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Description
FIELD OF THE INVENTION

[0001] The presentinvention relates generally to med-
ical magnetic resonance imaging (MRI), and particularly
to cardiac MRI.

BACKGROUND OF THE INVENTION

[0002] Various techniques have been proposed for re-
ducing the degrading impact ofimage artifacts on cardiac
MRI studies. For example, U.S. Patent Application Pub-
lication 2009/0275822 describes a series of MR image
frames that depict a subject’s heart at successive cardiac
phases. Delayed enhancement of infarcted myocardium
is depicted in some of the image frames by administering
a contrast agent prior to data acquisition. Data acquisition
is performed in a single breath hold. The acquired MR
image frames depict contrast between blood, viable my-
ocardium and nonviable myocardium, and they depict
left ventricle wall thickness and wall thickening through-
out the cardiac cycle. In an embodiment, a scatter plot,
which has the T1* versus steady state value of every
image frame pixel is fed into a fuzzy clustering process
and the pixels are automatically separated into three
clusters. The pixels can then be color coded on a dis-
played image frame according to the tissue type which
it has been classified-infarcted myocardium, normal my-
ocardium or blood. From the probability values produced
by the fuzzy clustering process it is also possible to seg-
ment pixels made up of a mixture of infarcted myocardium
and normal myocardium. The number of pixels in this
resulting "gray zone" indicated by this mixture of two tis-
sue types has been shown to predict which subjects are
more likely to suffer cardiac arrhythmias.

[0003] As another example, U.S. Patent Application
Publication 2015/0192653 describes systems and meth-
ods for cardiac MRI that allow for continuous un-inter-
rupted acquisition without any ECG/cardiac gating or
synchronization that achieves the required image con-
trast for imaging perfusion defects. The invention also
teaches an accelerated image reconstruction technique
that is tailored to the data acquisition scheme and mini-
mizes or eliminates dark-rim image artifacts. The inven-
tion further enables concurrent imaging of perfusion and
myocardial wall motion (cardiac function), which can
eliminate the need for separate assessment of cardiac
function (hence shortening exam time), and/or provide
complementary diagnostic information in CAD patients.
In some embodiments, radial-geometry-based acquisi-
tion method and sampling method are applied to gener-
ate eight (8) real-time frames per second. No external
ECG signal or other forms of cardiac synchronization is
needed for this method.
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SUMMARY OF THE INVENTION

[0004] An embodiment of the present invention pro-
vides a method including receiving a plurality of voxel
values corresponding to respective locations in a heart,
which are acquired using magnetic resonance imaging
(MRI). Voxel values that, in spite of (i) corresponding to
asame location in the heart and (ii) being gated to a same
phase of an electrocardiogram (ECG) cycle of the heart,
differ by more than a predefined difference, are identified.
Animage of at least a portion of the heart is reconstructed
from the plurality of voxel values excluding at least the
identified voxel values.

[0005] Insomeembodiments, identifying the voxel val-
ues that differ by more than the predefined difference
includes constructing a scatter plot including multiple da-
ta points in a plane whose first and second axes denote
voxel values acquired in respective first and second MRI
acquisitions, wherein each data point represents the vox-
el values at a given location in the heart in the first and
second MRI acquisitions, and identifying one or more
data points that fall outside a predefined region in the
plane.

[0006] In some embodiments, reconstructing the im-
age includes skipping reconstruction of any image that
includes an acquisition taken during an identified arrhyth-
mia.

[0007] Inanembodiment, the method further includes,
in response to excluding the voxel values, adjusting a
thickness of the reconstructed image.

[0008] In another embodiment, the method further in-
cludes, in response to excluding the voxel values, ad-
justing a reconstruction filter used for reconstructing the
image.

[0009] There is additionally provided, in accordance
with an embodiment of the present invention, a system
including a memory and a processor. The memory is con-
figured to store a plurality of voxel values corresponding
to respective locations in a heart, which are acquired us-
ing magnetic resonance imaging (MRI). The processor
is configured to identify voxel values that, in spite of (i)
corresponding to a same location in the heart and (ii)
being gated to a same phase of an electrocardiogram
(ECG) cycle of the heart, differ by more than a predefined
difference. The processor is further configured to recon-
struct an image of at least a portion of the heart from the
plurality of voxel values excluding at least the identified
voxel values.

[0010] The present invention will be more fully under-
stood from the following detailed description of the em-
bodiments thereof, taken together with the drawings in
which:

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

Fig. 1 is a schematic, pictorial illustration of a cath-
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eter-based electroanatomical mapping system, in
accordance with an embodiment of the present in-
vention;

Figs. 2A and 2B are schematic, illustrative scatter-
plots comprising voxel-value patterns and respective
image types according to different cardiac rhythms,
in accordance with an embodiment of the present
invention;

Fig. 3 is a schematic, pictorial diagram thatillustrates
image filtration according to different cardiac
rhythms, in accordance with an embodiment of the
present invention; and

Fig. 4 is a flow chart that schematically illustrates a
method and algorithm for image filtration according
to different cardiac rhythms, in accordance with an
embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OVERVIEW

[0012] Cardiac magnetic resonance imaging (MRI) is
challenging due to the motion of the heart, which may
introduce motion-artifacts into the MRI images. One
method to minimize motion-artifacts is to gate the MRI
acquisitions using an electrocardiogram (ECG) signal of
the heart. An ECG signal is indicative, for example, of
the systolic and diastolic phases of the heart over a heart-
beat period. Therefore, using ECG gating, a series of
MRI acquisitions of the heart can be taken at specific,
recurring time-intervals, when, for example, the heart is
atits maximal dilation and nearly static for a brief duration.
An MRI image reconstructed from such ECG gated ac-
quisitions, which have all been acquired at a particular
phase of the cardiac cycle, would be relatively free of
motion-artifacts despite the acquisitions being collected
over the duration of several heartbeats.

[0013] However, for the ECG gating to be meaningful
(i.e., indicative of the phase of the heart), the heart has
to beat in a regular sinus rhythm. Thus, the occurrence
of an irregular beat, such as an ectopic beat, may signif-
icantly distort an MRI image (even if gating is used) by,
for example, the reconstructed image mixing phases of
the dilated heart and the contracted heart.

[0014] Embodiments of the present invention that are
described hereinafterfilter out, from a series of MRl signal
acquisitions (i.e., before the images were actually recon-
structed), signal acquisitions that would be distorted due
to an arrhythmic activity, such as an ectopic beat. The
filtration is typically done at the MRI signal level, before
the acquired signals are computer-processed into an im-
age (i.e., a slice).

[0015] In some embodiments, a processor receives a
plurality of voxel values corresponding to respective lo-
cations in a heart, which are acquired using MRI. The
processor identifies voxel values that, in spite of (i) cor-
responding to a same location in the heart and (ii) being
gated to the same phase of an electrocardiogram (ECG)
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cycle of the heart, differ by more than a predefined dif-
ference. Forexample, the processor may compare voxel-
values of selected voxels between two successive ac-
quisitions. Based on the identification, the processor re-
constructs an image of at least a portion of the heart from
the plurality of voxel values excluding at least the identi-
fied voxel values.

[0016] In an embodiment, the processor analyzes the
voxel-values by examining a voxel-value pattern, where-
in the voxel-value pattern is indicative of a type of a car-
diac rhythm. For successive acquisitions that are taken
during a normal sinus rhythm, there is no substantial
change of voxel values for any given selected voxel. If
there is anirregular beat, the voxel value for some voxels
in the heart changes, compared with previous gated vox-
el values. Based on the indication that the voxel-value
pattern provides, the processor determines whether a
later acquisition of each of the two successive acquisi-
tions was taken during an arrhythmia (i.e., by comparing
"present" voxel values, with "previous" voxel values). In
an embodiment, the processor skips the reconstruction
of any image that requires an acquisition taken during an
identified arrhythmia.

[0017] If the acquisitions are made with enough over-
lap, to have sufficient redundancy in voxel values, then
excluding the identified voxel values may not be visually
noticeable in the series of images, or noticeable in a de-
rived visualization such as a volume rendering. Other-
wise, in order not to introduce noticeable discontinuities
due to the disclosed image filtration, the slice thickness
of the reconstructed images could be adjusted and/or a
smoother reconstruction filter chosen.

[0018] Typically, the processor is programmed in soft-
ware containing a particular algorithm that enables the
processor to conduct each of the processor-related steps
and functions outlined above.

[0019] The resulting filtered series of MRI images en-
ables a physician to derive various visual representations
of at least a portion of the heart, which are relatively free
of motion-artifacts, despite being acquired during the
presence of an arrhythmia. The disclosed MRI image fil-
tration according to different cardiac rhythms may there-
fore facilitate the successful imaging of a patient’s heart
with an arrhythmia, and may therefore assist in the diag-
nosis and therapy of such patients.

SYSTEM DESCRIPTION

[0020] Fig. 1 is a schematic, pictorial illustration of a
catheter-based electroanatomical mapping system 20,
in accordance with an embodiment of the present inven-
tion. System 20 comprises a catheter 21, having a distal
end 22 that is navigated by a physician 30 into a heart
26 of a patient 28 via the vascular system. In the pictured
example, physician 30 inserts distal end 22 through a
sheath 23, while manipulating distal end 22 using a ma-
nipulator 32 near the proximal end of the catheter. As
shown in inset 25, distal end 22 comprises a magnetic
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position sensor 51 and an ablation electrode 50.

[0021] The proximal end of catheter 21 is connected
to a control console 24. Console 24 comprises a proces-
sor 39, typically a general-purpose computer, with suit-
able front end and interface circuits 38 for receiving sig-
nals from catheter 21, as well as for applying energy via
catheter 21 to ablate tissue in heart 26 and for controlling
the other components of system 20. Console 24 also
comprises a driver circuit 34, configured to drive mag-
netic field generators 36.

[0022] During navigation of distal end 22 in heart 26,
console 24 receives position and direction signals from
sensor 51 in response to magnetic fields from external
field generators 36. Magnetic field generators 36 are
placed at known positions external to patient 28, e.g.,
below a table 29 upon which the patient is lying. These
position signals are indicative, for example, of the posi-
tion of an ablation electrode 50 in the coordinate system
of the position tracking system.

[0023] The method of position and direction sensing
using external magnetic fields is implemented in various
medical applications, for example, in the CARTO™ sys-
tems, produced by Biosense-Webster, Irvine, California.
[0024] In alternative embodiments, the location of dis-
tal end 22 is tracked during the procedure using an Ad-
vanced Current Location (ACL) technique. In the ACL
technique, a plurality of external electrodes is coupled to
the body of patient 28. Electric currents are passed be-
tween an electrode of the catheter, such as electrode 50,
and the external electrodes. Based on respectively
measured impedances, processor 39 calculates the lo-
cation of electrode 50 within the patient’s heart.

[0025] The ACL technique of tracking electrode loca-
tions is implemented in various medical applications, for
example, in the CARTO™ system, produced by Bio-
sense-Webster Inc. (Irvine, California) and is described
indetailin U.S. Patents 8,456,182,7,756,576, 7,869,865,
7,848,787, and 7,848,789, whose disclosures are all in-
corporated herein by reference.

[0026] As seen, patient28 is placed inside an MRI sys-
tem 40. Console 24 is configured to acquire, reconstruct,
and present to physician 30 images of at least a portion
of heart 26, for example, on display 27. MRI system 40
may be used, for example, to show a portion of heart 26
in real-time, or, as another example, for acquiring and
reconstructingimages of a portion ofheart 26, for creating
an anatomical map of the portion of heart 26. In some
embodiments, the MRl images are acquired on a different
system (i.e., MRI system 40 is absent), and are uploaded
to processor 39 for the disclosed image filtration process.
[0027] Processor 39typically comprises a general-pur-
pose computer, which is programmed in software to carry
out the functions described herein. The software may be
downloaded to the computer in electronic form, over a
network, for example, or it may, alternatively or addition-
ally, be provided and/or stored on non-transitory tangible
media, such as magnetic, optical, or electronic memory.
In particular, processor 39 runs a dedicated algorithm as
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disclosed herein, including in Fig. 4, that enables proc-
essor 39 to perform the disclosed steps, as further de-
scribed below.

MRI IMAGE FILTRATION ACCORDING TO DIFFER-
ENT CARDIAC RHYTHMS

[0028] As noted above, voxel values that in spite of (i)
corresponding to a same location in the heart and (ii)
being gated to a same phase of an electrocardiogram
(ECG) cycle of the heart, differ by more than a predefined
difference, can be characterized and further analyzed
using scatterplots.

[0029] Figs. 2A and 2B are schematic, illustrative scat-
terplots comprising voxel-value patterns and respective
image types according to different cardiac rhythms, in
accordance with anembodiment of the presentinvention.
[0030] Fig. 2A is a schematic voxel-value pattern plot
for three successive, ECG-gated, MRI acquisitions taken
during a normal sinus rhythm. The three successive ac-
quisitions correspond to the same voxel, i.e., the same
location in the heart. From among the three acquisitions,
each successive pair of acquisitions yields data point in
the voxel-value pattern plot. As such, two data points are
shown in the figure. A boundary 44 about the bisector
line marks an area where any two successive acquisi-
tions with a voxel-pattern value falling inside can be used.
Thus, boundary 44 predefines the tolerable difference
between voxel values that, if exceeded, warrants discard-
ing of the acquisitions.

[0031] Asseen,the voxel-value pattern shows two val-
ues "1" that both fall inside the bounded area, which
means that the related acquisitions were taken during a
normal sinus rhythm. Note that the allowed variation in
voxel-pattern values inside the bounded area is due to
normal heart rate variations. Accordingly, the "image"
type shown on a respective image line is also character-
ized as "1," meaning that the image was reconstructed
from acquisitions taken during a normal sinus rhythm.
[0032] Fig. 2B is a schematic voxel-value plot for five
successive ECG-gated MRI acquisitions where the two
latter acquisition were taken during an arrhythmia. As
seen, the arrhythmia is characterized by the two latter
voxel-values changing outside the area bounded by
boundary 44. Accordingly, additional "image" types on
an image line are marked as types "2" and "3," being
characterized as reconstructions using an acquisition
taken during an arrhythmia (and thus images "2" and "3"
are of a degraded quality).

[0033] The exampleillustrations shownin Figs. 2A and
2B are chosen purely for the sake of conceptual clarity.
In an embodiment, when processor 39 identifies a devi-
ation of the voxel-pattern from the bisector line beyond
a given percentage (i.e., relative change in the MRI sig-
nal) as determined by a precalculated boundary 44, the
processor characterizes an image using the later acqui-
sition as an arrhythmia-affected image. Alternatively or
additionally, other criteria may be set, such as a change
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that exceeds a predefined difference in the MRI signal.
[0034] Fig. 3 is a schematic, pictorial diagram that il-
lustrates a method for image filtration according to differ-
ent cardiac rhythms, in accordance with an embodiment
of the present invention. According to legend 65, a given
series 60 of MRl images comprises two types of images:
images 62 that are reconstructed using acquisitions tak-
en during sinus rhythm, and images 64 whose recon-
struction requires an acquisition taken during an arrhyth-
mia. Each image 62a is an acceptable image that the
later, i.e., successive image 64, is filtered out of series
60 by processor 39 before it is reconstructed.

[0035] In an embodiment, in the exemplified case, se-
ries 60 comprises thin-slice (e.g., sub millimeter) images,
so as to ensure that skipping an image 64 will not hamper
the diagnostic quality of series 60.

[0036] Fig. 4 is a flow chart that schematically illus-
trates a method and algorithm for image filtration accord-
ing to different cardiac rhythms, in accordance with an
embodiment of the present invention. The algorithm ac-
cording to the present invention drives a process that
begins atan MRI acquisitions uploading step 70, in which
physician 30 uploads, from memory 33, MRI acquisitions
ECG-gated at a given cardiac phase. Typically, a recon-
struction using the acquisitions will generate at least one
MRIimage. Next, processor 28 examines corresponding
voxels in successive MRI acquisitions, at a voxel-value
comparison step 72. In an analysis step 74, using the
dedicated algorithm, processor 28 isolates from the ex-
amined acquisitions (e.g., by tagging bad acquisitions)
such that their voxel values differ significantly (in spite of
using gating) from their respective predecessor acquisi-
tion’s values. Then, processor 28 discards the isolated
acquisitions, at a filtering out step 76.

[0037] Atanextstep, processor 28 checks if remaining
acquisitions are sufficient for reconstructing the image
series (i.e., all remaining needed acquisitions were
done), at a reconstruction decision step 78. If there in not
enough acquisitions, the process returns to step 72 to
search for additional data. Otherwise, at a reconstruction
step 80, processor 28 reconstructs the MRI images and
generates volume rendering based on the remaining re-
constructions. For example, the processor skipped re-
constructing any image of the MRl series ofimages (e.g.,
an image 64 of series 60) that requires using an acqui-
sition classified as taken during an arrhythmia. Finally,
using the filtered series of MRI images, processor 28
generates a representation of the imaged heart, such as
a volume rendering, at a representation step 78.

[0038] The example algorithm shown in Fig. 4 is cho-
sen purely for the sake of conceptual clarity. The present
invention also comprises additional steps of the algo-
rithm, such as presenting an estimated type of arrhythmic
pattern that caused an image to be filtered out of the
series, which have been omitted from the disclosure
herein purposely in order to provide a more simplified
flow chart.

[0039] Although the embodiments described herein
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mainly address cardiac MRI imaging, the methods and
systems described herein can also be used in other ap-
plications, such as in cardiac imaging using computed
tomography (CT) or C-arm.

[0040] Itwill thus be appreciated that the embodiments
described above are cited by way of example, and that
the present invention is not limited to what has been par-
ticularly shown and described hereinabove. Rather, the
scope of the present invention includes both combina-
tions and sub-combinations of the various features de-
scribed hereinabove, as well as variations and modifica-
tions thereof which would occur to persons skilled in the
art upon reading the foregoing description and which are
not disclosed in the prior art. Documents incorporated by
reference in the present patent application are to be con-
sidered an integral part of the application except that to
the extent any terms are defined in these incorporated
documents in a manner that conflicts with the definitions
made explicitly or implicitly in the present specification,
only the definitions in the present specification should be
considered.

Claims
1. A method, comprising:

receiving a plurality of voxel values correspond-
ing to respective locations in a heart, which are
acquired using magnetic resonance imaging
(MRI);

identifying voxel values that, in spite of (i) cor-
responding to a same location in the heart and
(i) being gated to a same phase of an electro-
cardiogram (ECG) cycle of the heart, differ by
more than a predefined difference; and
reconstructing an image of at least a portion of
the heart from the plurality of voxel values ex-
cluding at least the identified voxel values.

2. Themethod according to claim 1, wherein identifying
the voxel values that differ by more than the prede-
fined difference comprises:

constructing a scatter plot comprising multiple
data points in a plane whose first and second
axes denote voxel values acquired in respective
firstand second MRI acquisitions, wherein each
data point represents the voxel values at a given
location in the heart in the first and second MR
acquisitions; and

identifying one or more data points that fall out-
side a predefined region in the plane.

3. The method according to claim 1, wherein recon-
structing the image comprises skipping reconstruc-
tion of any image that comprises an acquisition taken
during an identified arrhythmia.
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The method according to claim 1, and comprising,
in response to excluding the voxel values, adjusting
a thickness of the reconstructed image.

The method according to claim 1, and comprising,
in response to excluding the voxel values, adjusting
a reconstruction filter used for reconstructing the im-
age.

A system, comprising:

amemory, which is configured to store a plurality
of voxel values corresponding to respective lo-
cations in a heart, which are acquired using
magnetic resonance imaging (MRI); and

a processor, which is configured to:

identify voxel values that, in spite of (i) cor-
responding to a same location in the heart
and (ii) being gated to a same phase of an
electrocardiogram (ECG) cycle of the heart,
differ by more than a predefined difference;
and

reconstruct an image of at least a portion of
the heart from the plurality of voxel values
excluding at least the identified voxel val-
ues.

The system according to claim 6, wherein the proc-
essor is configured to identify the voxel values that
differ by more than the predefined difference by:

constructing a scatter plot comprising multiple
data points in a plane whose first and second
axes denote voxel values acquired in respective
firstand second MRI acquisitions, wherein each
data pointrepresents the voxel values at a given
location in the heart in the first and second MRI
acquisitions; and

identifying one or more data points that fall out-
side a predefined region in the plane.

The system according to claim 6, wherein the proc-
essor is configured to reconstruct the image by skip-
ping reconstruction of any image that comprises an
acquisition taken during an identified arrhythmia.

The system according to claim 6, wherein the proc-
essor is further configured to, in response to exclud-
ing the voxel values, adjust a thickness of the recon-
structed image.

The system according to claim 6, wherein the proc-
essor is further configured to, in response to exclud-
ing the voxel values, adjust a reconstruction filter
used for reconstructing the image.
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