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(57) ABSTRACT

In some aspects, the disclosed technology relates to reducing
respiratory-induced motion artifacts for accelerated imag-
ing. In one embodiment, magnetic resonance data may be
acquired for an area of a subject containing the heart. The
acquired data may include motion-corrupted data due to
respiration of the subject. From the acquired data, an image
may be independently reconstructed for each of a plurality
of time frames, with each time frame corresponding to one
of a plurality of heartbeats. A region containing the heart of
the subject may be automatically detected in the recon-
structed images, and rigid motion registration may be per-
formed on the region of the reconstructed images containing

Int. Cl. the heart. Based on the rigid motion registration, a linear
A61B 5/00 (2006.01) phase shift for motion correction may be determined. The
GOIR 33/565 (2006.01) linear phase shift may be applied to the motion-corrupted
GOIR 33/561 (2006.01) data to produce linear phase-shifted data, and a k-t image
A61B 5/055 (2006.01) reconstruction may be performed on the linear phase-shifted
GO6T 7/00 (2006.01) data to produce motion-corrected images.
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SYSTEMS AND METHODS FOR REDUCING
RESPIRATORY-INDUCED MOTION
ARTIFACTS FOR ACCELERATED IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This Application claims priority to, and benefit
under 35 U.S.C. §119(e) of, U.S. Provisional Patent Appli-
cation No. 62/244,555, filed Oct. 21, 2015, which is hereby
incorporated by reference herein in its entirety as if fully set
forth below.

STATEMENT OF RIGHTS UNDER
FEDERALLY-SPONSORED RESEARCH

[0002] This invention was made with government support
under grant K23 HIL112910-01, awarded by the National
Institutes of Health. The government has certain rights in
this invention.

BACKGROUND

[0003] Cardiac magnetic resonance (CMR) perfusion
imaging has significant advantages for cardiac stress testing,
including high diagnostic accuracy for detecting coronary
artery disease. Current clinical techniques, however, only
acquire three or four slices during a heartbeat with limited
spatial and temporal resolution ([1-3]). K-space over time
(k-t) accelerated techniques provide a powerful tool for
reducing the amount of data acquired during imaging. Spe-
cifically, known k-t accelerated techniques, such as k-t
sensitivity encoding (SENSE) ([4]) and k-t principal com-
ponent analysis (PCA) ([5,6]), utilize temporal correlations
in dynamic data to constrain image reconstruction. Although
these techniques can achieve high acceleration factors, they
are sensitive to motion (e.g. respiratory motion) as these
methods assume that a subject is not changing or moving
with respect to time. Therefore, images acquired using k-t
accelerated techniques often have motion-induced artifacts
caused by movement that can obscure a subject’s relevant
features Like k-t accelerated techniques, compressed sens-
ing techniques ([7]) enable highly accelerated acquisition.
However, compressed sensing techniques are also sensitive
to respiratory motion, which can cause image blurring.
Examples of compressed sensing techniques for dynamic
imaging series, such as myocardial perfusion imaging,
include L1-SPIRIT ([3,8]) and K-t SLR ([7]). On the other
hand, navigator gating based techniques ([9]), used primar-
ily for free breathing-coronary imaging, prolong image
acquisition time, require dedicated setup, and are prone to
errors due to the difference between diaphragmatic motion
and cardiac motion.

[0004] Known self correction strategies ([10]) extract
motion information from acquired data and then use the
extracted information during image reconstruction. There
has been significant interest and development in using
non-rigid registration techniques to correct for cardiac and
respiratory motion. However, these techniques are not
robust enough for routine clinical application in k-t-accel-
erated CMR perfusion imaging. Additionally, repeated
application of non-rigid registration operators can result in
image degradation due to repeated spatial interpolation

(.
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[0005] Tt is with respect to these and other considerations
that the various aspects of the disclosed technology as
described below are presented.

SUMMARY

[0006] Insome aspects, the disclosed technology relates to
reducing respiratory-induced motion artifacts for acceler-
ated imaging. In some embodiments, magnetic resonance
data may be acquired for an area of a subject containing the
heart. The acquired data may include motion-corrupted data
due to respiration of the subject. From the acquired data, an
image may be independently reconstructed for each of a
plurality of time frames, with each time frame corresponding
to one of a plurality of heartbeats. A region containing the
heart of the subject may be automatically detected in the
reconstructed images, and rigid motion registration may be
performed on the region of the reconstructed images con-
taining the heart. Based on the rigid motion registration, a
linear phase shift for motion correction may be determined.
The linear phase shift may be applied to the motion-
corrupted data to produce linear phase-shifted data, and a k-t
image reconstruction may be performed on the linear phase-
shifted data to produce motion-corrected images.

[0007] In one embodiment, the disclosed technology
relates to a method which includes acquiring magnetic
resonance data for an area of a subject containing the heart,
where the acquired magnetic resonance data includes
motion-corrupted data due to respiration of the subject. The
method also includes reconstructing, from the acquired
magnetic resonance data, an image for each time frame of a
plurality of time frames, where each time frame corresponds
to a single heartbeat of a plurality of heartbeats of the subject
and each respective image is reconstructed independently.
The method also includes automatically detecting, in the
reconstructed images, a region containing the heart of the
subject, and performing rigid motion registration on the
region of the reconstructed images containing the heart. The
method also includes determining a linear phase shift for
motion correction based on the rigid motion registration,
applying the linear phase shift to the acquired magnetic
resonance data with the motion-corrupted data to produce
linear phase-shifted data, and performing a k-t image recon-
struction on the linear phase-shifted data to produce motion-
corrected images.

[0008] Each respective image may be reconstructed inde-
pendently such as to avoid temporal blurring in images used
for image registration. The reconstructing, from the acquired
magnetic resonance data, of an image for each time frame of
the plurality of time frames may include parallel image
reconstruction. The parallel image reconstruction may
include iterative self-consistent parallel image reconstruc-
tion (SPIRiT).

[0009] Performing rigid registration on the region of the
reconstructed images containing the heart may include per-
forming registration in the image domain or k-space domain.
Determining, based on the rigid registration, the linear phase
shift may include deriving linear k-space shifts in the x and
y direction.

[0010] Acquiring the magnetic resonance data may
include performing k-t accelerated acquisition. Performing
the k-t image reconstruction on the linear phase-shifted data
to produce motion-corrected images may include k-t exploit-
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ing sparsity and low rank structure (k-t SLR), k-t principal
component analysis (k-t PCA), or k-t PCA with sensitivity
encoding (SENSE).

[0011] The magnetic resonance data may be acquired
during free-breathing of the subject or continuous data
acquisition in multiple phases of the cardiac cycle of the
heart of the subject. The magnetic resonance data may be
acquired using a Cartesian, radial, or spiral k-space trajec-
tory. Acquiring the magnetic resonance data may include
incoherent sampling, and the k-t image reconstruction may
include compressed sensing reconstruction exploiting spar-
sity in the temporal direction.

[0012] In another embodiment, the disclosed technology
relates to a system which includes a data acquisition device
configured to acquire magnetic resonance data for an area of
a subject containing the heart, where the acquired magnetic
resonance data includes motion-corrupted data due to res-
piration of the subject. The system also includes one or more
processors coupled to the data acquisition device and con-
figured to cause the system to perform specific functions.
The specific functions include reconstructing, from the
acquired magnetic resonance data, an image for each time
frame of a plurality of time frames, where each time frame
corresponds to a single heartbeat of a plurality of heartbeats
of the subject, and each respective image is reconstructed
independently. The specific functions also include automati-
cally detecting, in the reconstructed images, a region con-
taining the heart of the subject, and performing rigid motion
registration on the region of the reconstructed images con-
taining the heart. The specific functions also include deter-
mining, based on the rigid motion registration, a linear phase
shift for motion correction, applying the linear phase shift to
the acquired magnetic resonance data with the motion-
corrupted data to produce linear phase-shifted data, and
performing a k-t image reconstruction on the linear phase-
shifted data to produce motion-corrected images.

[0013] Each respective image may be reconstructed inde-
pendently such as to avoid temporal blurring in images used
for image registration. The reconstructing, from the acquired
magnetic resonance data, of an image for each time frame of
the plurality of time frames may include parallel image
reconstruction. The parallel image reconstruction may
include iterative self-consistent parallel image reconstruc-
tion (SPIRIT).

[0014] Performing rigid registration on the region of the
reconstructed images containing the heart may include per-
forming registration in the image domain or k-space domain.
Determining, based on the rigid registration, the linear phase
shift may include deriving linear k-space shifts in the x and
y direction.

[0015] Acquiring the magnetic resonance data may
include performing k-t accelerated acquisition. Performing
the k-t image reconstruction on the linear phase-shifted data
to produce motion-corrected images may include k-t exploit-
ing sparsity and low rank structure (k-t SLR), k-t principal
component analysis (k-t PCA), or k-t PCA with sensitivity
encoding (SENSE).

[0016] The magnetic resonance data may be acquired
during free-breathing of the subject or continuous data
acquisition in multiple phases of the cardiac cycle of the
heart of the subject. The magnetic resonance data may be
acquired using a Cartesian, radial, or spiral k-space trajec-
tory. Acquiring the magnetic resonance data may include
incoherent sampling and the k-t image reconstruction may
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include compressed sensing reconstruction exploiting spar-
sity in the temporal direction.

[0017] In yet another embodiment, the disclosed technol-
ogy relates to a non-transitory computer-readable medium
having stored instructions that, when executed by one or
more processors, cause a computing device to perform
specific functions. The specific functions include acquiring
magnetic resonance data for an area of a subject containing
the heart, where the acquired magnetic resonance data
includes motion-corrupted data due to respiration of the
subject. The specific functions also include reconstructing,
from the acquired magnetic resonance data, an image for
each time frame of a plurality of time frames, where each
time frame corresponds to a single heartbeat of a plurality of
heartbeats of the subject, and each respective image is
reconstructed independently. The specific functions also
include automatically detecting, in the reconstructed images,
a region containing the heart of the subject, and performing
rigid motion registration on the region of the reconstructed
images containing the heart. The specific functions also
include determining, based on the rigid motion registration,
a linear phase shift for motion correction, applying the linear
phase shift to the acquired magnetic resonance data with the
motion-corrupted data to produce linear phase-shifted data,
and performing a k-t image reconstruction on the linear
phase-shifted data to produce motion-corrected images.

[0018] Each respective image may be reconstructed inde-
pendently such as to avoid temporal blurring in images used
for image registration. The reconstructing, from the acquired
magnetic resonance data, of an image for each time frame of
the plurality of time frames may include parallel image
reconstruction. The parallel image reconstruction may
include iterative self-consistent parallel image reconstruc-
tion (SPIRiT).

[0019] Performing rigid registration on the region of the
reconstructed images containing the heart may include per-
forming registration in the image domain or k-space domain.
Determining, based on the rigid registration, the linear phase
shift may include deriving linear k-space shifts in the x and
y direction.

[0020] Acquiring the magnetic resonance data may
include performing k-t accelerated acquisition. Performing
the k-t image reconstruction on the linear phase-shifted data
to produce motion-corrected images may include k-t exploit-
ing sparsity and low rank structure (k-t SLR), k-t principal
component analysis (k-t PCA), or k-t PCA with sensitivity
encoding (SENSE).

[0021] The magnetic resonance data may be acquired
during free-breathing of the subject or continuous data
acquisition in multiple phases of the cardiac cycle of the
heart of the subject. The magnetic resonance data may be
acquired using a Cartesian, radial, or spiral k-space trajec-
tory. Acquiring the magnetic resonance data may include
incoherent sampling, and the k-t image reconstruction may
include compressed sensing reconstruction exploiting spar-
sity in the temporal direction.

[0022] Other aspects and features according to the
example embodiments of the disclosed technology will
become apparent to those of ordinary skill in the art, upon
reviewing the following detailed description in conjunction
with the accompanying figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Reference will now be made to the accompanying
drawings, which are not necessarily drawn to scale.

[0024] FIG. 1 is a system diagram illustrating an imaging
system capable of implementing aspects of the disclosed
technology in accordance with one or more example
embodiments.

[0025] FIG. 2 is a computer architecture diagram showing
a general computing system capable of implementing
aspects of the disclosed technology in accordance with one
or more example embodiments.

[0026] FIG. 3 is a block diagram illustrating a method for
reducing respiratory-induced motion artifacts for CMR per-
fusion imaging in accordance with one example embodi-
ment.

[0027] FIG. 4 shows k-t PCA and k-t exploiting sparsity
and low rank structure (k-t SLR) reconstructed images of a
phantom with and without motion compensation (MC).
[0028] FIG. 5 shows various k-t PCA and k-t SLR recon-
structed images of a patient with and without motion com-
pensation using retrospective reconstruction.

[0029] FIG. 6 shows various k-t PCA and k-t SLR recon-
structed images of a patient with and without motion com-
pensation using prospective acquisition.

[0030] FIG. 7 shows various k-t PCA and k-t SLR recon-
structed images of three patients with and without motion
compensation, where the patients showed significant respi-
ratory motion during image acquisition.

DETAILED DESCRIPTION

[0031] Insome aspects, the disclosed technology relates to
a simple and robust motion-compensation strategy for selec-
tively correcting respiratory-induced artifacts using rigid
motion registration. Although example embodiments of the
disclosed technology are explained in detail herein, it is to
be understood that other embodiments are contemplated.
Accordingly, it is not intended that the disclosed technology
be limited in its scope to the details of construction and
arrangement of components set forth in the following
description or illustrated in the drawings. The disclosed
technology is capable of other embodiments and of being
practiced or carried out in various ways.

[0032] It must also be noted that, as used in the specifi-
cation and the appended claims, the singular forms “a,” “an”
and “the” include plural referents unless the context clearly
dictates otherwise. Ranges may be expressed herein as from
“about” or “approximately” one particular value and/or to
“about” or “approximately” another particular value. When
such a range is expressed, other exemplary embodiments
include from the one particular value and/or to the other
particular value.

[0033] By “comprising” or “containing” or “including” is
meant that at least the named compound, element, particle,
or method step is present in the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, material, particles, method steps have the
same function as what is named.

[0034] In describing example embodiments, terminology
will be resorted to for the sake of clarity. It is intended that
each term contemplates its broadest meaning as understood
by those skilled in the art and includes all technical equiva-
lents that operate in a similar manner to accomplish a similar
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purpose. It is also to be understood that the mention of one
or more steps of a method does not preclude the presence of
additional method steps or intervening method steps
between those steps expressly identified. Steps of a method
may be performed in a different order than those described
herein without departing from the scope of the disclosed
technology. Similarly, it is also to be understood that the
mention of one or more components in a device or system
does not preclude the presence of additional components or
intervening components between those components
expressly identified.

[0035] As discussed herein, a “subject” (or “patient”) may
be any applicable human, animal, or other organism, living
or dead, or other biological or molecular structure or chemi-
cal environment, and may relate to particular components of
the subject, for instance specific organs, tissues, or fluids of
a subject, may be in a particular location of the subject,
referred to herein as an “area of interest” or a “region of
interest.”

[0036] Some references, which may include various pat-
ents, patent applications, and publications, are cited in a
reference list and discussed in the disclosure provided
herein. The citation and/or discussion of such references is
provided merely to clarify the description of the disclosed
technology and is not an admission that any such reference
is “prior art” to any aspects of the disclosed technology
described herein. In terms of notation, “[n]” corresponds to
the n” reference in the list. For example, [3] refers to the 3™
reference in the list, namely Lustig M, Pauly ] M. SPIRiT:
Iterative self-consistent parallel imaging reconstruction
from arbitrary k-Space. Magn Reson Med. 2010; 64: 457-
71. All references cited and discussed in this specification
are incorporated herein by reference in their entireties and to
the same extent as if each reference was individually incor-
porated by reference.

[0037] A detailed description of aspects of the disclosed
technology, in accordance with various example embodi-
ments, will now be provided with reference to the accom-
panying drawings. The drawings form a part hereof and
show, by way of illustration, specific embodiments and
examples. In referring to the drawings, like numerals rep-
resent like elements throughout the several figures.

[0038] FIG. 1is a system diagram illustrating an operating
environment capable of implementing aspects of the dis-
closed technology in accordance with one or more example
embodiments. FIG. 1 illustrates an example of a magnetic
resonance imaging (MRI) system 100, including a data
acquisition and display computer 150 coupled to an operator
console 110, an MRI real-time control sequencer 152, and an
MRI subsystem 154. The MRI subsystem 154 may include
XYZ magnetic gradient coils and associated amplifiers 168,
a static Z-axis magnet 169, a digital RF transmitter 162, a
digital RF receiver 160, a transmit/receive switch 164, and
RF coil(s) 166. The MRI subsystem 154 may be controlled
in real time by control sequencer 152 to generate magnetic
and radio frequency fields that stimulate magnetic resonance
phenomena in a subject P to be imaged, for example, to
implement magnetic resonance imaging sequences in accor-
dance with various example embodiments of the disclosed
technology described herein. An image of an area of interest
A of the subject P (which may also be referred to herein as
a “region of interest”) may be shown on display 158. The
display 158 may be implemented through a variety of output
interfaces, including a monitor, printer, or data storage.
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[0039] The area of interest A corresponds to a region
associated with one or more physiological activities in
subject P. The area of interest shown in the example embodi-
ment of FIG. 1 corresponds to a chest region of subject P, but
it should be appreciated that the area of interest for purposes
of implementing various aspects of the disclosure presented
herein is not limited to the chest area. It should be recog-
nized and appreciated that the area of interest in various
embodiments may encompass various areas of subject P
associated with various physiological characteristics, such
as, but not limited to the heart region. Physiological activi-
ties that may be evaluated by methods and systems in
accordance with various embodiments of the disclosed tech-
nology may include, but are not limited to cardiac activity
and conditions.

[0040] It should be appreciated that any number and type
of computer-based medical imaging systems or components,
including various types of commercially available medical
imaging systems and components, may be used to practice
certain aspects of the disclosed technology. Systems as
described herein with respect to example embodiments are
not intended to be specifically limited to magnetic resonance
imaging (MRI) implementations or the particular system
shown in FIG. 1.

[0041] One or more data acquisition or data collection
steps as described herein in accordance with one or more
embodiments may include acquiring, collecting, receiving,
or otherwise obtaining data such as imaging data corre-
sponding to an area of interest. By way of example, data
acquisition or collection may include acquiring data via a
data acquisition device, receiving data from an on-site or
off-site data acquisition device or from another data collec-
tion, storage, or processing device. Similarly, data acquisi-
tion or data collection devices of a system in accordance
with one or more embodiments of the disclosed technology
may include any device configured to acquire, collect, or
otherwise obtain data, or to receive data from a data acqui-
sition device within the system, an independent data acqui-
sition device located on-site or off-site, or another data
collection, storage, or processing device.

[0042] FIG. 2 is a computer architecture diagram showing
a general computing system capable of implementing
aspects of the disclosed technology in accordance with one
or more embodiments described herein. A computer 200
may be configured to perform one or more functions asso-
ciated with embodiments illustrated in one or more of FIGS.
3-7. For example, the computer 200 may be configured to
perform various aspects of reducing respiratory-induced
motion artifacts for accelerated imaging in accordance with
example embodiments, such as magnetic resonance imaging
data acquisition, image reconstruction, automatic detection
of a region of interest, rigid registration, determining and
applying a linear phase shift, and producing motion-cor-
rected images. It should be appreciated that the computer
200 may be implemented within a single computing device
or a computing system formed with multiple connected
computing devices. The computer 200 may be configured to
perform various distributed computing tasks, in which pro-
cessing and/or storage resources may be distributed among
the multiple devices. The data acquisition and display com-
puter 150 and/or operator console 110 of the system shown
in FIG. 1 may include one or more systems and components
of the computer 200.
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[0043] As shown, the computer 200 includes a processing
unit 202 (“CPU”), a system memory 204, and a system bus
206 that couples the memory 204 to the CPU 202. The
computer 200 further includes a mass storage device 212 for
storing program modules 214. The program modules 214
may be operable to perform associated with embodiments
illustrated in one or more of FIGS. 3-7 discussed below. The
program modules 214 may include an imaging application
218 for performing data acquisition and/or processing func-
tions as described herein, for example to acquire and/or
process image data corresponding to magnetic resonance
imaging of an area of interest. The computer 200 can include
a data store 220 for storing data that may include imaging-
related data 222 such as acquired data from the implemen-
tation of magnetic resonance imaging in accordance with
various embodiments of the disclosed technology.

[0044] The mass storage device 212 is connected to the
CPU 202 through a mass storage controller (not shown)
connected to the bus 206. The mass storage device 212 and
its associated computer-storage media provide non-volatile
storage for the computer 200. Although the description of
computer-storage media contained herein refers to a mass
storage device, such as a hard disk or CD-ROM drive, it
should be appreciated by those skilled in the art that com-
puter-storage media can be any available computer storage
media that can be accessed by the computer 200.

[0045] By way of example and not limitation, computer
storage media (also referred to herein as “computer-readable
storage medium” or “computer-readable storage media™)
may include volatile and non-volatile, removable and non-
removable media implemented in any method or technology
for storage of information such as computer-storage instruc-
tions, data structures, program modules, or other data. For
example, computer storage media includes, but is not limited
to, RAM, ROM, EPROM, EEPROM, flash memory or other
solid state memory technology, CD-ROM, digital versatile
disks (“DVD”), HD-DVD, BLU-RAY, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk stor-
age or other magnetic storage devices, or any other medium
which can be used to store the desired information and
which can be accessed by the computer 200. “Computer
storage media”, “computer-readable storage medium” or
“computer-readable storage media” as described herein do
not include transitory signals.

[0046] According to various embodiments, the computer
200 may operate in a networked environment using connec-
tions to other local or remote computers through a network
216 via a network interface unit 210 connected to the bus
206. The network interface unit 210 may facilitate connec-
tion of the computing device inputs and outputs to one or
more suitable networks and/or connections such as a local
area network (LAN), a wide area network (WAN), the
Internet, a cellular network, a radio frequency (RF) network,
a Bluetooth-enabled network, a Wi-Fi enabled network, a
satellite-based network, or other wired and/or wireless net-
works for communication with external devices and/or sys-
tems. The computer 200 may also include an input/output
controller 208 for receiving and processing input from any
of a number of input devices. Input devices may include one
or more of keyboards, mice, stylus, touchscreens, micro-
phones, audio capturing devices, and image/video capturing
devices. An end user may utilize the input devices to interact
with a user interface, for example a graphical user interface,
for managing various functions performed by the computer
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200. The bus 206 may enable the processing unit 202 to read
code and/or data to/from the mass storage device 212 or
other computer-storage media. The computer-storage media
may represent apparatus in the form of storage elements that
are implemented using any suitable technology, including
but not limited to semiconductors, magnetic materials,
optics, or the like. The computer-storage media may repre-
sent memory components, whether characterized as RAM,
ROM, flash, or other types of technology.

[0047] The computer storage media may also represent
secondary storage, whether implemented as hard drives or
otherwise. Hard drive implementations may be character-
ized as solid state, or may include rotating media storing
magnetically-encoded information. The program modules
214, which include the imaging application 218, may
include instructions that, when loaded into the processing
unit 202 and executed, cause the computer 200 to provide
functions associated with one or more example embodi-
ments and implementations illustrated in FIGS. 3-7. The
program modules 214 may also provide various tools or
techniques by which the computer 200 may participate
within the overall systems or operating environments using
the components, flows, and data structures discussed
throughout this description.

[0048] In general, the program modules 214 may, when
loaded into the processing unit 202 and executed, transform
the processing unit 202 and the overall computer 200 from
a general-purpose computing system into a special-purpose
computing system. The processing unit 202 may be con-
structed from any number of transistors or other discrete
circuit elements, which may individually or collectively
assume any number of states. More specifically, the pro-
cessing unit 202 may operate as a finite-state machine, in
response to executable instructions contained within the
program modules 214. These computer-executable instruc-
tions may transform the processing unit 202 by specifying
how the processing unit 202 transitions between states,
thereby transforming the transistors or other discrete hard-
ware elements constituting the processing unit 202. Encod-
ing the program modules 214 may also transform the
physical structure of the computer-storage media. The spe-
cific transformation of physical structure may depend on
various factors, in different implementations of this descrip-
tion. Examples of such factors may include, but are not
limited to the technology used to implement the computer-
storage media, whether the computer storage media are
characterized as primary or secondary storage, and the like.
For example, if the computer storage media are imple-
mented as semiconductor-based memory, the program mod-
ules 214 may transform the physical state of the semicon-
ductor memory, when the software is encoded therein. For
example, the program modules 214 may transform the state
of transistors, capacitors, or other discrete circuit elements
constituting the semiconductor memory.

[0049] As another example, the computer storage media
may be implemented using magnetic or optical technology.
In such implementations, the program modules 214 may
transform the physical state of magnetic or optical media,
when the software is encoded therein. These transformations
may include altering the magnetic characteristics of particu-
lar locations within given magnetic media. These transfor-
mations may also include altering the physical features or
characteristics of particular locations within given optical
media, to change the optical characteristics of those loca-
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tions. Other transformations of physical media are possible
without departing from the scope of the present description,
with the foregoing examples provided only to facilitate this
discussion.

[0050] Further details of certain exaniple embodiments of
the disclosed technology will now be discussed.

[0051] In accordance with some example embodiments,
the disclosed technology can enable selective motion-com-
pensation in a region of interest through derivation of linear
k-space phase shifts using rigid motion registration. The
described motion-compensation techniques can be particu-
larly applicable in imaging of the heart (such as CMR
perfusion), especially imaging utilizing k-t accelerated tech-
niques or compressed sensing techniques when a subject is
breathing. As perfusion images are acquired in a single
phase within the cardiac cycle, the predominant intra-frame
motion is due to bulk respiratory motion, which is predomi-
nantly rigid. As it turns out, rigid deformations can be
robustly estimated using rigid motion registration of a heart
region. In some example embodiments, by using the Fourier
shift theorem, raw image data can be phase-shifted in
k-space, following the rigid deformations estimated using
rigid motion registration prior to k-t reconstruction. Incor-
porating rigid motion registration to derive linear phase
shifts and correct motion-induced artifacts can limit repeated
spatial interpolation, which may cause image blurring.
[0052] FIG. 3 illustrates a method 300 for reducing respi-
ratory-induced motion artifacts in k-t accelerated CMR
perfusion imaging, in accordance with an example embodi-
ment of the disclosed technology. At 305, magnetic reso-
nance data from a subject is acquired over time, for example
with one image at each slice location in each heartbeat of a
30-60 second acquisition. In some embodiments, the
acquired magnetic resonance data is motion-corrupted mag-
netic resonance data. When data is acquired during each
heartbeat, the subject may be breathing or improperly hold-
ing their breath, which can corrupt at least a portion of the
magnetic resonance data and create one or more respiratory-
induced artifacts, visible in a series of reconstructed images.
[0053] From the acquired magnetic resonance data, at 310
a plurality of images of the subject can be reconstructed
using a parallel imaging reconstruction technique. In some
embodiments, parallel image reconstruction may include
using a reconstruction technique, such as iterative self-
consistent parallel image reconstruction (SPIRiT). Respec-
tive images are reconstructed independently from one
another. Independent reconstruction (i.e., not relying on
temporal correlation between successive images) of respec-
tive images limits blurring, which can occur with k-t image
reconstruction.

[0054] At 315, a heart region can be automatically
detected. The automatic detection can include taking the
standard deviation of the image and detecting the signal
intensities of the contrasted image to identify a region of
interest, such as the heart cavity. In some embodiments,
automatic detection can comprise automatically detecting a
rectangular region of interest.

[0055] Once the heart region is automatically detected at
315, rigid motion registration of the heart region can be
performed, at 320. Rigid motion registration can include
aligning one or more respective images and estimating the
displacement between the one or more respective images.
From the estimated displacement, one or more linear phase
shifts in the x and y directions can be derived. The one or
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more linear phase shifts can be applied to the motion-
corrupted magnetic resonance data, at 325. In some embodi-
ments, the linear phase shifts can be applied to all the
magnetic resonance data acquired of a subject. Phase-shift-
ing all of the magnetic resonance data, using phase shifts
derived from a region around the heart can reduce motion
artifacts in the heart region despite blurring of irrelevant
areas around the region. Motion-corrected low resolution
images can be directly reconstructed (see 330) and the low
resolution images can be used for calibration of coil sensi-
tivity, reconstruction kernels, or training data, in cases such
as k-t PCA where explicit training data is used for the
reconstruction (see, e.g., 335 and 340).

[0056] In some embodiments, and as seen at FIG. 3,
motion-corrected images can be reconstructed from the
phase-shifted data using a k-t accelerated imaging tech-
nique. It should be appreciated that that the described motion
compensation technique can be used with a variety of
accelerated imaging techniques, including but not limited to
compressed sensing imaging, e.g., k-t exploiting sparsity
and low rank structure (k-t SLR), and k-t accelerated tech-
niques, such as k-t principal component analysis (k-t PCA),
or k-t PCA with sensitivity encoding (SENSE).

[0057] In embodiments specifically incorporating k-t PCA
or k-t PCA with SENSE, as illustrated at FIG. 3, data may
be trained to estimate the PCA basis functions used for
reconstruction (see 335) and sensitivity maps (see 340) can
be acquired from the magnetic resonance data for use in
image reconstruction, at 345. Using the estimated PCA basis
functions and sensitivity maps, an image can be recon-
structed using k-t PCA and SENSE (see 345 and 350). It will
be appreciated that in certain embodiments, such as embodi-
ments incorporating compressed sensing, such as k-t SLR,
images may be reconstructed directly from the phase-shifted
magnetic resonance data without estimating PCA basis
functions and/or estimating a coil sensitivity map.

EXAMPLE IMPLEMENTATIONS AND
RESULTS

[0058] Various aspects of the disclosed technology may be
still more fully understood from the following description of
example implementations and corresponding results and the
images of FIGS. 4-7. Some experimental data are presented
herein for purposes of illustration and should not be con-
strued as limiting the scope of the disclosed technology in
any way or excluding any alternative or additional embodi-
ments.

METHODS
[0059] Phantom Studies
[0060] A MRXCAT phantom was imaged utilizing k-t

PCA with motion correction and k-t SLR with motion
correction ([12]). A 4x accelerated variable density k-t
sampling pattern was used to fully sample the central 24
lines while under-sampling the remaining lines following a
Poisson disk distribution. K-t PCA with motion correction
and k-t SLR with motion correction (MC) were performed
in accordance with methods described above with respect to
certain aspects of FIG. 3. Additionally, k-t PCA and k-t SLR
without motion correction were performed for comparison.
[0061] FIG. 4 shows various k-t PCA and k-t SLR recon-
structed images with and without motion compensation of a
phantom. The top row of images shows reconstructed
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images of the entire body cavity of the phantom at one time
frame, while the bottom row of images shows specifically
the heart region of interest at one time frame.

[0062] Retrospective Reconstruction

[0063] The eflicacy of k-t PCA with motion correction and
k-t SLR with motion correction was verified using retro-
spective reconstruction. Multi-slice 2D saturation-recovery
first-pass perfusion imaging was performed on 4 patients on
a 1.5 T scanner with a standard body-phased array RF coil.
For each patient, fully sampled magnetic resonance data was
acquired. The fully sampled magnetic resonance data was
retrospectively subjected to 4x under-sampling following a
Poisson disc distribution with 14 center lines. Image recon-
struction was performed using both k-t PCA and k-t SLR
with the motion-compensation strategies described with
respect to FIG. 3. To verify the effectiveness of the described
motion compensation techniques, data was reconstructed
using k-t PCA without motion compensation.

[0064] FIG. 5 shows various k-t PCA and k-t SLR recon-
structed images of a patient with and without motion com-
pensation using retrospective reconstruction. The top row of
images shows reconstruction of the entire body cavity of the
patient at one time frame, and the bottom row of images
shows reconstruction within a heart region of interest at one
time frame.

[0065] In-Vivo Studies with Prospective Acquisition
[0066] Multi-slice 2D saturation-recovery first-pass gado-
linilum-enhanced data were collected from 10 patients on a
1.5 T scanner using a 5-channel phased-array RF coil. For
each patient, 3 short-axis slices were acquired per heartbeat
for 50-70 heartbeats. The 4x accelerated variable density k-t
sampling pattern fully sampled the central 10 phase-encod-
ing lines while the other 30 phase-encoding lines were
undersampled following a Poisson disk distribution. Other
parameters included: FOV 320 mm, Matrix 160x160, 40
phase-encoding lines/image, spatial resolution 2 mmx2 mm,
slice thickness 8 mm, TR 2.4 ms, saturation recovery time
100 ms, acquisition window per slice 96 ms.

[0067] For verification of effectiveness of the motion
compensation technique, data was reconstructed using K-t
PCA and K-t SLR without motion compensation for com-
parison of a heart region of interest. FIG. 6 shows various k-t
PCA and k-t SLR reconstructed images of a patient with and
without motion compensation using prospective acquisition
in accordance with one or more example embodiments.
Additionally, the images reconstructed using an accelerated
imaging technique are compared to SPIRIT reconstructed
images, which have extensive motion-induced artifacts. The
top row of images shows reconstruction of the entire body
cavity of the patient at one time frame, and the bottom row
of images shows reconstruction within a heart region of
interest at one time frame.

RESULTS

[0068] FIG. 7 shows k-t PCA reconstructed images with
and without motion compensation and k-t SLR images with
and without motion compensation from three patients with
significant respiratory motion during image acquisition.
From the images shown in the top three rows in FIG. 7, it can
be seen that the reconstructed images using both k-t PCA
and k-t SLR with the described motion compensation tech-
niques have much sharper edges and clearly delineated
structures within the ventricle that are not well visualized in
the non-motion compensated images. From the x-t profiles



US 2017/0112449 Al

shown in the bottom three rows in FIG. 7, it can be seen for
both patient P1 and patient P2 that the motion artifacts are
significantly reduced by the described motion compensation
techniques without over-smoothing the temporal signals
despite considerable respiratory motion during image acqui-
sition. The respiratory motion of Patient P3 was rapid and
shallow during acquisition, but the improvement in image
quality is evident in the image reconstruction and in the x-t
profiles of the motion corrected images.

DISCUSSION

[0069] According to certain implementations of embodi-
ments of the present disclosure, the described motion com-
pensation techniques can, among other advantages and
benefits provided, remove respiratory-induced motion arti-
facts in a heart region of interest. The described motion
compensation techniques can remove image artifacts at the
expense of some motion degradation of irrelevant anatomy
remote from the heart. This property makes the described
motion compensation techniques suitable for CMR perfu-
sion imaging, or other CMR applications where the myo-
cardium is the only region of interest, for instance. In cases
of multi-phase CMR imaging, such as for ¢ine imaging of
heart function, the registration can be performed between
images acquired at similar phases of the cardiac cycle, and
as such the primary motion corruption will be from respi-
ratory motion. In addition, the described motion compensa-
tion techniques improve known methods, limited to non-
rigid registration operators, as it only phase-shifts the
magnetic resonance data and therefore avoids the spatial
blurring associated with repeated application of these non-
rigid registration operators. Additionally, some embodi-
ments of motion compensation techniques described herein
improve image quality for k-t acceleration (k-t PCA) and
compressed sensing (k-t SLR) techniques, typically sensi-
tive to respiratory motion.

CONCLUSION

[0070] The specific configurations, choice of materials and
the size and shape of various elements can be varied
according to particular design specifications or constraints
requiring a system or method constructed according to the
principles of the disclosed technology. Such changes are
intended to be embraced within the scope of the disclosed
technology. The presently disclosed embodiments, there-
fore, are considered in all respects to be illustrative and not
restrictive. The patentable scope of certain embodiments of
the disclosed technology is indicated by the appended
claims, rather than the foregoing description, and all changes
that come within the meaning and range of equivalents
thereof are intended to be embraced therein.
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What is claimed is:

1. A method, comprising:

acquiring magnetic resonance data for an area of a subject

containing the heart, wherein the acquired magnetic
resonance data comprises motion-corrupted data due to
respiration of the subject;

reconstructing, from the acquired magnetic resonance

data, an image for each time frame of a plurality of time
frames, wherein each time frame corresponds to a
single heartbeat of a plurality of heartbeats of the
subject and each respective image is reconstructed
independently;

automatically detecting, in the reconstructed images, a

region containing the heart of the subject;

performing rigid motion registration on the region of the

reconstructed images containing the heart;

determining, based on the rigid motion registration, a

linear phase shift for motion correction;

applying the linear phase shift to the acquired magnetic

resonance data with the motion-corrupted data to pro-
duce linear phase-shifted data; and

performing a k-t image reconstruction on the linear phase-

shifted data to produce motion-corrected images.

2. The method of claim 1, wherein each respective image
is reconstructed independently such as to avoid temporal
blurring in images used for image registration.

3. The method of claim 1, wherein reconstructing, from
the acquired magnetic resonance data, an image for each
time frame of a plurality of time frames comprises parallel
image reconstruction.
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4. The method of claim 3, wherein the parallel image
reconstruction comprises iterative self-consistent parallel
image reconstruction (SPIRiT).
5. The method of claim 1, wherein performing rigid
registration on the region of the reconstructed images con-
taining the heart comprises performing registration in the
image domain or k-space domain.
6. The method of claim 1, wherein determining, based on
the rigid registration, the linear phase shift comprises deriv-
ing linear k-space shifts in the x and y direction.
7. The method of claim 1, wherein acquiring the magnetic
resonance data comprises performing k-t accelerated acqui-
sition.
8. The method of claim 1, wherein performing the k-t
image reconstruction on the linear phase-shifted data to
produce motion-corrected images comprises k-t exploiting
sparsity and low rank structure (k-t SLR), k-t principal
component analysis (k-t PCA), or k-t PCA with sensitivity
encoding (SENSE).
9. The method of claim 1, wherein the magnetic resonance
data is acquired during free-breathing of the subject or
continuous data acquisition in multiple phases of the cardiac
cycle of the heart of the subject.
10. The method of claim 1, wherein the magnetic reso-
nance data is acquired using a Cartesian, radial, or spiral
k-space trajectory.
11. The method of claim 1, wherein acquiring the mag-
netic resonance data comprises incoherent sampling and the
k-t image reconstruction comprises compressed sensing
reconstruction exploiting sparsity in the temporal direction.
12. A system, comprising;
a data acquisition device configured to acquire magnetic
resonance data for an area of a subject containing the
heart, wherein the acquired magnetic resonance data
comprises motion-corrupted data due to respiration of
the subject; and
one or more processors coupled to the data acquisition
device and configured to cause the system to perform
functions including:
reconstructing, from the acquired magnetic resonance
data, an image for each time frame of a plurality of
time frames, wherein each time frame corresponds to
a single heartbeat of a plurality of heartbeats of the
subject and each respective image is reconstructed
independently;

automatically detecting, in the reconstructed images, a
region containing the heart of the subject;

performing rigid motion registration on the region of
the reconstructed images containing the heart;

determining, based on the rigid motion registration, a
linear phase shift for motion correction;

applying the linear phase shift to the acquired magnetic
resonance data with the motion-corrupted data to
produce linear phase-shifted data; and

performing a k-t image reconstruction on the linear
phase-shifted data to produce motion-corrected
images.

13. The system of claim 12, wherein each respective
image is reconstructed independently such as to avoid
temporal blurring in images used for image registration.
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14. The system of claim 12, wherein reconstructing, from
the acquired magnetic resonance data, an image for each
time frame of a plurality of time frames comprises parallel
image reconstruction.

15. The system of claim 14, whetrein the parallel image
reconstruction comprises iterative self-consistent parallel
image reconstruction (SPIRIT).

16. The system of claim 12, wherein performing rigid
registration on the region of the reconstructed images con-
taining the heart comprises performing registration in the
image domain or k-space domain.

17. The system of claim 12, wherein determining, based
on the rigid registration, the linear phase shift comprises
deriving linear k-space shifts in the x and y direction.

18. The system of claim 12, wherein acquiring the mag-
netic resonance data comprises performing k-t accelerated
acquisition.

19. The system of claim 12, wherein performing the k-t
image reconstruction on the linear phase-shifted data to
produce motion-corrected images comprises k-t exploiting
sparsity and low rank structure (k-t SLR), k-t principal
component analysis (k-t PCA), or k-t PCA with sensitivity
encoding (SENSE).

20. The system of claim 12, wherein the magnetic reso-
nance data is acquired during free-breathing of the subject or
continuous data acquisition in multiple phases of the cardiac
cycle of the heart of the subject.

21. The system of claim 12, wherein the magnetic reso-
nance data is acquired using a Cartesian, radial, or spiral
k-space trajectory.

22. The system of claim 12, wherein acquiring the mag-
netic resonance data comprises incoherent sampling and the
k-t image reconstruction comprises compressed sensing
reconstruction exploiting sparsity in the temporal direction.

23. A non-transitory computer-readable medium having
stored instructions that, when executed by one or more
processors, cause a computing device to perform functions
that comprise:

acquiring magnetic resonance data for an area of a subject

containing the heart, wherein the acquired magnetic
resonance data comprises motion-corrupted data due to
respiration of the subject;

reconstructing, from the acquired magnetic resonance

data, an image for each time frame of a plurality of time
frames, wherein each time frame corresponds to a
single heartbeat of a plurality of heartbeats of the
subject and each respective image is reconstructed
independently;

automatically detecting, in the reconstructed images, a

region containing the heart of the subject;

performing rigid motion registration on the region of the

reconstructed images containing the heart;

determining, based on the rigid motion registration, a

linear phase shift for motion correction;

applying the linear phase shift to the acquired magnetic

resonance data with the motion-corrupted data to pro-
duce linear phase-shifted data; and

performing a k-t image reconstruction on the linear phase-

shifted data to produce motion-corrected images.
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