec-
ond storage circuit 60 stores two or more preliminarily gen-
erated fixed templates. The above-described “preliminarily
generated” means to generate the fixed template(s) before an
object undergoes diagnosis using the ECG synchronization
imaging apparatus 200. Each preliminarily generated tem-
plate may be generated from an enhanced ECG signal
obtained by performing filter processing on an ECG signal of
the same object, or may be generated from an enhanced ECG
signal of a different object. In addition, a representative tem-
plate may be generated by averaging templates which are
generated from different objects, as the preliminarily gener-
ated template.

[0095] Although the second storage circuit 60 stores at least
one preliminarily generated template based on a normal
waveform of an ECG signal, it is preferable that the second
storage circuit 60 stores plural types of preliminarily gener-
ated templates including a template corresponding to a nor-
mal waveform and a template corresponding to an abnormal
waveform.

[0096] The processing performed by the ECG signal pro-
cessing apparatus 1a of the second embodiment is basically
the same as that of the first embodiment. However, the pro-
cessing of calculating an evaluation value in the step ST106
and the processing of determining whether an R-wave is
detected ornot in the step ST107 in the flowchart of FIG. 5 are
slightly different between the first and second embodiments.
[0097] In the step ST106 of the second embodiment, an
evaluation value is calculated for each of the templates stored
in the storage circuit 50 and the preliminarily generated tem-
plates stored in the second storage circuit 60. In other words,
when the number of templates to be stored in the storage
circuit 50 is defined as M and the number of preliminarily
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generated templates to be stored in second storage circuit 60
is defined as K, the evaluation value calculation function 21
calculates M+K evaluation values. In the next step ST107 of
the second embodiment, the current processing target wave-
form is detected as an R-wave, when the minimum value
Emin of those M+K evaluation values is smaller than the
predetermined threshold value.

[0098] FIG. 12A to FIG. 12E are timing charts for explain-
ing the effect of the ECG signal processing apparatus 1a of
the second embodiment in comparison with conventional
detection methods. Especially, a case where abnormal wave-
forms are included in ECG signals as shown in FIG. 12A is
compared between the second embodiment and a conven-
tional detection method. Conventionally, a method of detect-
ing an R-wave by using one preliminarily generated fixed
template (hereinafter, referred to as a conventional method
(1)), or another method of detecting an R-wave by using only
one template which is sequentially updated (hereinafter,
referred to as a conventional method (2)) have been used.
[0099] The conventional method (1) fails in detection of
abnormal waveforms as shown in FIG. 12B, when the fixed
template is generated based on a normal waveform. Further,
the conventional method (1) fails in detection of normal
waveforms as shown in FIG. 12C, when the fixed template is
generated based on an abnormal waveform.

[0100] The conventional method (2) continues to fail in
detection from start of acquiring ECG signals until a template
to be sequentially updated is generated, as shown in FIG.
12D. In addition, the number of templates to be sequentially
updated is only one. Thus, when an abnormal waveform
arrives after the template is updated to become a template
based on a normal waveform, the conventional method (2)
cannot detect this abnormal waveform.

[0101] By contrast, the ECG signal processing apparatus
1a of the second embodiment includes the second storage
circuit 60 configured to store at least one fixed template in
addition to the storage circuit 50 configured to store plural
templates to be sequentially updated. Further, the second
storage circuit 60 stores a template [1] corresponding to a
normal waveform and a template [2] corresponding to an
abnormal waveform, as its desirable aspect. Such configura-
tion of the second embodiment enables detection of both of
abnormal waveforms and normal waveforms by using the
template [1] and the template [2] preliminarily stored in the
second storage circuit 60, even immediately after the start of
acquiring ECG signals as shown in FIG. 12E.

[0102] Inaddition, the ECG signal processing apparatus la
of the second embodiment can robustly detect R-waves by
using plural templates to be sequentially updated, after tem-
plates are generated and stored in the storage circuit 50.
Furthermore, since at least one template corresponding to a
normal waveform and at least one template corresponding to
an abnormal waveform are generated based on the waveform
of the latest ECG signal and stored in the storage circuit 50 as
explained in the modification of the first embodiment, both of
abnormal waveforms and normal waveforms can be robustly
detected.

Third Embodiment

[0103] FIG. 13 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus 15 of the third embodiment. In the configuration of the
ECG signal processing apparatus 15 of the third embodiment,
a template-generation determining function 70 is added to
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that of the second embodiment. The template-generation
determining function 70 is also a function implemented by
the processing circuitry 302.

[0104] FIG. 14 is a flowchart showing an example of an
operation performed by the ECG signal processing apparatus
15 of the third embodiment. The processing of the step ST200
is added to the flowchart of the first and second embodiments
shown in FIG. 5.

[0105] In the step ST200, the processing circuitry 302
monitors an operating state of the ECG synchronization
imaging apparatus 200 by its template-generation determin-
ing function 70, and determines whether it generates a new
template by its template generation function 30 or not,
depending on the operating state of the ECG synchronization
imaging apparatus 200.

[0106] Forexample, when the ECG synchronization imag-
ing apparatus 200 is an MRI apparatus, the processing cit-
cuitry 302 acquires an operation signal indicative of the cur-
rent state of the MRI apparatus as to whether it is during
imaging or it is in a non-operating state (i.e., imaging is not
performed). Thereby, the processing circuitry 302 determines
whether the MRI apparatus is currently performing imaging
or not. When imaging is currently performed, the processing
circuitry 302 skips the processing of the steps ST102 and
ST103, i.e., the processing circuitry 302 does not perform
processing of generating a new template from an enhanced
ECG signal. In addition, when imaging is currently per-
formed, the processing circuitry 302 also skips the processing
of the steps ST104 and ST105 and does not perform process-
ing of updating templates stored in the storage circuit 50.
[0107] FIG. 15A to FIG. 15E are timing charts showing
examples of operations performed by the ECG signal pro-
cessing apparatus 15 of the third embodiment. As shown in
FIG. 15A and FIG. 15B (see also FIG. 2A to FIG. 2C), when
an MRI apparatus is in a non-operating state, noise superim-
posed on ECG signals is small. However, in a period during
which imaging is performed by an MR apparatus, large noise
is superimposed on ECG signals due to influence of gradient
magnetic fields and RF magnetic fields generated by the MRI
apparatus. If a template is generated from an ECG signal on
which such large noise is superimposed, a template whose
waveform is greatly different from the waveform to be
detected (i.e., an R-wave) is generated and accurate detection
cannot be expected.

[0108] For the above reason, as shown in FIG. 15C and
FIG. 15D, generation and update of templates are stopped
during imaging in the third embodiment. Instead, templates
which were stored in the storage circuit 50 at the timing
immediately before start of imaging are held during this
imaging, and R-waves are detected by using these templates
held in the storage circuit 50 during this imaging. Although
considerably large noise is superimposed on ECG signals as
detection targets, templates used for matching processing are
not influenced by noise and thus R-waves can be detected
with high reliability.

[0109] In an MRI apparatus, plural protocols (e.g., plural
imaging sequences for acquiring plural types of images such
as T1 weighted images and T2 weighted images) are some-
times performed in series based on imaging conditions input-
ted by an operator. In such a case, a non-operating period,
which has length of a certain degree, may exist between
completion of a certain protocol and start of the next protocol.
In this case, generation and update of templates can be
resumed during the non-operating period.
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[0110] In FIG. 13, the template generation function 30 of
the processing circuitry 302 determines the timing to extract
a part of a waveform from an enhanced ECG signal for gen-
erating a template, by performing matching processing
between the enhanced ECG signal and each of the prelimi-
narily generated templates stored in the second storage circuit
60. Specifically, when an R-wave is detected by performing
matching processing between the enhanced ECG signal and
each of the preliminarily generated templates, a new template
is generated by extracting a part of the waveform of the
enhanced ECG signal which starts W milliseconds, e.g., 20
milliseconds before this detection position of this R-wave and
ends at this detection position. Also in the third embodiment,
the template generation function 30 may independently
detect each peak of enhanced ECG signals and determine
each timing to extract a new template in a manner similar to
the first embodiment.

Fourth Embodiment

[0111] FIG. 16 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus 1c of the fourth embodiment. Although configuration of
the third embodiment has the filter processing function 10
equipped with either a high-pass filter or a band-pass filter,
configuration of the fourth embodiment includes both a filter
processing function H10a equipped with a high-pass filter
and a filter processing function B10b equipped with a band-
pass filter.

[0112] High-frequency enhanced ECG signals are output-
ted from the filter processing function H10a, and band-en-
hanced ECG signals are outputted from the filter processing
function Blob. In accordance with these two filter processing
functions H10a and Blob, the ECG signal processing appa-
ratus 1¢ includes two template generation functions H30a and
B305, two template update functions H40a and B40b, and
two storage circuits H50a and B505.

[0113] High-frequency enhanced ECG signals are sub-
jected to processing in the template generation function H30a
and the template update function H40q, and the generated
and/or updated template is stored in the storage circuit HSOa.
Meanwhile, band-enhanced ECG signals are subjected to
processing in the template generation function B304 and the
template update function B405b, and the generated and/or
updated template is stored in the storage circuit B50b.
[0114] Further, both of the high-frequency enhanced ECG
signals and the band-enhanced ECG signals are inputted to
the detection function 20.

[0115] The evaluation value calculation function 21 of the
detection function 20 calculates M evaluation values of a
high-frequency enhanced ECG signal compared with the
respective M templates stored in the storage circuit HSOa. In
other words, the summation of absolute values of differences
in intensity of respective parts of the entire waveform divided
based on sampling time between one template and a high-
frequency enhanced ECG signal is calculated as the evalua-
tion value for each of M templates. Then, the evaluation value
calculation function 21 defines the minimum value of M
evaluation values as a high-frequency enhanced evaluation
value EHmin.

[0116] Similarly, the evaluation value calculation function
21 calculates M evaluation values of a band-enhanced ECG
signal compared with the respective M templates stored inthe
storage circuit B50b (as the summation of absolute values of
differences in intensity of respective parts of the entire wave-
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form between both), and defines the minimum value of these
M evaluation values as a band-enhanced evaluation value
EBmin.

[0117] Furthermore, the evaluation value calculation func-
tion 21 calculates the weighted average of the high-frequency
enhanced evaluation value EHmin and the band-enhanced
evaluation value EBmin as a combined evaluation value E.
Specifically, when weighting coefficients are defined as c.and
(1-c) on the premise that ¢ is within the range of zero to 1, the
combined evaluation value E is calculated by the formula as
follows.

E=o*EHmin+(1-a)* EBmin

[0118] Thedetermination function 22 detects anR-wave by
using the calculated combined evaluation value E. Specifi-
cally, when the combined evaluation value E is smaller than a
predetermined threshold value, the detected target is deter-
mined to be an R-wave.

[0119] Incidentally, the determination function 22 may
always determine that the detected target is not an R-wave for
a predetermined period after detection of an R-wave. In addi-
tion, when ECG signals of plural channels are outputted from
the electrocardiograph 100, the determination function 22
may calculate the complex evaluation values E for the respec-
tive channels and determine whether the detected target is an
R-wave or not, by comparing the predetermined threshold
value with the average of the complex evaluation values E.
[0120] FIG. 17A and FIG. 17B are diagrams showing
results of evaluation test performed for confirming the effect
of the ECG signal processing apparatus 1c of the fourth
embodiment. FIG. 17A shows a detection result of R-waves
by using an MRI apparatus of 1.5 Tesla, and FIG. 17B shows
a detection result of R-waves by using an MRI apparatus of
3.0 Tesla.

[0121] Data of ECG signals used for the above evaluation
are the same as those of F1IG. 9, an evaluation is made on how
many of the total number of R-waves included in acquired
ECG signals can be accurately detected. Qut of the total
R-waves (22298, in this example), 8006 R-waves were
acquired in an operating state of the MRI apparatus (i.e.,
during imaging), and the rest of the R-waves were acquired in
anon-operating state of the MRI apparatus. An F value is used
for an evaluation index in a manner similar to FIG. 9 and the
vertical axis of each of FIG. 17A and FIG. 17B indicates F
values.

[0122] In the horizontal axis of each of FIG. 17A and FIG.
17B, “evaluation range: entire period (during imaging and
during suspension)” means the total R-waves (22298) are
evaluation targets, and “evaluation range: only imaging
period” means 8006 R-waves acquired during imaging are
evaluation targets.

[0123] The vertical bar chart corresponding to “preliminar-
ily generated templates” in the horizontal axis of each of FIG.
17A and FIG. 17B shows an evaluation result of detecting
R-waves by using fixed templates which have been prelimi-
narily generated. In addition, the vertical bar chart corre-
sponding to “sequentially update templates” in the horizontal
axis of each of FIG. 17A and FIG. 17B shows an evaluation
result of detecting R-waves by sequentially updating tem-
plates during imaging and during suspension. Further, the
vertical bar chart corresponding to “not updated during imag-
ing” in the horizontal axis of each of FIG. 17A and FIG. 17B
shows an evaluation result of detecting R-waves by using the
ECG signal processing apparatus 1c of the fourth embodi-
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ment, i.e., templates are not updated during imaging but
updated only during suspension.

[0124] According to FIG. 17A and FIG. 17B, it can be
recognized that the ECG signal processing apparatus 1¢ of the
fourth embodiment has high detection performance. Espe-
cially, in the MRI apparatus of 3.0 Tesla, it is shown that
performance of “not updated during imaging™ corresponding
to the fourth embodiment is more improved compared with
the performance of “preliminarily generated templates™ and
“sequentially update templates”.

[0125] FIG. 18 is a functional block diagram showing an
example of configuration in which an ECG synchronization
imaging apparatus 200a includes the ECG signal processing
apparatus 1. The ECG synchronization imaging apparatus
200¢ includes a data acquisition circuit 210 configured to
acquire imaging data from an object in synchronization with
a synchronization signal and an image generation circuit 220
configured to generate an image of the object based on the
acquired imaging data, and a display 230 configured to dis-
play the generated image, aside from the ECG signal process-
ing apparatus 1 configured to sequentially generate synchro-
nization signals. The ECG signal processing apparatus 1
included inthe ECG synchronization imaging apparatus 200a
may include configuration and performance of each of the
ECG signal processing apparatuses la, 15, and 1c¢ of the
second to fourth embodiments.

[0126] When the ECG synchronization imaging apparatus
200¢ is an MR1 apparatus, the above-described data acquisi-
tion circuit 210 is configured of a static magnetic field mag-
net, a gradient coil, an RF coil, an RF transmission circuit, an
RF reception circuit, and a sequence controller included in the
MRI apparatus. In addition, a part of processing circuitry
such as a processor included in a host computer of the MRI
apparatus configures the above-described image generation
circuit 220.

[0127] In the respective embodiments described above,
examples in which the ECG signal processing apparatuses 1,
la, 15, and 1c are separate components independent of the
electrocardiograph 100 have been explained. However, the
electrocardiograph 100 may be included in each of the ECG
signal processing apparatus 1, 1a, 15, and 1¢ as an internal
component.

Fifth Embodiment

[0128] In each of the above-described first to fourth
embodiments, synchronization signals can be generated from
ECG signals outputted from one or plural electrocardio-
graphs 100. On the other hand, for example, a twelve-lead
electrocardiograph outputs twelve-dimensional ECG signals
such as twelve ECG signals I, I, III, aVR, aVL,aVFE, V1, V2,
V3,V4,V5, and V6, for example. Additionally, in the case of
an electrocardiograph of four terminals, two or three (two-
dimensional or three-dimensional) ECG signals are output-
ted, for example. Moreover, a vectorcardiogram uses two or
three ECG signals generated from plural electrode signals, for
example.

[0129] The ECG signal processing apparatus 1d4 of the fifth
embodiment detects an R-wave from a vectorcardiogram
which uses plural ECG signals. FIG. 19 is a functional block
diagram showing an example of configuration of the ECG
signal processing apparatus 14 of the fifth embodiment.
[0130] Two electrocardiographs 100« and 1006 are con-
nected to the ECG signal processing apparatus 1d, for
example. The electrocardiograph 100q includes electrodes
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101a and 1015 which are different from each other, and the
electrocardiograph 1005 includes electrodes 102a and 1025
which are different from each other. An ECG signal outputted
from the electrocardiograph 100¢ is defined as an ECG-in-
duced first signal (X), and an ECG signal outputted from the
electrocardiograph 1005 is defined as an ECG-induced sec-
ond signal (Y).

[0131] The configuration of the ECG signal processing
apparatus 1d is the same as the ECG signal processing appa-
ratus 1 of the first embodiment (see FIG. 4), except that the
ECG signal processing apparatus 1d further includes a coor-
dinate conversion function 80. The coordinate conversion
function 80 is also implemented by the processing circuitry
302 (see FIG. 4).

[0132] FIG. 20A, FIG. 20B and FIG. 21 are explanatory
diagrams showing a concept of the coordinate conversion
function 80 by using a vectorcardiogram outputting an ECG-
induced first signal (X) and an ECG-induced second signal
(Y) as an example.

[0133] The upper chart and lower chart on the left side of
FIG. 20A shows an example of a waveform of an ECG-
induced first signal (X) and an example of a waveform of an
ECG-induced second signal (Y), respectively. In the upper
and lower charts on the left side of FIG. 20A, each horizontal
axis indicates elapsed time and each vertical axis indicates
amplitude. The chart on the right side of FIG. 20A obtained
by plotting amplitude of an ECG-induced first signal (X) on
the X axis (i.e., horizontal axis) and plotting amplitude of an
ECG-induced second signal (Y) on the Y axis (i.e., vertical
axis) along elapsed time. Hereinafter, this chart on the right
side of FIG. 20A is referred to as a vector plotted graph.

[0134] FIG. 20A shows waveforms in a state where noise
does not exist, e.g., a state where an object is outside an MRI
apparatus. In the state where noise does not exist, there is a
correlation between an ECG-induced first signal (X) and an
ECG-induced second signal (Y). Therefore, the shape of the
R-wave at the position P1 has its strong peak in an obliquely
right direction from the origin in the vector plotted graph. In
addition, the T-wave at the position P2 is also inclined to have
its peak in the same direction as that of the R-wave.

[0135] By contrast, FIG. 20B shows waveforms in a state
where noise exists, e.g., a state where an object is inside a
gantry of an MR apparatus and is subjected to a strong static
magnetic field. In this state, as shown in the upper and lower
charts on the left side of FIG. 20B, an ECG-induced first
signal (X) and an ECG-induced second signal (Y) become
susceptible to noise. For example, noise is superimposed at
the position P3. In general, correlation of noise between an
ECG-induced first signal (X) and an ECG-induced second
signal (Y) is different from correlation of an R-wave between
an ECG-induced first signal (X) and an ECG-induced second
signal (Y). Therefore, in the vector plotted graph on the right
side of FIG. 20B, the noise corresponding to the position P3
has its peak in a direction different from the peak direction of
the R-wave whose peak is at the position P1. For example, the
noise corresponding to the position P3 may have its peak in
the direction approximately orthogonal to the peak direction
of the R-wave.

[0136] In the fifth embodiment, a specific waveform such
as an R-wave is more robustly detected by using the above-
described characteristics of a vectorcardiogram. Specifically,
an ECG-induced first signal (X) and an ECG-induced second
signal (Y) are subjected to coordinate conversion and pro-
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jected in the peak direction of an R-wave on a vector plotted
graph by the coordinate conversion function 80.

[0137] FIG. 21 is an explanatory diagram showing the con-
cept of the coordinate conversion function 80. The upper and
lower charts in the left side of F1G. 21 are the same as those on
the left side of FIG. 20A and FIG. 20B. The middle part of
FIG. 21 is also the same vector plotted graph as the right side
of FIG. 20B, except that the tilted angle 8 of the peak direction
of an R-wave is added. The right side of FIG. 21 shows an
ECG signal (x) after coordinate conversion as described
below.

[0138] First, the peak direction of an R-wave in a state
where noise does not exist is assumed to be tilted from the X
axis of an X-Y coordinate system by an angle 8. The coordi-
nate conversion function 80 performs coordinate conversion
on an ECG-induced first signal (X) and an ECG-induced
second signal (Y) by rotating them by the angle 6, e.g., by
using the following formulas.

x=X*cos(0)+Y*sin(0) Formula (4)

y=-X*sin(0)+Y*cos(0)

[0139] As a result, when the peak direction of noise is
orthogonal to the peak direction of an R-wave as an example,
the ECG signal (x) after the coordinate conversion becomes a
signal in which noise is reduced as shown in the right part of
FIG. 21.

[0140] Theangle 6 necessary for the coordinate conversion
can be determined by (a) acquiring an ECG-induced first
signal (X) and an ECG-induced second signal (Y) in a state
where noise does not exist (e.g., a state where an object is
outside an MRI apparatus) and (b) calculating the peak direc-
tion of an R-wave on a vector plotted graph.

[0141] The processing to be performed on the ECG signal
(x) after the coordinate conversion is the same as that in the
first to fourth embodiments. According to the ECG signal
processing apparatus 1d of the fifth embodiment as men-
tioned above, a vectorcardiogram can be applied to each of
the ECG signal processing apparatuses 1, 1a, 15, and 1c of the
first to fourth embodiments and influence of noise can be
further reduced.

[0142] (Modification of Fifth Embodiment)

[0143] FIG. 22 is a functional block diagram showing an
example of configuration of the ECG signal processing appa-
ratus le as a modification of the fifth embodiment. The con-
figuration shown in FIG. 19 applies the processing of the first
to fourth embodiments to one of the two ECG signals after
coordinate conversion, i.e., to an ECG signal (x) obtained by
the formula (4).

[0144] On the other hand, the ECG signal processing appa-
ratus 1e of the modification of the fifth embodiment applies
the processing of the first to fourth embodiments to plural
ECG signals after the coordinate conversion, in parallel. For
example, the processing of the first to fourth embodiments are
applied to both of an ECG signal (x) obtained by the formula
(4) and an ECG signal (y) obtained by the formula (5), in
parallel. That is, the modification of the fifth embodiment
includes two filter processing functions 10a and 105, two
template generation functions 30a and 305, two template
update functions 40a and 405, two evaluation calculation
functions 21 and 215, and two storage circuits 50a and 505.
In this case, two evaluation values are calculated by two
evaluation value calculation functions 21a and 215, and these
two evaluation values are inputted to an integrated determi-
nation function 90, as shown in FIG. 22.

Formula (5)
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[0145] The integrated determination function 90 is also
implemented by the processing circuitry 302. The integrated
determination function 90 detects an R-wave by (a) calculat-
ing a weighted average of the two evaluation values, for
example, and (b) performing threshold processing on the
weighted average with the use of a predetermined threshold
value. Then, the integrated determination function 90 gener-
ates a synchronization signal based on the detected R-wave.
[0146] Incidentally, as mentioned above, many of synchro-
nization signals used for synchronization imaging by an MRI
apparatus are generated from ECG signals. Althoughan ECG
signal is one of biosignals relevant to a heartbeat, the biosig-
nals relevant to a heartbeat includes other signals such as a
pulse wave signal and a cardiac sound signal aside from an
ECG signal. In the ECG signal processing apparatus of each
of the above-described embodiments, heartbeat synchroniza-
tion signals can be generated by using biosignals relevant to a
heartbeat such as pulse wave signals and cardiac sound sig-
nals for input signals, instead of using ECG signals. In this
case, “BCG signal processing apparatus”, “ECG signal pro-
cessing method”, and “ECG synchronization imaging appa-
ratus” in the above-described explanation should be replaced
with “signal processing apparatus”, “signal processing
method”, and “heartbeat synchronization imaging appara-
tus”, respectively. Further, in this case, “ECG signal”, “ECG
synchronization signal”, and “ECG synchronization imag-
ing” in the above-described explanation should be replaced
with “biosignal relevant to a heartbeat”, “heartbeat synchro-
nization signal”, and “heartbeat synchronization imaging”,
respectively.

[0147] According to the ECG signal processing apparatus
of at least one of the above-described embodiments, an
R-wave included in an ECG signal can be more robustly
detected even iflarge noise is superimposed on an ECG signal
during imaging and the like. Moreover, even if an abnormal
waveform is included in an ECG signal, such an abnormal
waveform can also be detected according to the ECG signal
processing apparatus of at least one of the above-described
embodiments. As aresult, an imaging apparatus configured to
perform ECG synchronization imaging can be supplied with
synchronization signals stably and infallibly.

[0148] 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 methods and systems described herein may
be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the meth-
ods and systems described herein may 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 comprising:

a storage circuit; and

processing circuitry configured to

(a) generate two or more detection parameters for detecting
a specific signal included in a biosignal relevant to a
heartbeat, based on a waveform of the biosignal,

(b) store the two or more detection parameters in the stor-
age circuit,

(c) detect the specific signal by using the two or more
detection parameters, and
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(d) generate a synchronization signal for performing heart-
beat synchronization imaging based on the specific sig-
nal.

2. The signal processing apparatus according to claim 1,

wherein the biosignal is an ECG signal,

the specific waveform is an R-wave, and

the detection parameters are waveform templates each of
which corresponds to a part of a waveform of the
R-wave.

3. The signal processing apparatus according to claim 2,

wherein the processing circuitry is configured to

(a) generate two or more waveform templates by extracting
a part of each of two or more R-waves included in the
ECG signal,

(b) store the two or more waveform templates in the storage
circuit, and

(c) detect the R-wave by performing matching processing
between a waveform of the ECG signal inputted time-
sequentially and each of the two or more waveform
templates.

4. The signal processing apparatus according to claim 3,

wherein the processing circuitry is configured to

(a) calculate two or more evaluation values respectively
corresponding to the two or more waveform templates,
by performing matching processing between the wave-
form of the ECG signal and the two or more waveform
templates, and

(b) detect the R-wave by comparing an integrated evalua-
tion value obtained from the calculated two or more
evaluation values with a predetermined threshold value.

5. The signal processing apparatus according to claim 4,

wherein the two or more evaluation values are respective
two or more difference evaluation values based on dif-
ferences between the waveform of the ECG signal and
the two or more waveform templates, and the integrated
value is a smallest value among the two or more differ-
ence evaluation values.

6. The signal processing apparatus according to claim 2,

wherein the processing circuitry is configured to

(a) sequentially generate a new waveform template, by
extracting a part of the waveform of the ECG signal
inputted time-sequentially, and

(b) update the waveform templates stored in the storage
circuit by using the new waveform template.

7. The signal processing apparatus according to claim 6,

wherein the processing circuitry is configured to

(a) calculate a similarity value between the new waveform
template and each of the waveform templates stored in
the storage circuit, and

(b) store the new waveform template when the similarity
value is smaller than a predetermined value.

8. The signal processing apparatus according to claim 6,

wherein the processing circuitry is configured to

(a) monitor an operating state of an external imaging appa-
ratus connected to the signal processing apparatus, and

(b) determine whether the processing circuitry generates
the new waveform template or not, depending on the
operating state of the external imaging apparatus.

9. The signal processing apparatus according to claim 8,

wherein the external imaging apparatus is an MRI appara-
tus, and

wherein the processing circuitry is configured to

(a) monitor an operating state of the MRI apparatus,
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(b) update the waveform templates in a period during
which the MRI apparatus does not perform imaging, and

(¢) hold the waveform templates, which are stored in the
storage circuit immediately before start of imaging pet-
formed by the MRI apparatus, without updating the
waveform templates, during imaging performed by the
MRI apparatus.

10. The signal processing apparatus according to claim 2,

wherein the processing circuitry is configured to

(a) enhance the R-wave in the ECG signal by performing
filter processing, and

(b) generate the waveform templates from the ECG signal
in which the R-waveis enhanced by the filter processing.

11. The signal processing apparatus according to claim 10,

wherein the processing circuitry is configured to

(a) generate a high-frequency enhanced ECG signal by
performing a first filter processing for enhancing a high-
frequency band on the ECG signal,

(b) generate a band-enhanced ECG signal by performing a
second filter processing for enhancing a specific fre-
quency band on the ECG signal,

(c) generate two or more first waveform templates from the
high-frequency enhanced ECG signal,

(d) generate two or more second waveform templates from
the band-enhanced ECG signal,

(e) store the first waveform templates and the second wave-
form templates in the storage circuit,

(D calculate a first evaluation value by performing match-
ing processing between a waveform of the high-fre-
quency enhanced ECG signal and each of the first wave-
form templates,

(g) calculate a second evaluation value by performing
matching processing between a waveform of the band-
enhanced ECG signal and each of the second waveform
templates, and

(h) detect the R-wave based on the first evaluation value
and the second evaluation value.

12. The signal processing apparatus according to claim 10,
further comprising a second storage circuit configured to
store at least one fixed template which is preliminarily gen-
erated,

wherein the processing circuitry is configured to detect the
R-wave based on (a) a fixed template evaluation value
calculated by performing matching processing between
the waveform of the inputted ECG signal and the at least
one fixed template stored in the second storage circuit
and (b) an evaluation value calculated by performing
matching processing between the waveform of the
inputted ECG signal and each of the waveform tem-
plates stored in the storage circuit.

13. The signal processing apparatus according to claim 1,

wherein the biosignal includes at least one of an ECG
signal, a pulse wave signal, and a cardiac sound signal.

14. The signal processing apparatus according to claim 1,

wherein the biosignal is a vectorcardiogram which
includes two or more ECG signals; and
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the processing circuitry is configured to perform coordi-
nate conversion on the vectorcardiogram and to generate
the synchronization signal from at least one of the ECG
signals included in the vectorcardiogram subjected to
the coordinate conversion.
15. An imaging apparatus comprising:
a storage circuit;
processing circuitry configured to
(a) generate two or more detection parameters for
detecting a specific signal included in a biosignal
relevant to a heartbeat, based on a waveform of the
biosignal,

(b) store the two or more detection parameters in the
storage circuit,

(c) detect the specific signal by using the two or more
detection parameters, and

(d) generate a synchronization signal for performing
heartbeat synchronization imaging based on the spe-
cific signal;

a data acquisition circuit configured to acquire imaging
data from an object in synchronization with the synchro-
nization signal; and

an image generation circuit configured to generate an
image of the object based on the imaging data.

16. The imaging apparatus according to claim 15, wherein

the imaging apparatus is an MRI apparatus.

17. The imaging apparatus according to claim 15,

wherein the biosignal includes at least one of an ECG
signal, a pulse wave signal, and a cardiac sound signal.

18. The imaging apparatus according to claim 15,

wherein the biosignal is a vectorcardiogram which
includes two or more ECG signals; and

the processing circuitry is configured to perform coordi-
nate conversion on the vectorcardiogram and to generate
the synchronization signal from at least one of the ECG
signals included in the vectorcardiogram subjected to
the coordinate conversion.

19. A signal processing method comprising:

generating two or more detection parameters for detecting
a specific signal included in a biosignal relevant to a
heartbeat, based on a waveform of the biosignal;

storing the two or more detection parameters;

detecting the specific signal by using the two or more
detection parameters; and

generating a synchronization signal for performing heart-
beat synchronization imaging based on the specific sig-
nal.

20. The signal processing method according to claim 19,

wherein the biosignal is a vectorcardiogram which
includes two or more ECG signals; and

the generating the synchronization signal comprises (a)
performing coordinate conversion on the vectorcardio-
gram and (b) generating the synchronization signal from
at least one of the ECG signals included in the vector-
cardiogram subjected to the coordinate conversion.
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