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(57) ABSTRACT 

In one embodiment, an ECG signal processing apparatus is 
configured to be connected with an electrocardiograph and 
an MRI apparatus and includes memory circuitry and pro 
cessing circuitry configured to (a) store a parameter of an 
ECG signal as a first parameter in the memory circuitry, the 
ECG signal being acquired from the electrocardiograph 
operating in combination with the MRI apparatus in a period 
during which a gradient pulse is not applied by the MRI 
apparatus, (b) implement an adaptive filter for estimating 
noise mixed into the ECG signal due to the gradient pulse, 
by using the first parameter stored in the memory circuitry 
and a gradient magnetic field signal acquired from the MRI 
apparatus in a period during which the gradient pulse is 
applied, and (c) remove the noise mixed into the ECG signal 
in the period during which the gradient pulse is applied, by 
using estimated noise. 
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ECGSIGNAL PROCESSINGAPPARATUS, 
MRI APPARATUS, AND ECG 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. 
2015-156409, filed on Aug. 6, 2015, the entire contents of 
which are incorporated herein by reference. 

FIELD 

0002 Embodiments described herein relate generally to 
an ECG (electrocardiogram) signal processing apparatus, an 
MRI (Magnetic Resonance Imaging) apparatus, and an ECG 
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. An ECG 
signal has waveforms referred to as a P-wave, an R-wave, a 
QRS complex wave, and a T-wave, for example. Since these 
waveforms are used for a synchronization signal of a medi 
cal imaging apparatus capable of ECG synchronization 
imaging in addition to diagnosis of various types of cardiac 
disease, automatic detection of such waveforms is important 
in terms of industrial applications. 
0004 For example, in cardiac image diagnosis with the 
use of an MRI apparatus, imaging is performed at each 
timing synchronized with systole or diastole by using a 
synchronization signal (which is also referred to as a trigger 
signal) detected from an ECG signal. Such imaging is called 
ECG synchronization imaging. 
0005. In an ECG signal acquired from an examinee set 
inside an MRI apparatus, noise is mixed due to effects of 
magnetic fields generated by the MRI apparatus and this 
degrades signal-to-noise ratio. In particular, strong noise is 
mixed during imaging, and even an R-wave which is the 
most distinct waveform in an ECG signal becomes difficult 
to be stably detected in some cases. In order to robustly 
detect an R-wave with respect to noise, it is effective to 
enhance cardiac action potential in an acquired ECG signal 
and Suppress noise while keeping the cardiac action poten 
tial undisturbed. 

0006 Noise which degrades performance of detecting an 
R-wave is generated due to RF (Radio Frequency) pulses 
and Switching of gradient magnetic fields in association with 
imaging. Magnetic flux density around an electrocardio 
graph and its electrodes temporally changes, which gener 
ates induced electromotive force, and the induced electro 
motive force is mixed into an ECG signal as noise. Thus, 
there is similarity between characteristics of noise and 
characteristics of gradient magnetic fields and/or RF pulses. 
Accordingly, what type of noise is mixed into an ECG signal 
can be estimated to Some extent from a gradient-magnetic 
field control signal. So far, a method of estimating noise 
mixed into an ECG signal from a gradient-magnetic-field 
control signal by using an adaptive filter and removing the 
noise has been proposed. 
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0007. However, in a conventional adaptive filter, amount 
of eliminated noise is not sufficient in Some cases. Addi 
tionally, in a conventional adaptive filter, noise is exces 
sively removed and cardiac action potential is negatively 
affected to a great extent in Some cases. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008. In the accompanying drawings: 
0009 FIG. 1 is a schematic diagram illustrating concept 
of conventionally performed ECG synchronization imaging 
using an MRI apparatus; 
0010 FIG. 2 is a schematic diagram illustrating a wave 
form of an ECG signal when noise is not Superimposed 
thereon; 
0011 FIG. 3 is a schematic diagram illustrating an ECG 
waveform, when gradient pulses are applied and noise is 
superimposed on the ECG waveform due to the gradient 
pulses; 
0012 FIG. 4 is a schematic block diagram illustrating 
hardware configuration of an ECG signal processing appa 
ratus according to the first embodiment; 
(0013 FIG. 5 is the first functional block diagram of the 
ECG signal processing apparatus according to the first 
embodiment; 
0014 FIG. 6 is the second functional block diagram of 
the ECG signal processing apparatus according to the first 
embodiment; 
0015 FIG. 7 is a flowchart illustrating processing per 
formed by the ECG signal processing apparatus according to 
the first embodiment; 
0016 FIG. 8 is a schematic diagram illustrating a flow of 
data and processing drawn in Such a manner that its hori 
Zontal direction corresponds to the direction of each point in 
time and respective arrows in the vertical direction indicate 
transmission of data between the steps in FIG. 7: 
(0017 FIG. 9A to FIG.9C are graphs illustrating temporal 
change of potential by which effects of the ECG signal 
processing apparatus according to the first embodiment are 
indicated; 
0018 FIG. 10 is a block diagram illustrating configura 
tion of the ECG signal processing apparatus according to the 
second embodiment; 
0019 FIG. 11 is a flowchart illustrating processing per 
formed by the ECG signal processing apparatus of the 
second embodiment; 
0020 FIG. 12A and FIG. 12B are graphs illustrating 
temporal change of potential, by which effects of the ECG 
signal processing apparatus of the second embodiment con 
figured to perform noise removal on each ECG signal in a 
frequency domain are indicated; 
0021 FIG. 13 is a block diagram illustrating configura 
tion of an ECG signal processing apparatus in a modification 
of the second embodiment; 
0022 FIG. 14 is a flowchart illustrating processing per 
formed by the ECG signal processing apparatus of the 
modification of the second embodiment; and 
0023 FIG. 15 is a block diagram illustrating configura 
tion of an MRI apparatus in which the ECG signal process 
ing apparatus of one of the embodiments is included. 

DETAILED DESCRIPTION 

0024. In one embodiment, an ECG signal processing 
apparatus is configured to be connected with an electrocar 
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diograph and an MRI apparatus and includes memory cir 
cuitry and processing circuitry configured to (a) Store a 
parameter of an ECG signal as a first parameter in the 
memory circuitry, the ECG signal being acquired from the 
electrocardiograph operating in combination with the MRI 
apparatus in a period during which a gradient pulse is not 
applied by the MRI apparatus, (b) implement an adaptive 
filter for estimating noise mixed into the ECG signal due to 
the gradient pulse, by using the first parameter stored in the 
memory circuitry and a gradient magnetic field signal 
acquired from the MRI apparatus in a period during which 
the gradient pulse is applied, and (c) remove the noise mixed 
into the ECG signal in the period during which the gradient 
pulse is applied, by using noise estimated by the adaptive 
filter. 
0025 Hereinafter, embodiments of an ECG signal pro 
cessing apparatus, an MRI apparatus, and an ECG signal 
processing method will be described with reference to the 
accompanying drawings. In the following embodiments, it is 
assumed that components of the same reference number 
operate in a manner similar to each other, and duplicate 
description is omitted. 

First Embodiment 

0026 FIG. 1 is a schematic diagram illustrating concept 
of conventionally performed ECG synchronization imaging 
using an MRI apparatus. An MRI apparatus 500 includes, 
for example, a gantry 501, a bed 502, and an MRI controller 
503. The gantry 501 includes cylindrical components such 
as a static magnetic field magnet 510, a gradient coil 512, 
and an RF coil 514. 
0027. An object, e.g., a patient lying on the table 504 of 
the bed 502 is imaged after being moved into the internal 
space of the cylindrical structure of the gantry 501 (referred 
to as a bore). During imaging, an RF magnetic field from the 
RF coil 514 is applied to the object and gradient magnetic 
fields (i.e., gradient pulses) in the triaxial directions perpen 
dicular to each other are applied to the object. In order to 
apply the gradient pulses, gradient magnetic field signals 
GX, Gy, and GZ corresponding to the three gradient magnetic 
fields in the respective triaxial directions perpendicular to 
each other are supplied from the MRI controller 503 to the 
gradient coil 512. 
0028. In the case of ECG synchronization imaging, a 
synchronization signal is generated based on an ECG signal 
outputted from an electrocardiograph 100 and each RF 
magnetic field and each gradient pulse are applied to the 
object at each timing synchronized with this synchronization 
signal. The electrodes 101 of the electrocardiograph are 
attached to body surface of the object inside the bore, in 
general. 
0029. As described above, since each RF magnetic field 
and each gradient pulse are also applied to the electrodes 101 
during imaging, noise is Superimposed on each ECG signal 
outputted from the electrocardiograph 100. In particular, 
considerably large noise is Superimposed on each ECG 
signal in association with application of the gradient pulses. 
0030 FIG. 2 is a schematic diagram illustrating a wave 
form of an ECG signal when noise is not Superimposed 
thereon. As shown in FIG. 2, an ECG signal has specific 
waveforms such as a P-wave, a Q-wave, an R-wave, an 
S-wave, and a T-wave, and these waveforms correspond to 
cardiac active potential. In each of the embodiments below, 
description will be given of a case where each R-wave out 
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of these specific waveforms is detected. Note that detecting 
an R-wave is only one aspect of possible embodiments and 
the ECG signal processing apparatus of each embodiment 
can detect other waveforms such as a P-wave and a T-wave 
aside from an R-wave. 
0031 FIG. 3 is a schematic diagram illustrating an ECG 
waveform when gradient pulses are applied. During imag 
ing, RF pulses as well as gradient pulses GX, Gy, and GZ 
illustrated in the bottom part of FIG. 3 are applied. Herein 
after, a period during which RF pulses and gradient pulses 
are applied is referred to as “an imaging period’, and a 
period during which neitheran RF pulse nor a gradient pulse 
is applied is referred to as “a non-imaging period’. 
0032. In an MRI apparatus, imaging data, i.e., magnetic 
resonance signals are acquired by executing a pulse 
sequence in which intensity and application timings of 
respective gradient pulses and respective RF pulses are 
determined. Additionally, 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 referred to as a protocol, for 
example. 
0033. In the present specification, “an imaging period” 
means, for example, a period in which a pulse sequence is 
executed and “a non-imaging period’ means, for example, a 
period in which a pulse sequence is not executed. For 
example, a period prior to start of the first protocol included 
in a series of examinations and an interval between one 
protocol and the Subsequent protocol are non-imaging peri 
ods. Additionally, a period after attaching Surface coils to an 
object and before start of a prescan for tuning is also a 
non-imaging period. Further, there can be cases where a 
non-imaging period is included in an execution period of a 
pulse sequence corresponding to one protocol. For example, 
application of RF pulses and gradient pulses is interrupted 
for plural heartbeats in order to wait recovery of longitudinal 
magnetization in some cases, and Such an interruption 
period is also a non-imaging period. 
0034. In an imaging period, as illustrated in the upper part 
of FIG. 3, noise is superimposed on an ECG signal. By 
contrast, in a non-imaging period, since gradient pulses GX, 
Gy. GZ and RF pulses are not applied, noise is not Super 
imposed on an ECG signal and the ECG signal becomes a 
waveform consisting of only the cardiac action potential 
Such as an R-wave. 
0035 Although an R-wave is more distinct than other 
waveforms in the ECG signal illustrated in FIG. 3, a peak 
value of an R-wave is so Small as to be indistinguishable 
from a P-wave and/or a T-wave in some patients with cardiac 
disease. Thus, when noise is Superimposed on an ECG signal 
of such patients, it becomes more difficult to detect an 
R-wave as a synchronization signal from each ECG signal of 
Such patients. 
0036 An ECG signal processing apparatus of each 
embodiment Suppresses such noise that is Superimposed on 
an ECG signal. 
0037 FIG. 4 is a schematic block diagram illustrating 
hardware configuration of an ECG signal processing appa 
ratus 1 of the first embodiment. The ECG signal processing 
apparatus 1 includes a first input circuit 201, a second input 
circuit 202, memory circuitry 203, processing circuitry 206, 
and a communication circuit 207. 
0038. The first input circuit 201 acquires ECG signals 
from an electrocardiograph 100 (see FIG. 5). The second 
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input circuit 202 acquires gradient magnetic field signals 
from an MRI apparatus 300. The gradient magnetic field 
signals are control signals for generating the respective 
gradient magnetic fields GX, Gy, and GZ. Thus, each of the 
gradient magnetic field signals has a waveform similar to the 
pulse waveform of each of the gradient magnetic fields GX, 
Gy, and GZ. The gradient magnetic field signals are com 
posed of three signals corresponding to the respective gra 
dient magnetic fields Gx, Gy, and GZ. Hereinafter, the three 
gradient magnetic field signals are arbitrarily referred to as 
gX, gy, and gZ. 
0039. The memory circuitry 203 includes an external 
memory device 205 and a ROM/RAM 204 which includes 
a ROM (Read Only Memory) and/or a RAM (Random 
Access Memory). The external memory device 205 is a 
memory medium such as a HDD (Hard Disk Drive), an 
optical disc, and a magnetic disc. The ROM/RAM 204 and 
the external memory device 205 store various types of data 
and various types of programs. 
0040. The processing circuitry 206 is a processor such as 
a CPU (Central Processing Unit). The processing circuitry 
206 implements various type of functions as described 
below by executing programs stored in the memory circuitry 
2O3. 
0041. The processing circuitry 206 may be configured of 
hardware Such as an ASIC (Application Specific Integration 
Circuit) and an FPGA (Field-Programmable Gate Array), 
and the processing circuitry 206 can also implement various 
types of functions even in the case of being configured as the 
above-described hardware. Additionally, the processing cir 
cuitry 206 can implement various types of functions by 
combining hardware processing of, e.g., an ASIC and an 
FPGA and Software processing of a processor. 
0042. The communication circuit 207 performs commu 
nication with external devices. Additionally, a bus 208 
interconnects each of the above-described circuits. 
0043 FIG. 5 is the first functional block diagram of the 
ECG signal processing apparatus 1. In FIG. 5, the electro 
cardiograph 100, the MRI apparatus 300, and the display 
400 are also illustrated. The electrocardiograph 100 and the 
MRI apparatus 300 are connected with the ECG signal 
processing apparatus 1. The display 400 is connected with 
the ECG signal processing apparatus 1 as needed. The 
electrocardiograph 100 generates ECG signals, and time 
sequentially transmits the generated ECG signals to the ECG 
signal processing apparatus 1. The ECG signal processing 
apparatus 1 sequentially generates synchronization signals 
from the respective ECG signals, and time-sequentially 
transmits the synchronization signals to the MRI apparatus 
3OO. 

0044) The electrocardiograph 100 includes electrodes 
101a and 101b, a differential amplifier 110, and an A/D 
(analogue to digital) converter 120. The electrodes 101a and 
101b are attached to a human body. The differential amplifier 
110 amplifies weak electric potential difference between the 
electrodes 101a and 101b. The A/D converter 120 samples 
the analogue signal amplified by the amplifier 110 at Sam 
pling intervals of, e.g., one millisecond so as to convert it 
into a digital signal. 
0045. Although two electrodes 101a and 101b are illus 
trated in FIG. 5, the number of electrodes of the electrocar 
diograph 100 is not limited to two. For example, in order to 
obtain a twelve-lead electrocardiogram, the electrocardio 
graph 100 may be configured to include four electrodes to be 
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attached to the respective four limbs and further six elec 
trodes to be attached to a chest. Additionally, instead of the 
method of obtaining electrical potential difference between 
two points of a body, a method of recording electrical 
potential difference between a reference determined in 
advance and an attached point of an electrode may be used. 
0046. The MRI apparatus 300 includes at least a gradient 
coil 310 and an MRI control circuit 320. The MRI control 
circuit 320 supplies the gradient coil 310 with gradient 
magnetic field currents so as to cause the gradient coil 310 
to generate gradient magnetic fields. Additionally, the MRI 
control circuit 320 outputs gradient magnetic field signals, 
each of which has a waveform corresponding to each 
gradient magnetic field current, to the ECG signal process 
ing apparatus 1. When the MRI apparatus 300 performs 
ECG synchronization imaging, the MRI apparatus 300 
images an object by performing a pulse sequence synchro 
nized with each heartbeat period with the use of each 
synchronization signal which is detected from each ECG 
signal by the ECG signal processing apparatus 1. 
0047. Additionally, the MRI apparatus 300 outputs an 
imaging period/non-imaging period signal indicating 
whether gradient pulses are currently applied or not (i.e., 
whether it is in an imaging period or in a non-imaging 
period) to the ECG signal processing apparatus 1. For 
example, the imaging period/non-imaging period signal may 
be a signal outputted from a gradient magnetic field power 
Supply configured to generate the gradient magnetic field 
currents or may be a control signal outputted from a 
sequencer configured to control the gradient magnetic field 
power Supply. Additionally or alternatively, the imaging 
period/non-imaging period signal may be a signal outputted 
from a console (i.e., a host computer) configured to control 
the entirety of the MRI apparatus 300. 
0048. As described above, the ECG signal processing 
apparatus 1 includes the processing circuitry 206 equipped 
with a processor. This processing circuitry 206 implements 
a function of an adaptive filter 10, a noise removal function 
20, a detection function 30, a reference-parameter extraction 
function 40, and a reference-parameter storage function 50 
shown in FIG. 5. The entire function of the adaptive filter 10 
is composed of a noise estimation function 12, an error 
calculation function 14, a filter-coefficient update function 
16, and a filter-coefficient storage function 18. These func 
tions 12, 14, 16, and 18 are also implemented by the 
processing circuitry 206. 
0049. Here, the adaptive filter is a filter configured to 
update a filter coefficient in Such a manner that an error 
between a previously determined reference value and a 
signal Subjected to filtering becomes Smaller. Since rigorous 
filter design in advance is not required as to an adaptive 
filter, operational burden on an operator is small. Further, 
since it is not necessary to attach special-purpose hardware 
to an examinee in the case of using an adaptive filter, burden 
on an examinee is Small. 
0050. The noise estimation function 12 of the adaptive 
filter 10 can be achieved by, e.g., an FIR (Finite Impulse 
Response) filter of variable weight coefficient type. 
0051 FIG. 6 is the second functional block diagram of 
the ECG signal processing apparatus 1, illustrating a case of 
achieving the noise estimation function 12 shown in FIG. 5 
by an FIR (Finite Impulse Response) filter of variable 
weight coefficient type whose tap length is M. In the FIR 
filter shown in FIG. 6, gn indicates a gradient magnetic 
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field signal at a time point n, and Z indicates a delay time. 
Additionally, Wmn indicates a weight coefficient of tap 
number m at the time point n, where the tap number m is in 
the range of Zero to M-1. 
0052 FIG. 7 is a flowchart illustrating processing per 
formed by the ECG signal processing apparatus according to 
the first embodiment. Hereinafter, the respective functions 
shown in FIG. 5 and FIG. 6 will be described according to 
the step number shown in FIG. 7. 
0053. The step ST100 is processing corresponding to a 
part of the noise estimation function 12. The processing 
circuitry 206 acquires gradient magnetic field signals as 
time-sequential signals from the MRI control circuit 320 of 
the MRI apparatus 300 via the second input circuit 202 (see 
FIG. 4). The gradient magnetic field signals to be acquired 
are, for example, digital signals of three channels for gen 
erating the X-axis gradient magnetic field, the Y-axis gra 
dient magnetic field, and the Z-axis gradient magnetic field. 
These gradient magnetic field signals may be digital signals 
of three channels respectively corresponding to a slice 
selection gradient magnetic field, a frequency encode gra 
dient magnetic field, and a phase encode gradient magnetic 
field. 
0054 The step ST101 is processing corresponding to a 
part of the noise removal function 20. Note that the terms 
“noise removal”, “noise removal function”, “remove noise', 
and “noise removal processing described below are used 
for meaning not only to completely eliminate noise but also 
to reduce or suppress noise. 
0055. The processing circuitry 206 acquires ECG signals 
as time-sequential signals from the A/D converter 120 of the 
electrocardiograph 100 via the first input circuit 201. The 
ECG signals to be acquired are digital signals sampled at, 
e.g., 1000 HZ (i.e., sampling period is one millisecond) by 
the A/D converter 120 of the electrocardiograph 100. 
0056. The steps ST102 to ST104 are processing mainly 
corresponding to the reference-parameter extraction func 
tion 40. 
0057. In the step ST102, the processing circuitry 206 
acquires an operation signal (e.g., an imaging period/non 
imaging period signal) indicating whether gradient pulses 
are currently applied or not from the MRI apparatus 300, and 
determines whether gradient pulses are currently applied by 
the MRI apparatus 300 or not. Instead of this operation or in 
addition to this operation, the processing circuitry 206 may 
monitor each gradient magnetic field signal acquired in the 
step ST100 and determine whether gradient pulses are 
currently applied or not based on presence/absence of the 
gradient magnetic field signal. When gradient pulses are not 
currently applied, the processing proceeds to the step ST103. 
0058. In the step ST103, the processing circuitry 206 
determines whether a reference parameter should be 
extracted or not, i.e., whether a reference parameter should 
be extracted and stored or not. The processing circuitry 206 
can determine that extraction of a reference parameter is 
permitted only in a period during which gradient pulses are 
not applied, on the basis of a signal indicating whether 
gradient pulses are currently applied or not in a manner 
similar to the step ST102. 
0059. As shown in FIG. 5 and FIG. 6, each ECG signal 
outputted from the noise removal function 20 is inputted to 
the reference-parameter extraction function 40. Hereinafter, 
each ECG signal outputted from the noise removal function 
20 is referred to as “an ECG signal subjected to noise 
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removal processing. In each period during which gradient 
pulses are not applied, noise is not Superimposed on an ECG 
signal Subjected to noise removal processing, regardless of 
noise removal processing has been performed on this ECG 
signal or not. In the step ST104, a reference parameter is 
extracted from this ECG signal subjected to noise removal 
processing. 
0060 Here, a reference parameter means a parameter 
indicative of characteristics of an ECG signal generated and 
outputted in a period during which gradient pulses are not 
applied. For example, a waveform of an ECG signal gen 
erated and outputted in a period during which gradient 
pulses are not applied can be treated as a reference param 
eter. In other words, a waveform (i.e., time-sequential data) 
of an ECG signal which changes depending only on cardiac 
action potential and on which noise attributable to gradient 
magnetic fields is not Superimposed can be used for a 
reference parameter. 
0061 An R-wave can be comparatively easily detected 
by the detection function 30 shown in FIG. 5 and FIG. 6 
from an ECG signal when gradient pulses are not applied. 
For this reason, when a waveform of an ECG signal is used 
for a reference parameter, the extraction range of an ECG 
signal can be determined based on the position of the 
detected R-wave on the time axis. For example, the past 
period ending at the detection time of an R-wave and having 
predetermined length and/or a period of predetermined 
length before and after the arrival timing of an R-wave may 
be extracted from an ECG signal subjected to noise removal 
processing, so that the extracted waveform of an ECG signal 
is used for a reference parameter. 
0062 Aside from the above-described periods, a peak 
value of an R-wave in a period during which gradient pulses 
are not applied and/or average electric power of an ECG 
signal in a period during which gradient pulses are not 
applied may also be used for a reference parameter. 
0063 Additionally, a combination of the above-described 
options such as a combination of an extracted waveform of 
an ECG signal and a peak value of an R-wave and a 
combination of an extracted waveform of an ECG signal and 
the above-described average electric power of an ECG 
signal may also be used for a reference parameter. 
0064. The step ST105 is processing corresponding to the 
reference-parameter storage function 50. The processing 
circuitry 206 stores the reference parameter extracted in the 
step ST104 in the memory circuitry 203. The memory 
circuitry 203 may hold one or more reference parameters. 
0065. Additionally, in the steps ST104 and ST105, the 
processing circuitry 206 may sequentially extract a reference 
parameter from each ECG signal Subjected to noise removal 
processing in a non-imaging period (i.e., a period during 
which gradient pulses are not applied) so as to sequentially 
update the reference parameter stored in the memory cir 
cuitry 203 by using the extracted reference parameter. 
0066. The waveform illustrated in the lower right part of 
FIG. 6 is a schematic waveform of an ECG signal (on which 
noise is not Superimposed) stored as a reference parameter 
in the memory circuitry 203 by the reference-parameter 
storage function 50. 
0067. Meanwhile, when it is determined in the step 
ST102 that gradient pulses are currently applied (i.e., it is in 
an imaging period), the processing proceeds to the step 
ST106. 
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0068. The step ST106 is processing corresponding to the 
noise estimation function 12. As described above, the noise 
estimation function 12 can be realized by, e.g., an FIR filter 
of variable filter coefficient type whose tap length is M as 
illustrated in FIG. 6. The input to this FIR filter is gradient 
magnetic field signals and the output of this FIR filter is an 
estimated value of noise Superimposed on an ECG signal. 
0069. Here, when a time point is defined as n and an 
estimated value of noise at a time point n is defined as 
X, In, the estimated value of noise can be expressed by 
the following formula (1). 

i 

3, (n) = X w. In (g, In-m)+gy In-m)+g...(n - m) 
=0 

Formula (1) 

0070. In the formula (1), win indicates a filter coeffi 
cient for the tap number m (m=0 to M-1) at time point n. 
Additionally, gn-m), gn-m), gn-m) indicate respec 
tive gradient magnetic field signals in the triaxial directions 
orthogonal to each other (i.e., the X-axis, the Y-axis, and the 
Z-axis) inputted to the tap whose number is m at the time 
point n. 
0071. In the formula (1), an estimated value of noise is 
determined by Summing three gradient magnetic field sig 
nals in the respective triaxial directions and inputting the 
summed signal to the FIR filter. In the FIR filter shown in 
FIG. 6, the Summed signal of the three gradient magnetic 
field signals in the respective triaxial directions is indicated 
as gn-m. 
0072 Additionally or alternatively, the three gradient 
magnetic field signals in the triaxial directions orthogonal to 
each other (i.e., the X-axis, the Y-axis, and the Z-axis) may 
be separately inputted to three FIR filters so that outputs of 
these three FIR filters are summed up and this summation is 
treated as an estimated value of noise. In this case, an 
estimated value of noise can be expressed by the following 
formula (2). 

- Formula (2) 
3,oise n = X Wingn - m+ 

=0 

- - 

wynn gyn – m + X wing-n - m 
=0 =0 

0073. In the step ST106, the processing circuitry 206 
estimates noise Superimposed on an ECG signal by com 
puting the above-described formula (1) or formula (2), with 
the use of the filter coefficients win stored in the memory 
circuitry 203 and the gradient magnetic field signals gn 
m), gn-m), and gn-m) acquired in the step ST100. 
0074 The next step ST107 is processing corresponding 

to the noise removal function 20. In the step ST107, the 
processing circuitry 206 performs noise removal processing 
on the ECG signal acquired in the step ST101. Specifically, 
as indicated by the following formula (3), the processing 
circuitry 206 determines an ECG signal subjected to noise 
removal processing by Subtracting the estimated value of 
noise determined in the step ST106 from the ECG signal 
acquired in the step ST101. 

scleanff Weogfiel-inoisefni Formula (3) 
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0075. Here, Xn is an ECG signal subjected to noise 
removal processing at a time point n, and Xn is an ECG 
signal at a time point n before noise removal processing. 
0076. The step ST108 is processing corresponding to the 
detection function 30. In the step ST108, the processing 
circuitry 206 detects a specific waveform from the ECG 
signal Subjected to noise removal processing. Specifically, 
the processing circuitry 206 detects an R-wave. Detection of 
in R-wave may be performed by, e.g., comparing a previ 
ously determined threshold value with an amplitude value of 
the ECG signal Subjected to noise removal processing. 
Detection of n R-wave may be performed by performing 
pattern matching between an R-wave template prepared in 
advance and the ECG signal Subjected to noise removal 
processing. 
0077. The step ST109 is processing corresponding to the 
error calculation function 14. In the step ST109, the pro 
cessing circuitry 206 calculates an error between the refer 
ence parameter (i.e., the first parameter) stored in the step 
ST105 and the parameter (i.e., the second parameter) 
extracted from the ECG signal subjected to noise removal 
processing. The first parameter and the second parameter 
used for calculating the error correspond to each other. For 
example, when a reference parameter is an ECG waveform 
in a period during which gradient pulses are not applied, the 
second parameter is an ECG waveform extracted from the 
ECG signal Subjected to noise removal processing in a 
period during which gradient pulses are applied. As an error, 
the least mean Square errores indicated by the following 
formula (4) can be used. 

0078 Here, en is the least mean square error at a 
time point n, and X,n) is a reference parameter correspond 
ing to a time point n (i.e., a waveform of an ECG signal 
acquired when gradient pulses are not applied). An absolute 
difference value (i.e., an L1 norm) may be used as an error 
aside from the above least mean square error. 
007.9 The step ST110 is processing corresponding to the 
filter-coefficient update function 16. In the step ST110, the 
processing circuitry 206 calculates a filter update amount 
Awn for reducing the calculated error. Then, the weight 
coefficient stored in the memory circuitry 203 is updated by 
calculating the weight coefficient win--1 at the next time 
point n+1 under the following formula (5) with the use of the 
weight coefficient win at the current time point in stored in 
the memory circuitry 203 and the calculated filter update 
amount AWn 

Formula (4) 

0080 When the least mean square error is used as an 
error, the filter update amount Awn can be calculated by 
the following formula (6). 

Formula (5) 

Awfin --2 ign-m(x, fini-In) Formula (6) 

I0081. The formula (6) corresponds to the formula (1), 
and gn-m in the formula (6) is a Sum signal of three 
gradient magnetic field signals in the triaxial directions 
orthogonal to each other. Additionally, LL is a parameter 
referred to as a step size and can be designed in advance by, 
e.g., computation simulation. 
I0082. The processing from the steps ST106 to ST110 is 
processing repeated per time point n. Out of the respective 
parts of the processing from the steps ST106 to ST110, the 
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steps ST106, ST107, ST109, and ST110 substantially cor 
respond to processing performed by the adaptive filter 10. 
I0083. In the step ST111, a waveform of an ECG signal 
Subjected to noise removal processing is displayed on the 
display 400 (FIG. 5), as needed. 
0084. The step ST112 is processing of determining 
whether the entire processing is completed or not, and the 
processing from the steps ST100 to ST111 is repeated until 
a command to complete the entire processing is inputted 
from outside. 
0085 FIG. 8 is schematic diagram illustrating a flow of 
data and a flow of processing drawn in Such a manner that 
its horizontal direction corresponds to the direction of each 
point in time and respective arrows along the vertical 
direction indicate transmission of data between the above 
described steps in FIG. 7. 
I0086. As described above, the adaptive filter 10 updates 
the filter coefficient so as to reduce the error esn., i.e., so 
as to bring the error enclose to Zero. In other words, 
the adaptive filter 10 updates the filter coefficient so as to 
enhance similarity between an ECG signal acquired in a 
period during which gradient pulses are not applied and an 
ECG signal Subjected to noise removal processing under the 
condition that gradient pulses are applied. Thus, in the ideal 
condition where the filter coefficient has converged, an ECG 
signal Subjected to noise removal processing under the 
condition that gradient pulses are applied approximately 
matches an ECG signal acquired in a period during which 
gradient pulses are not applied. 
0087. From another point of view, in the ideal condition 
where the filter coefficient has converged, an estimated value 
of noise outputted from an FIR filter approximately matches 
noise Superimposed on an ECG signal due to gradient 
pulses. As the result, Superimposed noise is removed from 
an ECG signal Subjected to noise removal processing which 
is obtained by Subtracting an estimated value of noise from 
an ECG signal before noise removal processing, and accord 
ingly, an ECG signal which changes depending only on 
cardiac action potential can be obtained. 
I0088 FIG. 9A to FIG.9C are graphs illustrating temporal 
change of ECG signals, which indicate advantageous effects 
of the ECG signal processing apparatus 1 according to the 
first embodiment. A volunteer has undergone an MRI exami 
nation, and to what extent cardiac action potential can be 
kept undisturbed while removing noise except action poten 
tial is evaluated by using the ECG signals and the gradient 
magnetic field signals recorded during the MRI examina 
tion. In the ECG signal, i.e., the input signal inputted to the 
ECG signal processing apparatus 1 shown in FIG.9A, noise 
attributable to an RF pulse is mixed approximately at the 
midpoint of two successive R-waves, and noise attributable 
to gradient pulses is mixed at a short span immediately 
before arrival of each R-wave. 
I0089 FIG. 9B illustrates an ECG signal subjected to 
noise removal processing of a conventional method based on 
an adaptive filter without using a reference parameter. This 
conventional method is disclosed in the following Non 
patent document 1, for example. 
0090. Non-patent Document 1 “Suppression of MR 
gradient artefacts on electrophysiological signals based on 
an adaptive real-time filter with LMS coefficient updates'. 
R. Abacherli, et al., MAGMA, 18:41-50, 2005. 
0091. In the conventional method, though noise removal 
amount is large, effects of noise removal is excessive. Thus, 
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in the conventional method, each P-wave and each T-wave 
indicating cardiac action potential are also removed, and the 
resultant ECG wave lacks most information of the cardiac 
action potential. Additionally, in the conventional method, 
amplitude of each R-wave is made smaller than the input 
signal and it can be understood that the cardiac action 
potential is reduced in whole. 
0092 FIG. 9C illustrates the ECG signal subjected to 
noise removal processing in accordance with the processing 
method of the ECG signal processing apparatus 1 of the first 
embodiment. As is clear from FIG. 9C, according to the 
ECG signal processing apparatus 1 of the first embodiment, 
noise caused by RF pulses and gradient pulses is almost 
completely removed while the cardiac action potential Such 
as each P-wave, each T-wave, and each R-wave is kept 
undisturbed. 
0093. As described above, according to the ECG signal 
processing apparatus 1 of the first embodiment, noise caused 
by gradient magnetic fields and Superimposed on an ECG 
signal is Suppressed and characteristics of cardiac action 
potential can be stably and accurately extracted. As a result, 
even in a period during which imaging is performed by the 
MRI apparatus, each synchronization signal can be stably 
and infallibly supplied to the MRI apparatus. 

Second Embodiment 

0094. The second embodiment of the ECG signal pro 
cessing apparatus 1 performs the noise estimation process 
ing and the noise removal processing in a frequency domain. 
The same reference numbers are assigned to the same 
components and processing as the first embodiment and 
duplicate description is omitted. 
0.095 FIG. 10 is a block diagram illustrating functional 
configuration of the ECG signal processing apparatus 1 
according to the second embodiment. In the second embodi 
ment, the processing circuitry 206 implements a first signal 
transform function 60, a second signal-transform function 
62, and a signal inverse-transform function 70 in addition to 
the functions included in the first embodiment. 
0096. The first signal-transform function 60 buffers each 
ECG signal acquired from the electrocardiograph 100, and 
transforms it into a frequency domain. The first signal 
transform function 60 can store, e.g., ECG signals of the 
latest 256 samples, and transforms the ECG signals of the 
latest 256 samples into a frequency domain. Hereinafter, an 
ECG signal transformed into a frequency domain is referred 
to as an ECG spectrum. 
0097. The second signal-transform function 62 buffers 
gradient magnetic field signals acquired from the MRI 
apparatus 300, and transforms the gradient magnetic field 
signals into a frequency domain. Hereinafter, a gradient 
magnetic field signal transformed into a frequency domain is 
referred to as a gradient magnetic field spectrum. The second 
signal-transform function 62 can store, e.g., gradient mag 
netic field signals of the latest 256 samples, and transforms 
the gradient magnetic field signals of the latest 256 samples 
into a frequency domain, in a manner similar to the first 
signal-transform function 60. 
0098. Additionally, the noise removal function 20, the 
detection function 30, the reference-parameter extraction 
function 40, the reference-parameter storage function 50. 
and the respective functions of the adaptive filter 10 are 
performed for each frequency band of a transformed spec 
trum expressed in a frequency domain. Note that the pro 
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cessing of each of the above-described functions in each 
frequency band is Substantially the same as the first embodi 
ment. 

0099. The noise estimation function 12 acquires a gradi 
ent magnetic field spectrum from the second signal-trans 
form function 62. When gradient pulses are applied, the 
noise estimation function 12 estimates noise mixed into an 
ECG signal due to the gradient pulses by using the filter 
coefficient stored in the memory circuitry 203. This estima 
tion of noise is performed by, e.g., using the following 
formula (7). 

Formula (7) |Snoisean 
- 

X wn (Gen – m + Gyan - m + Gen – m) 

0100 Here, IX.oscoln) is an estimated value of a power 
spectrum of noise at a time point n in a frequency band (). 
I0101 Similarly, IG, In-mi, IGon-mi, and G.In 
m indicate respective power spectrums of three gradient 
magnetic field signals. 
0102 The formula (7) corresponds to a processing, which 
applies one adaptive filter to a Sum value of power spectrums 
of three gradient magnetic field signals in the triaxial direc 
tions orthogonal to each other (i.e., the Sum of three gradient 
magnetic field spectrums). 
0103) As a modification, three adaptive filters may be 
separately applied to the respective power spectrums of the 
three gradient magnetic field signals in the triaxial direc 
tions, so that a Sum value of the outputs of the three adaptive 
filters is determined as an estimated value of a power 
spectrum of noise in a manner similar to the first embodi 
ment. In this case, an estimated value of a power spectrum 
of noise can be calculated by the following formula (8). 

- Formula (8) 

3,oise. Inl=X w.m.I.G.In-ml+ 
=0 

- - 

wn.|Gy. In-ml+X w.m.IG. In-mill 
=0 =0 

I0104. Here, W, In, won), and won indicate 
filter coefficients of the respective adaptive filters. 
0105. The noise removal function 20 acquires an ECG 
spectrum from the first signal-transform function 60, and 
removes the noise estimated by the noise estimation function 
12. For example, in noise removing processing by the noise 
removal function 20, spectrum subtraction (H.In) based 
on the following formula (9) and/or the wiener filter (H, 
on) based on the following formula (10) may be used. 

|X noise unil Formula (9) 
Hssen = 1 - win) = 1 - XII 

r 2 |X.cg...In I-X.noisea?nil Formula (10) 
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I010.6l Here, X.n) is a power spectrum of an ECG 
signal before the noise removal processing. By multiplying 
one of the filters of formulas (9) and (10) to an ECG signal 
before the noise removal processing, a spectrum (X, 
n) of an ECG signal Subjected to noise removal processing 
is obtained. 

0107 As to phase information, a phase of an ECG signal 
acquired from the first signal-transform function 60 can be 
directly treated as a phase of an ECG signal subjected to 
noise removal processing. 
0108. The reference-parameter extraction function 40 
receives an ECG spectrum subjected to noise removal 
processing acquired from the noise removal function 20, 
determines whether a reference parameter should be 
extracted or not, and extracts a reference parameter in the 
case of an affirmative determination result. Whether a ref 
erence parameter should be extracted or not may be deter 
mined depending on, e.g., whether the current time point is 
in an R-wave span or not. 
0109 As a reference parameter, for example, a power 
spectrum of an ECG signal Subjected to noise removal 
processing acquired in a period during which gradient pulses 
are not applied may be used. Additionally, a reference 
parameter may be extracted at a time point (n) when a peak 
of an R-wave is detected by the detection function 30, as 
shown in the following formula (11). 

refu) |= | clean...ofmR)| 

0110. Alternatively, as shown in the following formula 
(12), the average power spectrum in a predetermined period 
(from no to n) may be extracted. This predetermined period 
is, for example, an average period of one heartbeat. 

Formula (11) 

X Formula (12) |Xreful = |Xclean. In 
in - no n=n0+1 

0111 Aside from the above methods, a combination of a 
reference parameter extracted in a period of an R-wave and 
another reference parameter extracted in a period excluding 
a period of each R-wave may be used. 
0.112. The error calculation function 14 calculates an 
error from the stored reference parameter (i.e., the first 
parameter which is a power spectrum of an ECG signal 
acquired in a period during which gradient pulses are not 
applied) and the second parameter (i.e., a power spectrum of 
an ECG signal Subjected to noise removal processing in a 
period during which gradient pulses are applied). In the 
calculation of an error, for example, the following formula 
(13) may be used as a mean square error for each frequency 
band. 

I0113. Here, X. In is a reference parameter expressed 
by a power spectrum of each frequency band. Aside from the 
formula (13), an L1 norm of an absolute difference value 
may be used for calculating an error. 
0114. The filter-coefficient update function 16 calculates 
filter update amount for reducing the calculated error, and 
updates the filter coefficient stored in the memory circuitry 
203. For example, when a mean square error is used for an 
error, the update processing can be performed by calculating 
the following formulas (14) and (15). 

Formula (13) 



US 2017/0035363 A1 

wa? n+1-w, fini+Awfn, (Formula 14) 

0115. Here, L, is a parameter referred to as a step size, 
and can be set to a value which is different for each 
frequency band. The step size, can be designed in advance 
by computation simulation. 
0116. The filter storage function 18 stores the filter coef 
ficient determined by the formulas (14) and (15) for each 
frequency band of each gradient magnetic field signal 
expressed by a frequency domain. 
0117 FIG. 11 is a flowchart illustrating processing per 
formed by the ECG signal processing apparatus 1 of the 
second embodiment. In the second embodiment, STFT 
(Short-Term Fourier Transform) is performed, then noise 
estimation, noise removal, R-wave detection, reference 
parameter extraction, filter update are performed in a fre 
quency domain, and then inverse Fourier transform is per 
formed on each ECG signal subjected to noise removal 
processing. Since processing from the steps ST100 to ST112 
is similar to the first embodiment, duplicate description is 
omitted. 
0118. In the step ST500, the second signal-transform 
function 62 transforms time-sequential gradient magnetic 
field signals acquired in the step ST100 together with the 
past gradient magnetic field signals stored in the buffer into 
a frequency domain. A window function Such as a hamming 
window or a hanning window may be multiplied to those 
gradient magnetic field signals before transforming into a 
frequency domain. The gradient magnetic field signals 
which are multiplied by a window function are transformed 
into power spectrums of gradient magnetic field signals (i.e., 
gradient magnetic field spectrum) by FET (Fast Fourier 
Transform). 
0119 Similarly, in the step ST501, the first signal-trans 
form function 60 transforms time-sequential ECG signals 
acquired in the step ST101 together with the past ECG 
signals stored in the buffer into a frequency domain. A 
window function also may be multiplied to those ECG 
signals before being transformed in a manner similar to the 
step ST500. 
0120 In the step ST503, the signal inverse-transform 
function 70 receives spectrums of ECG signals subjected to 
noise removal processing performed by the noise removal 
function 20, and performs inverse FFT (Fast Fourier Trans 
form) on the received spectrums of ECG signals so as to 
transform these spectrums into signals of a time domain. 
Incidentally, an overlap-add method may be applied to the 
inversely transformed signal by multiplying a window func 
tion used in the step ST500 or ST501 to the inversely 
transformed signal again. As to the application of the above 
described overlap-add method, a window function different 
from the one used in the step ST500 or ST501 may be 
multiplied to the inversely transformed signal. 
0121 FIG. 12A and FIG. 12B are graphs illustrating 
temporal change of ECG signals, which indicate advanta 
geous effects of the ECG signal processing apparatus 1 of 
the second embodiment, which is configured to perform 
noise removal on each ECG signal in a frequency domain. 
The ECG signal (input) in FIG. 12A is the same ECG signal 
as the ECG signal in FIG. 9A described in the first embodi 
ment. Since adaptive filters are provided for respective 
frequency bands in a frequency domain in the second 
embodiment, the step size can be designed for each 
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frequency band. For example, for a frequency band includ 
ing a large part of spectrum of the cardiac action potential, 
adaptation rate is set to be slower, or the filter coefficient 
may be set so as not to be updated. On the other hand, for 
a frequency band in which a small part of spectrum or no 
spectrum of cardiac action potential is included, adaptation 
rate is set to be faster. As the result, in a frequency band in 
which a large part of spectrum of the action potential Such 
as an R-wave and a T-wave is included, such action potential 
is held, not being Suppressed. On the other hand, in a 
frequency band in which a small part of spectrum or no 
spectrum of the action potential is included, noise Superim 
posed due to gradient pulses can be significantly Suppressed. 
I0122. As described above, according to the ECG signal 
processing apparatus 1 of the second embodiment, the same 
effects as the first embodiment can be obtained. In addition, 
in the second embodiment, degree of freedom for designing 
a step size is enhanced, because the step size can be 
independently optimized for each of frequency bands. Thus, 
it is easier to adjust the trade-off between maintaining the 
cardiac action potential and removal of the noise and to 
appropriately customize the entire system. FIG. 12B illus 
trates an ECG signal Subjected to noise removal processing 
in the second embodiment. As is clear from FIG. 12B, noise 
generated from the MRI apparatus is removed, while the 
shape of each R-wave and each T-wave as cardiac action 
potential is kept undisturbed. 
I0123 (Modification of Second Embodiment) 
I0124. In the ECG signal processing apparatus 1 of the 
modification of the second embodiment, while noise esti 
mation, noise removal, reference-parameter extraction, error 
calculation, and filter-coefficient update are performed in a 
frequency domain, detection of each R-wave is performed in 
a time domain after inversely transforming the ECG signal 
Subjected to noise removal processing in the frequency 
domain. 
0.125 FIG. 13 is a block diagram illustrating functional 
configuration of the ECG signal processing apparatus 1 in 
the modification of the second embodiment. Although the 
detection function 30 receives output of the noise removal 
function 20 in the second embodiment (FIG. 10), the ECG 
signal processing apparatus 1 in the modification of the 
second embodiment is configured so that the detection 
function 30 receives output of the signal inverse-transform 
function 70. 
0.126 FIG. 14 is a flowchart illustrating processing per 
formed by the ECG signal processing apparatus 1 of the 
modification of the second embodiment. 
0127. In the modification of the second embodiment, 
processing of the step ST503, in which each ECG signal 
Subjected to noise removal processing in a frequency 
domain is inversely transformed into a time domain, is 
executed prior to processing of the step ST108 in which a 
specific waveform (e.g., an R-wave) is detected. 
I0128. In the step ST108, each R-wave is detected from 
each ECG signal Subjected to noise removal processing 
expressed in a time domain. 
I0129. Alternatively, the detection of the R-wave may be 
performed by using both of an ECG signal subjected to noise 
removal processing in a time domain and an ECG signal 
Subjected to noise removal processing in a frequency 
domain in the step ST108. 
0.130 Note that, regardless of the processing of the step 
ST108, the processing of the step ST104 and the step ST105 
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is executed by using each ECG signal in a frequency domain 
in a manner similar to the second embodiment. 
0131 (MRI Apparatus) 
0132 FIG. 15 is a block diagram illustrating configura 
tion of an MRI apparatus in which the ECG signal process 
ing apparatus of one of possible embodiments is included. 
The MRI apparatus 300 includes an MRI main-body 300a 
configured to acquire imaging data from an object in Syn 
chronization with each synchronization signal and generate 
images of the object from the acquired imaging data, in 
addition to the ECG signal processing apparatus 1 config 
ured to generate synchronization signals. The MRI main 
body 300a includes at least a gradient coil 310 and an MRI 
control circuit 320. 
0133. Note that, in each of the above-described embodi 
ments, the ECG signal processing apparatus 1 is configured 
so as to be separate from the electrocardiograph 100. How 
ever, this is only one aspect of possible embodiments, and 
the electrocardiograph 100 may be configured as an internal 
component of the ECG signal processing apparatus 1. 
0134. According to the ECG signal processing apparatus, 
the MRI apparatus, and the ECG signal processing method 
of at least one of the above-described embodiments, noise 
which is caused by gradient magnetic fields and then Super 
imposed on an ECG signal can be suppressed. 
0135 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 
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. An ECG signal processing apparatus configured to be 

connected with an electrocardiograph and an MRI appara 
tus, the ECG signal apparatus comprising: 
memory circuitry; and 
processing circuitry configured to 

store a parameter of an ECG signal as a first parameter 
in the memory circuitry, the ECG signal being 
acquired from the electrocardiograph operating in 
combination with the MRI apparatus in a period 
during which a gradient pulse is not applied by the 
MRI apparatus, 

implement an adaptive filter for estimating noise mixed 
into the ECG signal due to the gradient pulse, by 
using the first parameter stored in the memory cir 
cuitry and a gradient magnetic field signal acquired 
from the MRI apparatus in a period during which the 
gradient pulse is applied, and 

remove the noise mixed into the ECG signal in the 
period during which the gradient pulse is applied, by 
using noise estimated by the adaptive filter. 

2. The ECG signal processing apparatus according to 
claim 1, 

wherein the processing circuitry is configured to 
implement the adaptive filter as an FIR (Finite Impulse 

Response) filter having variable coefficients, and 
update the filter coefficients of the adaptive filter in 

such a manner that similarity between the first 
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parameter stored in the memory circuitry and a 
second parameter extracted from an ECG signal 
Subjected to noise removal processing is enhanced. 

3. The ECG signal processing apparatus according to 
claim 2, 

wherein the processing circuitry is configured to stop 
update of the filter coefficients of the adaptive filter in 
a period during which the gradient pulse is not applied. 

4. The ECG signal processing apparatus according to 
claim 1, 

wherein the processing circuitry is configured to 
store an ECG spectrum expressed in a frequency 
domain and acquired in a period during which the 
gradient pulse is not applied, as the first parameter in 
the memory circuitry, 

transform the ECG signal acquired from the electro 
cardiograph into the ECG spectrum, 

transform the gradient magnetic field signal acquired 
from the MRI apparatus into a gradient magnetic 
field spectrum expressed in a frequency domain, 

estimating the noise for each of predetermined fre 
quency bands in a frequency domain, by using the 
gradient magnetic field spectrum and the ECG spec 
trum stored in the memory circuitry, and 

remove the noise for each of the predetermined fre 
quency bands in a frequency domain. 

5. The ECG signal processing apparatus according to 
claim 4, 

wherein the processing circuitry is configured to extract a 
power spectrum of a waveform including a peak value 
of an R-wave of the ECG signal in a period during 
which the gradient is not applied, as the first parameter. 

6. The ECG signal processing apparatus according to 
claim 4, 

wherein the processing circuitry is configured not to 
update filter coefficients corresponding to a frequency 
band in which cardiac action potential is included, out 
of plural filter coefficients of the adaptive filter. 

7. The ECG signal processing apparatus according to 
claim 1, 

wherein the processing circuitry is configured to 
extract a waveform of the ECG signal acquired from 

the electrocardiograph in a period during which the 
gradient is not applied, as the first parameter, 

estimate a waveform of the noise, by using a waveform 
of the gradient magnetic field signal and a waveform 
of the ECG signal acquired in a period during which 
the gradient pulse is not applied, and 

remove the noise in a time domain according to the 
estimated waveform of the noise. 

8. The ECG signal processing apparatus according to 
claim 1, 

wherein the processing circuitry is configured to 
acquire an operation signal indicating whether the 

gradient pulse is currently applied or not from the 
MRI apparatus, and 

extract the first parameter from the ECG signal in a 
period during which the operation signal indicates 
that the gradient pulse is not applied. 

9. The ECG signal processing apparatus according to 
claim 8, 

wherein the processing circuitry is configured to sequen 
tially update the first parameter stored in the memory 
circuitry by sequentially extracting the first parameter 
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from the ECG signal, in a period during which the 
operation signal indicates that the gradient pulse is not 
applied. 

10. The ECG signal processing apparatus according to 
claim 1, 

wherein the processing circuitry is configured to estimate 
the noise from a Sum signal obtained by Summing up 
three gradient magnetic field signals in respective tri 
axial directions orthogonal to each other. 

11. An MRI apparatus configured to be connected with an 
electrocardiograph, the MRI apparatus comprising: 

a gradient coil configured to apply a gradient pulse: 
memory circuitry; 
processing circuitry configured to 

store a parameter of an ECG signal acquired from the 
electrocardiograph in a period during which the 
gradient pulse is not applied, as a first parameter in 
the memory circuitry, 

implement an adaptive filter for estimating noise mixed 
into the ECG signal due to the gradient pulse, by 
using the first parameter stored in the memory cir 
cuitry and a gradient magnetic field signal in a period 
during which the gradient pulse is applied, 

remove the noise mixed into the ECG signal in the 
period during which the gradient pulse is applied, by 
using noise estimated by the adaptive filter, and 
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generate a synchronization signal for ECG synchroni 
Zation imaging by detecting an R-wave included in 
the ECG signal from which the noise is removed; 
and 

an MRI control circuit configured to acquire magnetic 
resonance signals from an object in Synchronization 
with the synchronization signal by controlling the gra 
dient coil and generate an image of the object from the 
magnetic resonance signals. 

12. An ECG signal processing method comprising: 
storing a parameter of an ECG signal as a first parameter 

in memory circuitry, the ECG signal being acquired 
from an electrocardiograph operating in combination 
with an MRI apparatus in a period during which a 
gradient pulse is not applied by the MRI apparatus; 

estimating noise mixed into the ECG signal due to the 
gradient pulse with an adaptive filter, by using the first 
parameter stored in the memory circuitry and a gradient 
magnetic field signal acquired from the MRI apparatus 
in a period during which the gradient pulse is applied; 
and 

removing the noise mixed into the ECG signal in the 
period during which the gradient pulse is applied, by 
using estimated noise. 
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