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SYSTEM AND METHOD FOR GENERATING
ECG REFERENCE DATA FOR MR IMAGING
TRIGGERING

BACKGROUND

[0001] The present invention relates generally to magnetic
resonance (MR) imaging and, more particularly, to a system
and method for generating ECG reference data for MR
image triggering.

[0002] Magnetic resonance (MR) imaging is often used to
obtain internal physiological information of a patient,
including for cardiac imaging. In cardiac imaging, it is
typically desirable to obtain an image at a particular point in
a variable cycle, such as a peak of the variable cycle, to
analyze behavior during that peak. Gating is an option for
characterizing different attributes of an organ for imaging.
The most common techniques of gating include cardiac,
respiratory, and peripheral pulse gating, and these types of
gating have uses in numerous medical applications across
diagnostic modalities such as CT, MR, x-ray, ultrasound,
and position emission tomography (PET). Cardiac gating,
for example, is an essential component of cardiac imaging
while using imaging modalities such as CT and MR to
minimize motion-related artifacts.

[0003] In MR imaging, when a substance such as human
tissue is subjected to a uniform magnetic field (polarizing
field B,), the individual magnetic moments of the spins in
the tissue attempt to align with this polarizing field, but
precess about it in random order at their characteristic
Larmor frequency. If the substance, or tissue, is subjected to
a magnetic field (excitation field B,) which is in the x-y
plane and which is near the Larmor frequency, the net
aligned moment, or “longitudinal magnetization”, Mz, may
be rotated, or “tipped”, into the x-y plane to produce a net
transverse magnetic moment Mt. A signal is emitted by the
excited spins after the excitation signal B, is terminated and
this signal may be received and processed to form an image.
[0004] When utilizing these signals to produce images,
magnetic field gradients (G,, G, and G,) are employed.
Typically, the region to be imaged is scanned by a sequence
of measurement cycles in which these gradients vary accord-
ing to the particular localization method being used. The
resulting set of received NMR signals are digitized and
processed to reconstruct the image using reconstruction
techniques.

[0005] Magnetic resonance imaging is a diagnostic imag-
ing technique commonly used to review, identify, and diag-
nose pathologies or abnormalities in a scan subject, e.g.,
medical patient. For example, MR images of the cardiac
region are often used by health care professionals to diag-
nose medical conditions. Traditional MR evaluations of the
cardiac region often rely on repeated cardiac-gated acquisi-
tion of MR data in order to reduce image degradation
resulting from the continuous movement of the cardiac
region due to respiratory and/or circulatory physiological
functions.

[0006] To achieve a cardiac-gated acquisition of MR data,
systems have been developed that rely on detection of a
particular point in the motion cycle as a trigger to repeatedly
acquire data at approximately the same phase of the motion
cycle. An electrocardiogram (ECG) is generally utilized to
monitor the cardiac cycle and identify a particular peak,
often an R-peak, within the ECG waveform. By identifying
an occurrence of the R-peak, these systems infer that a
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Q-peak and S-peak are associated with the R-peak and
thereby identify an occurrence of a QRS complex. The
identification of a QRS complex is then used as a point for
triggering the acquisition of MR data from the subject to be
imaged.

[0007] However, the R-peak can often be distorted or
obscured by strong noise associated with MR environments.
For example, spikes may be induced within the ECG wave-
form by RF pulses or gradient pulses and may be misiden-
tified as an R-peak. Accordingly, such systems may infer the
spike as an R-pulse of a QRS complex and mistrigger
imaging. Furthermore, abnormal patient conditions such as
premature ventricular contraction (PVC) may hinder detec-
tion of an R-peak. Accordingly, many identification systems
may cause imaging to be triggered prematurely or fail to
trigger entirely thereby degrading the image quality and
extending scan durations.

SUMMARY

[0008] This Summary is provided to introduce a selection
of concepts that are further described below in the Detailed
Description. This Summary is not intended to identify key or
essential features of the claimed subject matter, nor is it
intended to be used as an aid in limiting the scope of the
claimed subject matter.

[0009] In one embodiment, a method of generating ECG
reference data for MR image data acquisition includes
obtaining an initial ECG dataset from a patient prior to
moving the patient into a bore of the MRI device, wherein
the initial ECG dataset comprises at least two channels of
ECG data. An initial set of R-peaks is identified, along with
initial R-peak characteristics. A reference ECG dataset is
then obtained from the patient once the patient is in the bore
of the MRI device. A reference set of R-peaks is identified
in the reference ECG dataset based on the initial R-peak
characteristics, and R-peak reference data is generated based
on the reference set of R-peaks. Acquisition of MR image
data from the subject is then triggered using the R-peak
reference data.

[0010] In one embodiment, a system for generating ECG
reference data for MR image data acquisition with an MRI
device, the MRI device having a core and a table moveable
to move the patient in and out of the core, includes an ECG
acquisition system configured to obtain at least two channels
of ECG data from a patient, and an R-peak detection module
executable on a processor and configured to obtain both an
initial ECG dataset and a reference ECG dataset from a
patient in order to generate R-peak reference data for trig-
gering MR image data acquisition. The R-peak detection
module is configured to obtain an initial ECG dataset from
a patient on the table prior to moving the patient into the bore
of the MRI device, wherein the initial ECG dataset com-
prises at least two channels of ECG data. An initial set of
R-peaks are identified, and initial R-peak characteristics are
determined for at least one of the at least two channels of
BCG data in the initial ECG dataset. A reference ECG
dataset is then obtained from the patient once the patient is
in the bore of the MRI device, wherein the reference ECG
dataset also comprises the at least two channels of ECG data.
A reference set of R-peaks are identified in the reference
ECG dataset based on the initial R-peak characteristics.
R-peak reference data is then generated based on the refer-
ence set of R-peaks, wherein the R-peak reference data is
formatted for use in triggering MR data acquisition.
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[0011] Various other features, objects and advantages of
the invention will be made apparent from the following
description taken together with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The drawings illustrate the best mode presently
contemplated of carrying out the disclosure. In the drawings:
[0013] FIG. 1 is a schematic diagram of an exemplary
MRI system in accordance with one embodiment of the
present disclosure.

[0014] FIGS. 2A-2C illustrate exemplary ECG electrode
arrangements on a patient for obtaining ECG data in accor-
dance with embodiments of the present disclosure.

[0015] FIG.3 is a block diagram illustrating a process flow
for generating R-peak reference data for use in triggering
MR image data acquisition.

[0016] FIG. 4 is a graph illustrating an exemplary ECG
dataset comprising two channels of ECG data.

[0017] FIG. 5 is a flow chart exemplifying one embodi-
ment of a method of generating ECG reference data for MR
image data acquisition.

[0018] FIGS. 6A and 6B are flow charts exemplifying
additional exemplary embodiments of methods, or portions
thereof, of generating ECG reference data for MR image
data acquisition.

[0019] FIGS. 7 and 8A-8B are flow charts exemplifying
further embodiments of methods, or portions thereof, of
generating ECG reference data for MR image data acquisi-
tion.

DETAILED DESCRIPTION

[0020] Accurate ECG R-peak reference is critical to reli-
ably detect cardiac trigger during MR scans to overcome
gradient, RF, body coil switch interference and obtain good
image quality (IQ). The difficulty in obtaining accurate ECG
R-peak reference is due in part to variance of ECG wave-
form characteristics related to a patient’s underlying disease,
such as atrial fibrillation (AF), premature ventricular con-
tractions (PVC), bundle branch block (BBB), atrial and
ventricular hypertrophy. In addition to the physiological
barriers to R-peak detection, interference due to magneto-
hydrodyamic (MHD) effects, gradient, RF, and body coil
switch interference, as well as table motion and patient
motion, affect the ECG signals and introduce interference
that decreases the signal to noise ratio (SNR) and makes
R-peak detection more difficult. Such interference in the
ECG waveform affects the accuracy of MR image triggering
and ultimately degrades the image quality of the MR image.
[0021] Prior art R-peak detection methods are unneces-
sarily burdensome and introduce error and inconsistency to
R-peak detection because they require an operator to manu-
ally control ECG reference data acquisition. Manually con-
trolling the ECG reference data acquisition for R-peak
detection can be problematic and burdensome because it
adds overhead to the operator’s work flow and may be
executed insufficiently or suboptimally, such as due to
operator error or lack of oversight by a clinician to
adequately avoid excess interference due to scans, table
motion, patient motion, etc.

[0022] Furthermore, prior R-peak detection methods and
systems provide suboptimal R-peak reference data that does
not account for the consistent distortion effects on the ECG
data caused by the MRI system, including the MHD effects.
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BCG data measured inside the bore, although heavily influ-
enced by artifact, can provide better R-peak reference data
than that produced based on ECG data measured outside of
the bore. This is because the R-peak reference data from
inside the bore takes into consideration certain distortions on
the ECG waveforms caused by the MRI system, including
accounting for distortion effects of MHD caused by the
strong magnetic field in the imaging environment. These
effects present in the reference ECG data and in the ECG
data measured during the scan, and thus accounting for the
distortion effects in the R-peak reference data improves
R-peak detection accuracy for ECG-based image triggering
during the scan.

[0023] Method and system disclosed herein for generating
ECG reference data for MR image data acquisition improves
accuracy of R-peak detection and automatically generates
reliable R-peak reference data. The clinical work flow is
improved due to elimination of manual start and review of
the acquisition process for the ECG R-peak reference data.
Moreover, reliability of the automatically generated R-peak
reference data is increased because MHD effects are
accounted for. Thereby, issues relating to poor image quality
due to incorrect ECG triggering are significantly reduced.

[0024] The disclosed system obtains an initial ECG data-
set, including at least two channels of ECG data, when the
patient is on the table of the MRI device but outside of the
bore of the MRI device. Thus the initial ECG dataset is
acquired prior to moving the patient into the bore of the MRI
device. A second ECG dataset, a reference ECG dataset, is
then acquired from the patient once the patient is positioned
within the bore of the MRI device, wherein the reference
ECG dataset is preferably obtained after completion of table
movement and prior to starting the MRI scan. Thereby,
interference due to table and patient motion and other
motion by the MRI device are minimized. Yet, by acquiring
the reference ECG dataset once the patient is positioned
within the bore, the consistent effects of the MR environ-
ment on the ECG waveforms can be accounted for in the
reference data, including the MHD effect. The reference
ECG dataset obtained in the bore will contain significantly
more noise than the initial dataset obtained outside of the
bore, and R-peak detection will be more difficult. In order to
address this issue, information gained from the initial ECG
dataset is utilized to assist in R-peak detection for the
reference ECG dataset. Initial R-peak characteristics are
determined—such as an initial R-peak polarity and initial
R-R interval—preferably for each of the channels of the
initial ECG dataset. The R-peak detection algorithm then
utilizes the information learned from the initial dataset to
improve R-peak detection for the reference ECG dataset.
The initial R-peak characteristic information is used for
R-peak detection in the noisier reference ECG dataset for
each corresponding channel. Thereby, R-peak detection is
improved and generation of accurate and reliable R-peak
reference data is accomplished for use in triggering acqui-
sition of MR image data. Further details and explanation of
exemplary embodiments is provided below.

[0025] Referring to FIG. 1, a schematic diagram of an
exemplary MRI system 100 is shown in accordance with an
embodiment. The operation of MRI system 100 is controlled
from an operator workstation 110 that includes an input
device 114, a control panel 116, and a display 118. The input
device 114 may be a joystick, keyboard, mouse, track ball,
touch activated screen, voice control, or any similar or
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equivalent input device. The control panel 116 may include
a keyboard, touch activated screen, voice control, buttons,
sliders, or any similar or equivalent control device. The
operator workstation 110 is coupled to and communicates
with a computer system 120 that enables an operator to
control the production and viewing of images on display
118. The computer system 120 includes a plurality of
components that communicate with each other via electrical
and/or data connections 122. The computer system connec-
tions 122 may be direct wired connections, fiber optic
connections, wireless communication links, or the like. The
components of the computer system 120 include a central
processing unit (CPU) 124, a memory 126, which may
include a frame buffer for storing image data, and an image
processor 128. In an alternative embodiment, the image
processor 128 may be replaced by image processing func-
tionality implemented in the CPU 124. The computer system
120 may be connected to archival media devices, permanent
or back-up memory storage, or a network. The computer
system 120 is coupled to and communicates with a separate
MRI system controller 130.

[0026] The MRI system controller 130 includes a set of
components in communication with each other via electrical
and/or data connections 132. The MRI system controller
connections 132 may be direct wired connections, fiber optic
connections, wireless communication links, or the like. The
components of the MRI system controller 130 include a
CPU 131, a pulse generator 133, which is coupled to and
communicates with the operator workstation 110, a trans-
ceiver 135, amemory 137, and an array processor 139. In an
alternative embodiment, the pulse generator 133 may be
integrated into a resonance assembly 140 of the MRI system
100. The MRI system controller 130 is coupled to and
receives commands from the operator workstation 110 to
indicate the MRI scan sequence to be performed during a
MRI scan. The MRI system controller 130 is also coupled to
and communicates with a gradient driver system 150, which
is coupled to a gradient coil assembly 142 to produce
magnetic field gradients during a MRI scan.

[0027] The pulse generator 133 may also receive data
from a physiological acquisition controller 155 that receives
signals from a plurality of different sensors connected to an
object or patient 170 undergoing a MRI scan, including
electrocardiography (ECG) signals from electrodes attached
to the patient 170. And finally, the pulse generator 133 is
coupled to and communicates with a scan room interface
system 145, which receives signals from various sensors
associated with the condition of the resonance assembly
140. The scan room interface system 145 is also coupled to
and communicates with a patient positioning system 147,
which sends and receives signals to control movement of a
table 171. The table 171 is controllable to move the patient
in and out of the bore 146 and to move the patient to a
desired position within the bore 146 for a MRI scan.

[0028] The MRI system controller 130 provides gradient
waveforms to the gradient driver system 150, which
includes, among others, G, G, and G, amplifiers. Each G,,
G, and G, gradient amplifier excites a corresponding gradi-
ent coil in the gradient coil assembly 142 to produce
magnetic field gradients used for spatially encoding MR
signals during a MRI scan. The gradient coil assembly 142
is included within the resonance assembly 140, which also
includes a superconducting magnet having superconducting
coils 144, which in operation, provides a homogenous
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longitudinal magnetic field B, throughout a bore 146, or
open cylindrical imaging volume, that is enclosed by the
resonance assembly 140. The resonance assembly 140 also
includes a RF body coil 148 which in operation, provides a
transverse magnetic field B, that is generally perpendicular
to B, throughout the bore 146. The resonance assembly 140
may also include RF surface coils 149 used for imaging
different anatomies of a patient undergoing a MRI scan. The
RF body coil 148 and RF surface coils 149 may be config-
ured to operate in a transmit-and-receive mode, transmit
mode, or receive mode.

[0029] An object or patient 170 undergoing a MRI scan
may be positioned within the bore 146 of the resonance
assembly 140. The transceiver 135 in the MRI system
controller 130 produces RF excitation pulses that are ampli-
fied by an RF amplifier 162 and provided to the RF body coil
148 and RF surface coils 149 through a transmit/receive
switch (T/R switch) 164.

[0030] As mentioned above, RF body coil 148 and RF
surface coils 149 may be used to transmit RF excitation
pulses and/or to receive resulting MR signals from a patient
undergoing a MRI scan. The resulting MR signals emitted
by excited nuclei in the patient undergoing a MRI scan may
be sensed and received by the RF body coil 148 or RF
surface coils 149 and sent back through the T/R switch 164
to a pre-amplifier 166. The amplified MR signals are
demodulated, filtered and digitized in the receiver section of
the transceiver 135. The T/R switch 164 is controlled by a
signal from the pulse generator 133 to electrically connect
the RF amplifier 162 to the RF body coil 148 during the
transmit mode and connect the pre-amplifier 166 to the RF
body coil 148 during the receive mode. The T/R switch 164
may also enable RF surface coils 149 to be used in either the
transmit mode or receive mode. The resulting MR signals
sensed and received by the RF body coil 148 are digitized by
the transceiver 135 and transferred to the memory 137 in the
MRI system controller 130.

[0031] A MR scan is complete when an array of raw
k-space data, corresponding to the received MR signals, has
been acquired and stored temporarily in the memory 137
until the data is subsequently transformed to create images.
This raw k-space data is rearranged into separate k-space
data arrays for each image to be reconstructed, and each of
these separate k-space data arrays is input to the array
processor 139, which operates to Fourier transform the data
into arrays of image data.

[0032] The array processor 139 uses a known transforma-
tion method, most commonly a Fourier transform, to create
images from the received MR signals. These images are
communicated to the computer system 120 where they are
stored in memory 126. In response to commands received
from the operator workstation 110, the image data may be
archived in long-term storage or it may be further processed
by the image processor 128 and conveyed to the operator
workstation 110 for presentation on the display 118. In
various embodiments, the components of computer system
120 and MRI system controller 130 may be implemented on
the same computer system or a plurality of computer sys-
tems.

[0033] Referring to FIGS. 2A-2C, exemplary ECG elec-
trode arrangements on a patient for obtaining ECG data are
shown in accordance with embodiments of the present
disclosure. ECG data is acquired and provided to the physi-
ological acquisition controller 155 for use by the system
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100. FIGS. 2A-2C depict exemplary arrangements of elec-
trodes 180 on the patient to obtain two channels of ECG
date. While various lead configurations are possible and
within the scope of this disclosure, three exemplary arrange-
ments of electrodes 180 providing two ECG leads X and Y
providing two channels of ECG data are shown. FIG. 2A
provides an exemplary electrode arrangement of four elec-
trodes 180 configured into transverse groups, the ECG
electrodes 180 form a horizontal lead arrangement 102x and
a vertical lead arrangement 102y, with each lead generating
arespective channel X and Y of ECG data. FIG. 2B provides
a similar output of a horizontal lead arrangement 102x and
a vertical lead arrangement 102y, but utilizing only tree
electrodes instead of four as shown in FIG. 2A. In the
embodiment of FIG. 2B, the horizontal lead arrangement
102x shares an electrode with the vertical lead arrangement
102y. FIG. 2C exemplifies a third lead arrangement com-
prising three electrodes, where both the lead arrangements
102x and 102y extend horizontally, but for different dis-
tances and thus capturing different vectors through the heart.
The ECG electrodes 180 are connected to an ECG receiver
181 that transfers the obtained ECG potential to the physi-
ological acquisition controller 155 for processing, including
R-peak reference data generation and R-peak detection. In
various embodiments, the connection between the electrodes
180 and the ECG receiver 181 may be by any known means,
including traditional wired connection or by wireless trans-
mission.

[0034] FIG. 3 is a block diagram illustrating a process flow
for triggering MR data acquisition based on two channels of
ECG data, such as acquired via the electrode arrangements
exemplified in FIGS. 2A-2C. A first portion of the process
flow includes collection and provision of two ECG datasets,
including via a first ECG channel 202 and a second ECG
channel 204, and pre-processing each ECG dataset via
pre-processors 212 and 214 each processing a channel. The
preprocessing may include, for example, filtering and/or
amplification steps. For example, pre-processing may
include applying a high pass filter, (e.g., a 1 Hertz high pass
filter), and a low pass filter, (e.g., a 35 Hertz low pass filter).
In other embodiments, the filtering frequencies may be
adjusted and/or different filtering steps executed in order to
respond to noise in a particular environment. For example,
the physiological acquisition controller 155 may be utilized
in the initialization stages for the acquisition and pre-
processing of the ECG datasets.

[0035] The ECG datasets are then processed by the R-peak
detector 200 to detect R-peaks and generate R-peak refer-
ence data. The R-peak detector 200 may be software (e.g.,
a set of computer executable instructions), hardware, firm-
ware, or any combination thereof, for processing ECG data
to detect R-peaks and generate R-peak reference data for
using in cardiac gating, i.e., for triggering MR data acqui-
sition. In the embodiment of FIG. 1, the R-peak detector 200
is implemented as part of the physiological acquisition
controller 155. In other embodiments, the R-peak detector
200 may be implemented elsewhere in the system 100, and
may be distributed across multiple computing and/or control
aspects or elements of the system 100. The R-peak detector
200 performs R-peak detection steps and reference data
generation, and may includes one or more sub-components,
including for example R-peak detection and classifiers 222
and 224, a decision combiner 230 that combines the outputs
of the R-peak detection and classifiers, and an R-peak
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reference data generator 232 that generates appropriate
R-peak reference data accordingly. Further, a trigger gen-
erator 240 that generates the trigger for MR image data
acquisition is included in the system 100.

[0036] The process flow to identify QRS complexes
within the derived waveform and generate reference data
accordingly is utilized for processing both the initial ECG
dataset obtained from the patient prior to moving the patient
into the bore, and the reference ECG dataset obtained once
the patient is positioned in the bore. As will be exemplified
in more detail with respect to subsequent Figures, the initial
ECG dataset is processed in order to generate initial R-peak
reference data and generate initial triggers accordingly. The
initial triggers, while not used as image triggers, may
nonetheless be displayed on the display 118 to indicate to a
clinician that the system 100 is functioning properly and the
adequate reference data is thus far obtainable based on the
initial ECG data being collected. This signals, for example,
that the electrodes are adequately attached to the patient. The
initial peak reference data is also stored and utilized for
subsequent processing of the reference ECG dataset, which
is the dataset acquired once the patient is positioned within
the bore 146. Namely the R-peak classifiers 222 and 224 are
configured to utilize the initial R-peak reference data in
processing the reference ECG dataset.

[0037] Depending on the system 100 configuration for
triggering acquisition of MR image data, the R-peak refer-
ence data may be formatted differently to provide R-peak
data in a relevant and usable format. For example, in
vectocardiogram (VCG) the R-peak reference data provides
morphological templates for use in image triggering. VCG is
a known technique for cardiac gating, one example of which
is described in U.S. Pat. No. 7,738,943 which is hereby
incorporated by reference in its entirety. In such an embodi-
ment, the R-peak reference data for VCG may be a group of
short time series of data samples centered around and
corresponding to the R-peaks.

[0038] FIG. 4 provides an exemplary ECG dataset, which
could be an initial ECG dataset or a reference ECG dataset.
In the example, the ECG dataset is a 4.5 second segment of
two channels of ECG data. The ECG dataset, or data
segment, is processed in order to identify a set of R-peaks in
each channel X and Y of ECG data. In the example, each set
of R-peaks 190a, 1905 includes four peaks. Phase adjust-
ment has been performed such that the sets of R-peaks 190a
and 1906 are time-correlated. In various embodiments, a
continually moving time window of ECG data may be
acquired and processed. Preferably, the time window of
ECG data is sufficiently long to include three or more QRS
complexes, or heartbeats. In the example, a 4.5 second time
window is utilized, which continuously updates every 500
milliseconds. In other embodiments, the ECG time window
may be shortened to, for example, 4 seconds, or lengthened
to 5 seconds or more. In each time window, ECG data is
processed to determine whether R-peaks can be adequately
detected, such as detection of at least three R-peaks with a
threshold confidence level, or likelihood of accuracy.
[0039] FIG. 5 exemplifies one embodiment of such a
method of generating ECG reference data, including R-peak
detection. In the depicted example, a patient is positioned on
the table outside of the bore at step 302 and ECG electrodes
are placed on the patient at step 304. For example, three or
four electrodes may be placed on the patient in accordance
with the examples at FIGS. 2A-2C. An initial ECG dataset
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is obtained at step 306 and initial R-peak characteristics,
including an initial R-peak polarity and initial R-R interval,
are determined based on the initial dataset at step 308. Such
polarity and R-R interval determinations are made based on
an initial set of R-peaks detected within the initial ECG
dataset. Step 310 may be executed to determine whether
sufficient initial ECG data is acquired. For example, an alert
may be generated if initial R-peak polarity and initial R-R
interval determinations are unable to be made for each of the
at least two available channels of ECG data. For example, if
one or more of the electrodes 180 are poorly placed on the
patient, then an alert may be generated to advise a clinician
to replace the electrode so that an adequate initial ECG
dataset can be obtained wherein initial R-peak polarity and
initial R-R interval information can be determined for each
of the two channels of ECG data. Alternatively or addition-
ally, analysis to determine whether sufficient ECG data has
been acquired may require acquisition of at least a threshold
number of R-peaks, a threshold number of sets of R-peaks,
or a threshold duration of ECG data for which valid sets of
R-peaks are identified.

[0040] Once sufficient initial ECG data is acquired, the
patient is moved into the bore. In certain examples, the
R-peak detector 200 is configured to automatically deter-
mine when sufficient initial ECG data is acquired and to
interact with the patient positioning system 147 to automati-
cally move the patient into the bore once initial acquisition
is complete. Namely, the table 171 of the MRI device is
moved to position the patient within the bore 146. Once the
positioning is complete and the table is no longer moving, as
determined at step 314 (such as via information provided by
the patient positioning system 147), a reference ECG dataset
is obtained at step 316. Thereby, the reference ECG dataset
can be acquired once the patient positioning is complete, and
thus interference from the motors moving the table 171 will
be avoided, and prior to initiating the MR scan. Each
reference ECG dataset is analyzed to detect R-peaks, which
are compared to the initial R-peal polarity and initial R-R
interval at step 318. R-peak reference data is generated at
step 320 based on the R-peaks identified in the reference
ECG dataset.

[0041] Thereby, the R-peak reference data accounts for
interference by the MRI device on the ECG waveforms,
including accounting for the MHD effects of the magnetic
field on the ECG waveforms. Moreover, the R-peak refer-
ence data accounts for the patient’s disease characteristics
within the ECG waveforms being obtained and any other
consistent situational effect (e.g., due to patient position) on
the ECG waveforms. Additionally, R-peak detection in the
reference ECG dataset accounts for the polarity and relative
amplitude and slope expected in each respective channel of
ECG data, which is determined based on the initial ECG
dataset. In certain embodiments described herein below,
methods may also include channel rejection of data where
R-peak detection is not reliable, thereby relying on a remain-
ing one or more reliable channels and eliminating the
unreliable R-peak detection information from the reference
data. Additionally, where more than one channel of ECG
data is utilized for the R-peak reference data, phase adjust-
ments may be applied to align the peaks in each of the
channels to provide consistent information across all chan-
nels of ECG data utilized in the R-peak reference data. The
R-peak reference data is then utilized to generate triggers at
step 322, which are implemented for triggering acquisition
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of the MR data from the subject, which is performed in
accordance with known methods in the field of MR imaging.
[0042] FIGS. 6A and 6B depict exemplary methods of
processing ECG datasets to generate R-peak reference data,
where FIG. 6A depicts steps for generating initial R-peak
reference data (i.e., R-peak reference data A) from an initial
ECG dataset (provided at initial steps 402a and 403¢) and
FIG. 6B depicts corresponding method steps for generating
final R-peak reference data (i.e. R-peak reference data B)
based on a reference ECG dataset acquired from the patient
when the patient is positioned inside the bore 146 (provided
at initial steps 40256 and 4035). In both exemplary methods,
each two-channel ECG dataset is pre-processed (steps
404a-b and 405a-b) and candidate peaks are identified (steps
406a-b and 407a-b) in each channel X and Y. For example,
candidate peaks may be identified by identifying relative
minimums and maximums that meat certain threshold cri-
teria, such as for amplitude and slope. For example, a set of
positive candidate peaks and a set of negative candidate
peaks may be identified for each channel, where each
candidate peak has a relative amplitude within a threshold
amplitude range and a slope within a threshold slope range.
[0043] At steps 408a-411a, analysis is performed to deter-
mine a likelihood (e.g., a combined likelihood as described
below) that each of the set of positive and negative candidate
peaks represents an actual group of R-peaks, for each
channel X and Y. Between the negative candidate peaks and
the positive candidate peaks, the one with the bigger like-
lihood is selected at steps 412a-413a for each channel X and
Y, and the likelihood for the selected set of R-peaks is
compared to a threshold likelihood value (e.g., a threshold
combined likelihood). If the likelihood value is less than the
threshold, then the set of candidate peaks is rejected in that
channel. If the likelihood exceeds the threshold, then the set
of R-peaks is affirmed and R-peak reference data is gener-
ated for the respective channel of ECG data, including
feature information about the R-peaks (e.g. amplitude, slope,
and R-R interval, and the polarity of the R-peaks).

[0044] At steps 414a and 4154, R-peak information (e.g.,
feature sets and polarity) is generated for each channel X and
Y, which will be discussed in detail below.

[0045] If neither channel is rejected, the data from both
channels can be correlated into a set of initial R-peak
reference data at steps 416a-418a. This includes adjusting
the phase of one or more of the channel data so that the
R-peaks represented in each of the channels are aligned. Due
to placement of the electrodes, there can be a phase differ-
ence between the features in the data channels, e.g., which
can be anywhere from 0 to 30 milliseconds. Appropriate
phase adjustment is made at step 4164, and R-peak reference
dataset A is outputted at step 418a. If one of the channels is
rejected, the other channel is selected as the R-peak refer-
ence dataset A and outputted at step 418a. Step 420a is
executed to generate triggers based on the R-peak reference
data A. Depending on the trigger logic used by the system,
the R-peak reference data is provided in different formats.
For example, as described above, the R-peak reference data
may be a group of short time series of data samples centered
as R-peaks in VCG systems.

[0046] FIG. 6B depicts a corresponding method of R-peak
detection for the reference set of ECG data, which parallels
the method steps depicted in FIG. 6A for the initial set of
ECG data except that the steps in FIG. 6B for processing the
reference set of ECG data includes analysis based on the
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characteristics of the initial R-peak reference data, such as
initial R-peak polarity and initial R-R interval. Specifically,
steps 41256 and 4135 select or reject the reference set of
R-peaks for each channel X and Y based on whether the set
with the larger likelihood has the same polarity as the initial
polarity and has a similar R-R interval as the initial R-R
interval. If any of those conditions are not true, then the
reference set of R-peaks for that channel is rejected. For
example, a threshold interval range may be set based on the
initial R-R interval, and the selected set of R-peaks may be
rejected if the peak-to-peak intervals do not fall within that
threshold interval range. In certain examples, the peak-to-
peak intervals of the selected R-peak data may each be
compared to the threshold, or a mean peak-to-peak interval
value may be determined and compared to the threshold.

[0047] FIGS. 7 and 8 A-8B depict additional embodiments
of methods 300, or portions thereof, for generating ECG
reference data in accordance with the present disclosure.
FIG. 7 depicts steps of R-peak detection and likelihood
calculation that may be executed across each channel of
ECG data and for each of the initial ECG dataset and the
reference ECG dataset. FIG. 8A depicts exemplary steps that
may be executed for selecting the initial set of R-peaks and
generating the initial reference ECG data based on the initial
ECG dataset. FIG. 8B depicts exemplary method steps for
selecting the reference set of R-peaks based on characteris-
tics of the initial reference data such as the initial R-peak
polarity and the initial R-R interval, and generating the final
R-peak reference data accordingly.

[0048] In FIG. 7, a respective channel of ECG data, either
X orY is received at step 500. The respective channel of the
ECG dataset is the processed according to the depicted steps.
Each channel of ECG data is separately processed according
to the depicted set of steps; however, the steps are shown
only once in the figures for the sake of brevity and clarity.
For each time segment of ECG data in each channel X and
Y, maximums of relative amplitude (also called relative
maximums) are identified at step 502 and minimums of
relative amplitude (also called relative minimums) are iden-
tified at step 503. These are local maximums and minimums
identified in running time segments of the ECG data. At the
local maximums, the first derivative is 0 and the second
derivative is negative. At the local minimums, the first
derivative is 0 and the second derivative is positive. In one
exemplary embodiment, a 16 millisecond window on either
side of each value in the dataset is analyzed to identify any
relative maximums or minimums therein.

[0049] For each identified relative maximum point and
minimum point, a feature vector is determined at steps 504
and 505. The feature vector is comprised of values describ-
ing the relative maximum or minimum. In one embodiment,
the feature vector includes a left relative amplitude, a right
relative amplitude, a left slope, and a right slope. Left and
right refer to forward and backward in time to the peak
position. Left and right relative amplitudes may be defined
as the distance from the peak to the respective left and right
inflection points normalized to one millivolt per unit. Left
and right slopes may be defined as the slope between the
peak point and the left and right inflection point, normalized
using a heuristic unit slope. The values in the feature vectors
are compared to corresponding thresholds at steps 506 and
507. In certain embodiments, the thresholds are determined
based on data from multiple different patients. The patient
data utilized for calculating the thresholds may preferably
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include patients across a wide variety of demographics and
representing a multitude of cardiac conditions and the ECG
manifestations thereof. Furthermore, the multi-patient data
utilized to calculate the thresholds preferably represents
ECG data influenced by a range of magnetic field strengths,
including but not limited to 1.5 Tesla, 3 Tesla, and 7 Tesla.
Thereby, the thresholds can effectively account for the
various conditions and cardiac disease manifestations that
may arrive in patients undergoing cardiac MRI’s. A set of
positive candidate peaks is identified at step 508 as those
relative maximums having feature vectors within the thresh-
old range as determined at step 506. Similarly, a set of
negative candidate peaks is identified at step 509 as those
relative minimums having feature vectors within the thresh-
old range as determined at step 507. Steps 510 and 511 are
conducted to determine whether at least three peaks are
identified in each of the set of positive candidate peaks and
the set of negative candidate peaks. If at least three positive
peaks are not identified at step 510, then the set of positive
candidate peaks is rejected at step 520. If at least three
negative peaks are not detected at step 511, then the set of
negative candidate peaks is rejected at step 520.

[0050] A likelihood analysis is then conducted for each of
the remaining positive set of candidate peaks and negative
set of candidate peaks. At step 512, a likelihood value is
calculated for each candidate peak in the set of positive
candidate peaks, wherein the likelihood value represents a
likelihood that each candidate peak is an actual R-peak.
Similarly, a likelihood value is calculated for each negative
candidate peak at step 513. In one embodiment, the likeli-
hood analysis assumes that the feature vector of each
candidate peak is a Gaussian random process of independent
component, where a monotonic function of the likelihood
that a particular candidate peak represents a single R-peak
can be expressed as:

4

P
2

P

where m, is the mean and o; is the variance for each
component, which include x; equals left relative amplitude,
X, equals right relative amplitude, x; equals left slope, and
x, equals right slope. An approximation of this monotonic
function of likelihood may be instead utilized, as:

LikelihoodS=min(left_amp,right _amp)+min(left
slope,right_slope)

where the min operator is used to select the worst case
between the left and right amplitude (i.e., using the smaller
value to represent the amplitude feature), and the minimum
left and right slope, and wherein the mean and variance
scaler has been adjusted using the heuristic unit slope
relative to millivolt unit amplitude.

[0051] A combined likelihood may then be calculated
representing the likelihood that the relevant set of candidate
peaks (whether the positive or negative set) represents an
actual group of R-peaks. The combined likelihood can then
be approximated based on the likelihood for each candidate
peak. The combined likelihood that the set of candidate peak
represents an actual group of R-peaks is inversely propor-
tional to the variance of each of the features across the
multiple candidate peaks. In certain embodiments a peak-



US 2020/0022608 A1

to-peak interval between the selected set of R-peak may also
be determined (steps 514 and 515) accounted for in the
likelihood calculation, adding a fifth feature to the feature
vector for each peak, where x,=peak-to-peak interval. The
combined likelihood may then be approximated for each
channel at steps 516 and 517 as:

LikelihoodM=mean(Likelihood$)+0.2/%,_, 0,

where o, represents an approximation of the variance of
feature x, across the five (N=1-5) candidate peaks and 0.2 is
aweight factor. The approximation of the variance o, may be
defined as:

o, =((max(x,)-min(x;) ymean(x;))/(numPeaks-1)

Accordingly, the change in the feature component across the
candidate peaks is relative to the mean of the feature
component x,, which is averaged against the number of
peaks minus 1.

[0052] Steps are then executed to select a set of R-peaks,
which may be an initial set of R-peaks if analyzing the initial
ECG dataset (FIG. 8A) or the reference set of R-peaks if
analyzing the reference ECG dataset (F1G. 8B). The set of
R-peaks are selected as either the set of positive candidate
peaks or the set of negative candidate peaks based on which
set of candidate peaks has the greater combined likelihood,
as represented in step 522 of FIG. 8A. The combined
likelihood of'the selected set is then compared to a threshold
combined likelihood at step 524. In certain embodiments,
the threshold combined likelihood may be predetermined
based on the set of multi-patient data described above for
determining the feature vector thresholds. If the combined
likelihood does not meet or exceed the threshold, then the set
of R-peaks is rejected at step 520. Assuming the threshold is
met or exceeded, then initial R-peak reference data is
generated at step 526. The initial R-peak polarity and the
initial R-R interval are also generated for each channel X
and Y. The initial values are then utilized in processing the
reference ECG dataset as exemplified in FIG. 8B.

[0053] As shown in FIG. 8B exemplifying method steps
for selecting the reference set of R-peaks from the reference
ECG dataset, the set with the greater combined likelihood is
selected at step 532. Step 534 is executed to determine
whether the polarity of the selected set matches the initial
R-peak polarity for the corresponding channel X or Y. If the
polarity does not match, then the selected reference set is
rejected at step 520. The combined likelihood of the selected
reference set of R-peaks is then compared to a threshold
combined likelihood at step 536, and the reference set of
R-peaks is rejected if the combined likelihood is less than
the threshold. The peak-to-peak intervals of the reference set
of R-peaks are then compared to the initial R-R interval data
for the corresponding channel to determine at step 538
whether the peak-to-peak intervals are within a threshold
range of the initial R-R interval. If not, then the reference set
of R-peaks are rejected. If all qualification analysis at steps
534-538 are positive, then the reference ECG data is gen-
erated at step 540 based on the reference set of R-peaks. It
should also be recognized that if multiple channels of
R-peak data are selected, then phase adjustment is con-
ducted and both selected channels of R-peaks are included
in the relevant R-peak reference data generated at steps 526
and 540.

[0054] This written description uses examples to disclose
the invention, including the best mode, and also to enable
any person skilled in the art to make and use the invention.
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The patentable scope of the invention is defined by the
claims, and may include other examples that occur to those
skilled in the art. Such other examples are intended to be
within the scope of the claims if they have structural
elements that do not differ from the literal language of the
claims, or if they include equivalent structural elements with
insubstantial differences from the literal languages of the
claims.
We claim:
1. A method of generating ECG reference data for mag-
netic resonance (MR) image data acquisition with a mag-
netic resonance imaging (MRI) device, the method com-
prising:
obtaining an initial ECG dataset from a patient on a table
of the MRI device prior to moving the patient into a
bore of the MRI device, wherein the initial ECG dataset
comprises at least two channels of ECG data;

identifying an initial set of R-peaks in the initial ECG
dataset and determining initial R-peak characteristics
for at least one of the at least two channels of the initial
ECG dataset;

obtaining a reference ECG dataset from the patient once
the patient is positioned in the bore, wherein the
reference ECG dataset comprises the at least two
channels of ECG data;

identifying a reference set of R-peaks in the reference

ECG dataset based on the initial R-peak characteristics;
generating R-peak reference data based on the reference
set of R-peaks; and

triggering acquisition of MR image data from the patient

using the R-peak reference data.

2. The method of claim 1, further comprising:

identifying a set of candidate peaks in each of the at least

two channels of the initial ECG dataset;

identifying the initial set of R-peaks from the set of

candidate peaks in the initial ECG dataset;
identifying a set of candidate peaks in each of the at least

two channels of the reference ECG dataset; and
identifying the reference set of R-peaks from the set of

candidate peaks in the reference ECG dataset.

3. The method of claim 2, wherein identifying each set of
candidate peaks includes identifying relative maximums and
relative minimums in each channel of ECG data and com-
paring each relative maximum and relative minimum to one
or more thresholds.

4. The method of claim 3, further comprising:

identifying a set of positive candidate peaks for each

channel as three or more relative maximums with at
least one of a relative amplitude within a threshold
amplitude range and a slope within a threshold slope
range;

identifying a set of negative candidate peaks for each

channel as three or more relative minimums with at
least one of a relative amplitude within the threshold
amplitude range and a slope within the threshold slope
range; and

identifying the set of R-peaks as either the set of positive

candidate peaks or the set of negative candidate peaks.

5. The method of claim 4, further comprising calculating
a combined likelihood that the set of positive candidate
peaks represents an actual group of R-peaks and a combined
likelihood that the set of negative candidate peaks represents
the actual group of R-peaks; and
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wherein identifying the set of R-peaks as either the set of
positive candidate peaks or the set of negative candi-
date peaks includes selecting the set with the greatest
combined likelihood.

6. The method of claim 5, further comprising rejecting the
set of positive candidate peaks or the set of negative can-
didate peaks if the combined likelihood is less than a
threshold combined likelihood.

7. The method of claim 5, further comprising:

calculating a likelihood for each candidate peak in the set

of positive candidate peaks and each candidate peak in
the set of negative candidate peaks that each respective
candidate peak represents an actual R-peak;

wherein the likelihood that each candidate peak represents

an actual R-peak is based on at least one of a relative
amplitude of the candidate peak and a slope of the
candidate peak; and

calculating each combined likelihood based on the like-

lihoods for the candidate peaks in the respective set of
positive candidate peaks or set of negative candidate
peaks.

8. The method of claim 5, further comprising:

determining a peak-to-peak interval between each of the

candidate peaks; and

calculating each combined likelihood based further on the

peak-to-peak intervals in the respective set of positive
candidate peaks or set of negative candidate peaks.

9. The method of claim 5, wherein each combined like-
lihood is calculated based on a variance in at least one of a
relative amplitude of the candidate peaks, a slope of the
candidate peaks, and a peak-to-peak interval of the candidate
peaks in the respective set of positive candidate peaks or set
of negative candidate peaks.

10. The method of claim 2, further comprising generating
a feature vector for each candidate peak, wherein the feature
vector includes a left relative amplitude, a right relative
amplitude, a left slope, and a right slope for the respective
candidate peak.

11. The method of claim 10, further comprising:

comparing the left relative amplitude, the right relative

amplitude, the left slope, and the right slope of each

feature vector to a corresponding set of thresholds; and
identifying a set of positive candidate peaks and a set of

negative candidate peaks based on the comparisons.

12. The method of claim 1, wherein the R-peak charac-
teristics include an initial R-peak polarity and an initial R-R
interval; and

wherein the reference set of R-peaks are identified in each

of the at least two channels of ECG data in the
reference ECG dataset based on the initial R-peak
polarity and the initial R-R interval for the correspond-
ing channel in the initial ECG dataset.

13. The method of claim 1, further comprising:

determining that no initial set of R-peaks is identifiable in

one of the at least two channels of the initial ECG
dataset; and

ignoring the corresponding channel in the reference ECG

dataset and generating the R-peak reference data based
only on one or more remaining channels of the refer-
ence ECG dataset.

14. A MRI device comprising:

a bore;

a table configured to support a patient and movable to

move the patient in and out of the bore; and
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a controller configured to:

obtain an initial ECG dataset acquired by an ECG
acquisition system from a patient on a table of the
MRI device prior to moving the patient into a bore of
the MRI device, wherein the initial ECG dataset
comprises the at least two channels of ECG data;

identify an initial set of R-peaks in the initial ECG
dataset, and determine initial R-peak characteristics
for at least one of the at least two channels of the
initial ECG dataset;

obtain a reference ECG dataset acquired by the ECG
acquisition system from the patient once the patient
is in the bore of the MRI device, wherein the
reference ECG dataset comprises the at least two
channels of ECG data;

identify a reference set of R-peaks in the reference
ECG dataset based on the initial R-peak character-
istics; and

generate R-peak reference data based on the reference
set of R-peaks, wherein the R-peak reference data is
formatted for use in triggering MR image data acqui-
sition.

15. The MRI device of claim 14, further comprising;

identifying a set of candidate peaks in each of the at least

two channels of the initial ECG dataset;

identifying the initial set of R-peaks in the initial ECG

data from the set of candidate peaks in the initial ECG
dataset;
identifying a set of candidate peaks in each of the at least
two channels of the reference ECG dataset; and

identifying the reference set of R-peaks in the reference
ECG data from the set of candidate peaks in the
reference ECG dataset.
16. The MRI device of claim 14, wherein the R-peak
detection module is further configured to identify each set of
candidate peaks by identifying relative maximums and rela-
tive minimums in each channel of ECG data and comparing
each relative maximum and relative minimum to one or
more thresholds.
17. The MRI device of claim 16, wherein the R-peak
detection module is further configured to:
identify a set of positive candidate peaks for each channel
as three or more positive candidate peaks with at least
one of a relative amplitude within a threshold ampli-
tude range and a slope within a threshold slope range;

identify a set of negative candidate peaks for each channel
as three or more negative candidate peaks with at least
one of a relative amplitude within the threshold ampli-
tude range and a slope within the threshold slope range;
and

identify the set of R-peaks as either the set of positive

candidate peaks or the set of negative candidate peaks.

18. The MRI device of claim 17, wherein the R-peak
detection module is further configured to:

calculate a combined likelihood that the set of positive

R-peaks represents an actual group of R-peaks and a
combined likelihood that the set of negative R-peaks
represents the actual group of R-peaks; and

select either the set of positive candidate peaks or the set

of negative candidate peaks with the greatest combined
likelihood as the set of R-peaks.

19. The MRI device of claim 18, wherein the R-peak
detection module is further configured to:
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reject the set of positive candidate peaks or the set of
negative candidate peaks if the combined likelihood is
less than a threshold combined likelihood;

wherein each combined likelihood is calculated based on
a variance in at least one of a relative amplitude of the
candidate peaks, a slope of the candidate peaks, and a
peak-to-peak interval of the candidate peaks in the
respective set of positive candidate peaks or set of
negative candidate peaks.

20. The MRI device of claim 14, further comprising:

a patient positioning system controlling movement of the
table of the MRI device;

wherein the R-peak detection module is further config-
ured to utilize input from the patient positioning system
regarding movement of the table to automatically
obtain the initial ECG dataset prior to movement of the
table to position the patient inside the bore, and auto-
matically obtain the reference ECG dataset after move-
ment of the table to position the patient inside the bore
is complete and prior to beginning an MR scan.
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