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SYSTEMS AND METHODS FOR JOINT IMAGE RECONSTRUCTION AND MOTION
ESTIMATION IN MAGNETIC RESONANCE IMAGING

CROSS-REFERENCE TO RELATED APPLICTIONS

10001} This application is based on, claims priority to, and incorporates herein by
reference in its entirety, 1.5, Application Serial No. 62/288,624, filed January 29, 2016,
and entitled "SYSTEMS AND METHODS FOR JOINT IMAGE RECONSTRUCTION AND
MOTION ESTIMATION IN MAGNETIC RESONANCE [MAGING."

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

10002} This invention was made with government support under EB015896,
MH(093765, and EB017337 awarded by the National Institutes of Health. The

government has certain rights in the invention.

BACKGROUND

{0003} The field of the invention is systems and methods for magnetic resonance
imaging {"MRI"}. More particularly, the invention relates to systems and methods for
joint image reconstruction and motion estimation and correction in MRI applications.
{60047 Patient motion during MRI scans causes image artifacts that degrade
diagnostic utility, which often requires patient callbacks or, more commonly, lost
diagnostic potential. The effects of patient motion are present on nearly every
examination, since no patient can hold still to the millimeter level (the resolution of a
typical MR image) for 3-5 minutes.

{0005] Many methods to detect and correct for motion in MRI have been
proposed, but none of the technigues have gained traction in the cdinic except for
placing the patient under general anesthesia, a procedure that more than doubles the
cost of the scan and magnifies the risk of the imaging procedure multi-fold.

{6006} {Other methods include the use of motion detection markers and devices,
such as video tracking systems, or MR navigators which feed-back rigid-body motion
parameters to the scanner and thus update the image coordinate system in real-time.
Markers have failed for various reasons, including the difficulty of robustly attaching
them to a patient {often a relatively direct attachment to bone is needed to differentiate

skin motion from core head movement}. Motion correction using MR navigator scans
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suffers from low sensitivity and can disrupt of the optimal timing of the MR pulse
sequence into which they are inserted.

(00071 Thus, there remains a need to providing methods for MRI in which the
effects of motion can be accurately mitigated in a reliable, repeatable, and non-time-

comsuming manner.

SUMMARY

[0008] The present disclosure provides systems and methods that overcome the
aforementioned drawbacks by providing an image reconstruction and motion
estimation process that implements a joint optimization of the final image and motion
parameters. The reconstruction can operate on motion-corrupted k-space data. The
joint optimization described here is capable of finding subject motion parameters along
with the corresponding uncorrupted image to be reconstructed through a parallel
imaging formulation.

(0009 In accordance with one aspect of the disclosure, a method is provided for
producing an image of a subject using magnetic resonance imaging (MRI} data. The
method includes {a) providing k-space data acquired from a subject with an MRI system
during a time in which the subject was moving, (b} reconstructing a motion-corrupted
image of the subject from the k-space data, and {¢} determining a reduced set of voxels
in the motion-corrupted image. The method also includes {d} jointly estimating motion
parameters and reconstructing a targeted set of image voxels associated with the
reduced set of voxels and depicting the subject. The artifacts associated with subject
motion are mitigated by iteratively performing the steps of (ijestimating the motion
parameters associated with motion in the reduced set of voxels and (ii} reconstructing
the targeted set of image voxels depicting the subject using the motion parameters
estimated in step {d}{i} and evaluating a data consistency quality. The method further
includes (e} reconstructing a suhstantially motion-free image of the subject using the
provided k-space data and the motion parameters estimated in step {d}{i}.

10016} In accordance with another aspect of the disclosure, the initial steps of the
optimization can be used as a tool for identifying the presence of motion in the k-space
data. For instance, if the gradient of the data consistency objective is small, the image
can be deemed to be motion-free; otherwise, the image can be classifisd as being

corrupted by motion and in need of correction.
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(0011} In accordance with another aspect of the disclosure, a magnetic resonance
imaging ("MRI"} system is provided that includes a magnet system configured to
generate a polarizing magnetic field about at least a region of interest {"ROI"} of a
subject arranged in the MRI system. The MRI system also includes a plurality of
gradient coils configured to apply a gradient field with respect to the polarizing
magnetic field, a radio frequency ("RF"} system configured to apply RF excitation fields
to the subject and acquire MR image data therefrom, and a computer. The computer is
programmed o control the plurality of gradient coils and the RY system to acquire k-
space data from the suhject during a time in which the subject was moving, reconstruct
a motion-corrupted image of the subject from the k-space data, and select a reduced set
of voxels in the motion-corrupted image that are coupled. The computer is also
configured to jointly estimate motion parameiers and reconstruct an image of the
subject that includes less motion artifacts than the motion-corrupted image. The
computer achieves this by (i) estimating the motion parameters associated with motion
in the reduced set of voxels, {ii] reconstructing a targeted set of image voxels depicting
the subject using the motion parameters and evaluating a data consistency guality, {iil}
evaluating a data consistency parameter to determine whether to iterate through (i}
and {ii} for a current set of image voxels or another set of voxels.

0012} In accordance with yet ancther aspect of the disclosure, a method is
provided for producing an image of a subject using magnetic resonance imaging {MRI}.
The method includes (a) providing k-space data acquired from a subject with an MRI
system during a time in which at least a portion of the subject is in motion, {b)}
reconstructing a motion-corrupted image of the subject from the k-space data, and {c}
determining a reduced set of voxels in the motion-corrupted image that are coupled by
the motion of the subject. The method also includes {d} performing a parallel imaging
reconstruction process to jointly estimate motion parameters describing the motion of
the subiect and reconstruct target image voxels associated with the reduced set of
voxels and (e} repeating step {c) and step {d) to create an image of the subject from the
k-space data that is not corrupted by the motion of the subject.

[06613} The foregoing and other aspects and advantages of the invention will
appear from the following description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in which there is shown by way of

iflustration a preferred embodiment of the invention. Such embodiment does not
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necessarily represent the full scope of the invention, however, and reference is made

therefore to the claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

00141 FIG. 1A is a flowchart setting forth the steps of an example method for
jointly estimating motion parameters and reconstruction an image from data acquired
with a magnetic resonance imaging (*“MRI”} system.

[0015} FIG. 1B is a schematic flow diagram for an image reconstruction process
in accordance with the present disclosure.

{0016} Fig. 1C is an image and associated set of images showing voxel properties
that can be considered for selecting subisets of voxels for use in reconstruction
processes such as described with respect to FIG. 1A and 1B.

0017} FIG. 2 is a block diagram of an example of a magnetic resonance imaging

{(“MRI"} system.

DETAILED DESCRIPTION

0018} Described here are systems and methods for retrospectively estimating
and correcting for subject motion, such as rigid-body motion, by using a joint
optimization technique to jointly solve for motion parameters and the underlying
image. This technique will be described with respect to magnetic resonance imaging
("MRI"}, but can also be adapted for other imaging modalities. In some instances, the
method can be referred to as targeted motion estimation and reduction (“TAMER"). The
TAMER method does not require prior motion information, but the efficiency of the
method can be enhanced with the inclusion of noisy or incomplete navigator or detector
measurements into the forward model. The TAMER method can use a targeted
application of the underlying paraliel imaging data consistency model for motion
estimation and correction through model reduction and fast optimization technigues, as
will be described below in more detail.

100619} One way toc formulate the standard magnetic resonance image
reconstruction is to form an encoding matrix that describes the signal detected. The
detected signal can be represented as a signal vector formed from all the k-space signal
measurements at sach time point. The object {(image} can also be represented as a

vector hy arranging all of the pixels in the object as a vector. The image encoding matrix,
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determined at least in part from the gradient trajectory and receive coil profiles,
represents the transformation of the image vector to form the signal vector. If multiple
receive coils are used, the image and signal vector can be represented as the
concatenated vectors for each coil, and the rows of the encoding matrix are similarly
increased. In standard MRI, the encoding matrix is the discrete Fourier fransform
("DFT™) (weighted by receive coil profiles). Thus, in a simple case, the object vector can
then be computed in a number of ways, including by applying the inverse DFT {(uniform
reception coil} or by sclving an optimization problem that seeks the object vector most
consistent with (for example, with respect to a least-sguares context] the observed data
{i.e., the signal vector] and the forward model.

10026} The standard reconstruction method assumes the object is staticnary;
however, the reconstruction problem can he modified to add a set of parameters that
describes the relative rigid body position of the object at every acguisition time point, or
at least at the time of each k-space line acquisition. If a non-rigid body motion is
expected, this motion can also be included as a more complex parameterization
describing the subject’s motion. For the rigid body case, if Npg lines of k-space are
acquired (ie, Nrr timepoints), then this adds 6X N, unknowns to the reconstruction
problem, where the factor of six represents the six rotation and translation parameters
needed to describe rigid body motion, which occurs in the time betwesen the k-space
acquisitions. The rigid body motion can be thought of as rotation and translation
matrices applied to the object vector, and can be includes into the encoding matrix.
Described in this way, the object vector can be viewed as representing the object in a
stationary frame, and reconstructing this vector constitutes reconstructing an image
that is not corrupted by the motion.

[0621} The reconstruction methods described here can be used to implement an
optimization problem that seeks to solve for both the ohject vector and the motion
parameters that describe the object's motion history during the scan. So long as
sufficient data exists to estimate both the motion and object pixels, the reconstructed
image will be free of motion corruption.

(0022 Advantageously, the systerms and methods described here provide a
reconstruction technique that considers the subject’'s movement toc be part of the
parallel imaging reconstruction problem, and can use motion navigators, or other

tracking information that is available, as extra information to improve the
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computational efficiency of the method. Reduced models for motion trajectories and
images can allow for the formulation of a compact joint optimization model, and the use
of targeted parameter sets can improve motion estimates by removing noisy or
degenerate information. The reduced mode!l parameters can also allow for efficient
optimization on standard vendor hardware.

(0023} in general, the TAMER image reconstruction and motion estimation
process described hersin implements a joint optimization of the final image and motion
parameters. An efficient method for reconstruction from motion-corrupted k-space data
is provided by examining iterative improvements to a small, targeted subset of image
voxels.

10024} The joint optimization described here is thus capable of finding subiject
motion parameters along with the corresponding image to be reconstructed through a
parallel imaging formulation. That is, the optimization considers the modeling
parameters needed to describe both the image and the subject motion trajectory in
order to ensure a robust reconstruction. By solving for both the motion parameters and
the image, the typical image reconstruction assumption that the object is stationary can
be removed, thereby allowing the imaging of moving objects. These two different types
of unknowns are solved for in a joint estimation strategy. The extra degrees of freedom
provided by paralle] imaging (e.g, the multiple coil detector’s information} are used to
make up for the added number of unknowns. [t is also possible to include incomplete or
noisy information from motion navigators or motion sensors to help the joint
estimation process; however, this additional information is not required.

i0025% Referring now to FIG. 14, a flowchart is illustrated as setting forth the
steps of an example method for reconstructing an image of a subject using a joint
optimization technigue that iteratively estimates motion parameters while
reconstructing the image, such that a non-motion-corrupted image is reconstructed.
(0026} The method includes providing k-space data from which an image of the
subject is to be reconstructed, as indicated at step 102. In some instances, the k-space
can be provided by retrieving previously acquired k-space data from a data storage and
providing the retrieved data to a computer system for reconstruction. In some other
instances, the k-space data can be provided by acquiring the k-space data with an MRI
systern and providing the acqguired k-space data to a computer system for

reconstruction.
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(0027} From the k-space data, 3 motion-corrupted image of the subject is
reconstructed, as indicated at step 104. As an example, the motion-corrupted image can
be reconstructed using conventional image reconstruction techniques. As indicated at
step 106, the motion-corrupted image is then processed to determine pixels-of-interest,
which form a reduced pixel set, that represent the regions of the motion-corrupted
image that are most highly sensitive to motion corruption. In general, the pixels-of-
interest {typically a very small percentage of the total image pixels] can be selected by
identifying high signal regions or by adding small random motion to highlight motion
susceptible pixals. As will he described below, the joint optimization is restricted to
these image-space areas in order to remove degeneracy in the solution space and
ensure final solution guality, as well as to improve the computational performance of
the joint estimation process.

0028} As one example, the reduced pixel set can be determined by starting with
a motion-free model {i.e, the motion-corrupted image) and performing several random
experiments where the reconstruction problem is solved with random motion
parameter sets. This can be thought of as a form of random input system identification,
where the deviation from the motion-free model shows the most sensitive regions of
the image to all possible forms of motion corruption. Other heuristic methods, such as
edge detection or image segmentation, can also be used to identify regions-of-interest
from the original motion-corrupted image.

(0029 The targeted image voxels from the subject are then reconstructed while
jointly estimating motion parameters, as indicated at step 108, As one example, the

following joint optimization problem can be minimized to this effect,

N
argmin > UFCMs -k, (1);
M
(0030} where M are the motion parameters, I/ is a k-space undersampling

operator, /7 is a Fourter transform operator, C is coil sensitivity information for the
1h . P - AT . . . . |
i receive coil in an array of IV receive coils, X is the targeted image voxels, and %, is

the k-space data acquired by the i™ veceive coil. This joint optimization is first
performed over the reduced voxel set to remove degeneracy in the solution space while
ensuring sufficient final solution quality. In addition, this reduced modeling ameliorates

the computational challenge associated with noun-linear optimization across large

27
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parameter sets. As one example, for each iteration of TAMER, a greedy search can be
used to sequentially determine an estimate of the motion parameters at each shot. The
solution of this search can be used to jumpstart a global optimization for all motion
parameters across the reduced voxel set, as described below.

100631} it will be appreciated by those skilled in the art that there are also a
variety of other non-linear least squares techniques that can be utilized to solve this
joint problem, including Levenberg-Marquardt, trust-regions, stochastic genetic
algorithm, simulated annealing, and Bayesian methods. Although these algorithms can
be computationally prohibitive when the number of parameters grows, and can also
converge to poor quality local optima, by exploiting reduced models for the imaging
voxels and motion parameters, the joint optimization can be made computationally
tractable. Likewise, these reduced models can limit the scope of the solution space to
high quality solutions.

100632} Performing the initial search for motion parameters over the reduced
pixel set as described above is one way to implement a reduced model for the image
variable, x. By using this reduced number of voxels for the joint optimization, we have
not only significantly improved the computational efficiency but also removed noisy
and/or degenerate information from the objective function calculation.

[00331 Model reduction can also be used to limit the number of parameters used
to represent the motion trajectory. As one example, the subject motion trajectory (or
subsets of the motion trajectories) can be described through a sparse set of frequencies
{e.g, smooth motion) and a sparse set of motion discontinuities {e.g, rapid motion
jump}. Other reduced parameter basis sets {e.g, recursive polynomials, splines} can also
be incorporated.

(00341 In addition, any motion navigators acquired during the data acquisition
process can be used to initialize coefficients for the motion trajectory, or as
complimentary data to offset the increased number of unknowns in the reconstruction
problem.

i8035} Referring again to FIG. 1, after performing joint optimization over the
reduced pixel set, the joint optimization can then be performed by evaluating the data
consistency subject to changes in the reduced motion parameter set and limited number
of imaging voxels. At each evaluation in either a greedy or global search, data

consistency is only considerad across the reduced pixel set. Upon convergence of the
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algorithm, the final motion parameters are used to arrive at a motion-free imags, as
indicated at step 110. As one example, the motion-free image can be obtained by solving

a parallel image reconstruction, such as:

:‘Y_‘ S
xﬁnm’ =arg i’ﬂfﬂ z“bP ("z’j‘/iﬁnalx - k ) (2}
[0036] Referring to FIG. 1B, the above-described process, which may be referred

to as the TAMER method, explicitly incorporates rigid-body patient motion in the MR
forward model, and jointly estimates the image and motion trajectory by minimizing
data consistency error. As described, above, the TAMER method begins by acquiring,
whether newly acquired or stored, motion corrupted data 112 that is used to
reconstruct an initial image guess assuming no motion has occurred 114. |, and initial
target voxels are estimated 116. The patient motion trajectory and a target subset of
voxels are jointly optimized 118 by minimizing data consistency error 120, 122
Specifically, as the optimization loop progresses, the target voxels are shifted 122 and
the fast reduced model minimization continues searching for the motion trajectory.
Once TAMER converges to the final motion the full image is reconstructed using the
motion estimate. To this end, hoth an image that is free of motion 124 and a motion
signal or waveform 126 can be generated.

1006371 Thus, the TAMER method explicitly incorporates parameterized motion,
which may be rigid-body patient motion, in the MR forward model, and jointly estimates
the image and motion trajectory by minimizing data consistency error. A generalized
SENSE forward model given by s = £, x may be assumed, where § is the acquired
signal; /7, is the encoding for a given motion trajectory, §; and x is the motion free
image. The encoding can be expanded as [, = UFCTR, where C contains the coil
sensitivities, /' is the Fourier encoding operator, I/ is the undersampling operator
(allowing parallel imaging acceleration}, and R and 7' describe the rotations and
translations at each shot, respectively. Since the joint optimization {image and motion}
is computationally intensive, a reduced model representation can be used that jointly
optimizes only small subsets of “targeted” voxels, X,, and the object position parameters
(6 parameters per shot). The targeted voxels are varied during the optimization.

[00638] in the absence of motion, only a single least-squares minimization of
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”S mfx") is needed. With motion unknowns, the non-linear estimation problem
increases in complexity. By solving only a small targeted subset of voxels at each step
the joint optimization is more computationally efficient. Breaking the image into a
targeted subset, X,, and the complimentary "fixed” subset, x ., allows the signal from
the targeted voxels, §,, to be isolated from the total signal (ie, 8, =8 —5 ; here 8, is

the signal contribution from the fixed voxels]. The forward model evaluation for each

motion estimate can be reduced to s, = [/, where /7, is the portion of the encoding

acting only on the target voxels. The reduced model data consistency minimization is

now:
—€9 xl] = argminjis, - ﬁe_txrfﬂz (3).
(0039} Regularization, such as, Tikhonov/spatial sparsity, or an enforcement of

sparsity in other domains, or the enforcement of some other prior knowledge about the
image can also be added.

(00401 The above-described TAMER method robustly reconstructs {MRI) data
that was acquired while a patient was moving by jointly optimizing a subset of the
underlying image and the patient motion trajectory. To further improve performance in
particular implementations, a mathematical framework may be used to select specific
voxel subsets used in the jointly optimization with the motion parameters. In
particular, as will be described, the voxels can be selected by examining the structure of
the encoding model, which reveals the voxel coupling properties.

(00411 Voxel coupling in MRI occurs whenever there is patient motion or
undersampling, and is dependent on the imaging sequence being used. For a motion-
free image that is not undersampled, each voxel is only coupled to itself, and can be
found with a simple inverse Fourier transform of the raw data. However, in the case of
patient motion each voxel is coupled to its neighbors and to overlapping aliased voxels.
This voxel coupling is built into the motion inclusive encoding matrix, &, that maps the
image to the signal (i.e., 5§ = £x, where ¥ is the signal acquired and X is the underlying
obiject).

(0042} Since the underlying image, X, is found using least-squares minimization

. | . H ~F . )
by solving the normal equations, £ s =" Ex, the structure of the correlation matrix,

-10-
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E7E | determines how the values in x are coupled to one another. If voxels in ¥ are
only coupled to a small number of other voxels, then the correlation matrix will be
sparse, signifying large model separability. In the case of the above-described motion-
inclusive forward modsl, there is similar model separability for patient motion
trajectories and random motion. This property can be exploited to find subsets of
voxels that are highly coupled during patient motion by adding random motion to the
encoding model, without g prior! knowledge of the true patient motion trajectory.
{0043} A given subset of voxels is found by selecting a so called “root” voxel, and
the corresponding column of £ £ that contains the contribution of each voxel to the
root voxel. The voxels are thresholded so that only voxels of a given contribution
magnitude are kept in the subset, and then the voxels are smoothed in image space to
inchude other neighboring voxels. As the joint optimization searches for the underlying
patient motion, the subset of voxels that are jointly optimized with the motion are
continuously updated. As the motion search progresses, all the voxels in the image will
be optimized using this method. Continuously updating the voxel subset allows the
search for motion to proceed without solving for the entire image, increasing the
efficiency of the joint optimization.

100441 Thus, overall accuracy of the reduced model can depend on locality
properties in the motion-inclusive encoding matrix. Target voxel coupling can be
examined in the correlation matrix, #7 £, where sparsity arises from model
separability. FIG. 10 shows a subset of E"E for no motion, measured patient motion,
and random motion, all for RARE imaging with R=2 undersampling. Specifically, in
column 130, the correlation matrix (Eéjﬁf ) for the voxels identified by box 138 in the
image on the left hand side of the figure are shown {log scale}. In column 132, a single
row of the correlation matrix is plotted for a given root voxel {lingar scale}. In column
134, the magnitude of each voxel's correlation to the root voxel is plotted in image space
{log scale}. Finally, in column 136, the target voxels are chosen by thresholding the
correlation values and smoothed. The motion values used in the second row are from
the motion trajectory measured during an fMRI scan of a patient with Alzheimer's
disease

{0045} As illustrated, the measured-patient and random motion cases show very

similar sparsity patterns, and therefor similar model separability. The TAMER
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technigue exploits this property to find subsets of voxels that are highly coupled by
adding random motion to the forward model, without a priori knowledge of the true
motion trajectory. That is, the approximate sparsity in the encoding matrix under
random motion allows for the selection of small targeted subsets of voxels

10046} Phantom tests were performed using an in-plane rotating pineapple
phantom using a continuous motion actuator throughout the scan, approximately +3°%;
ETL=11, 230x208 mm2 FOV, 0.6x0.6 mm? resolution, 5mm slice thickness,
TR/TE=3.85/93ms, refocus puise=150°, and R=1. The above-described TAMER
technique was also tested on a human subject using ETL=11, 220x220 mm? FOV, 0.9x0.9
mim? resolution, 3mm slice thickness, TR/TE=3.05/9%ms, refocus pulse=150°, and R=1,
The subject was asked to shake their head in a “no” gesture during the middle of the
scan.

(0047} Joint reconstruction using target voxels from FIG. 1C resulted in a 7x
RMSE improvement for the heavily motion-coupled voxels compared to separate
reconstruction. TAMER corrected rotating phantom images showing image space RMSE
compared to a ground truth {(no motion) image indicated a decrease from 17.4% to
10.0%. The TAMER reconstruction was able to resolve image features otherwise
blurred by motion.

{0048} Thus, the effectiveness of the TAMER methods for mitigating motion were
demonstrated in both rotating phantoms and moving human subjects. The TAMER
method is able to estimate motion retrospectively using only parallel imaging data (ie,
without a priori knowledge of the subject motion}. The per slice reconstruction time
can be significantly reduced with a GPU implementation that caches the compact
rotation, translation, and DFT operators, such as {o provide an order of magnitude
decrease in reconstruction time,

100491 Referring now to FIG. 2, an example of a magnetic resonance imaging
("MRI") system 200 is illustrated. The MRI system 200 includes an operator
workstation 202, which will typically include a display 204; one or more input devices
206, such as a keyboard and mouse; and a processor 208, The processor 208 may
include a commercially available programmable machine running a commercially
available operating system. The operator workstation 202 provides the operator
interface that enables scan prescriptions to be entered into the MRI system 200. In

general, the operator workstation 202 may be coupled to four servers: a puise sequence
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server 210; a data acquisition server 212; a data processing server 214; and a data store
server 216. The operator workstation 202 and each server 210, 212, 214, and 216 are
connected to communicate with each other. For example, the servers 210,212, 214, and
216 may be connected via a communication system 240, which may include any suitable
network connection, whether wired, wireless, or a combination of both. As an examplsg,
the communication system 240 may include both proprietary or dedicated networks, as
well as open networks, such as the internet.

{0050} The pulse sequence server 210 functions in response to instructions
downloaded from the operator workstation 202 to operate a gradient system 218 and a
radiofreguency {“RF”} system 220. Gradient waveforms necessary to perform the
prescribed scan are produced and applied to the gradient system 218, which excites

~
-

) ey
gradient coils in an assembly 222 to produce the magnetic field gradients G-r, Y, and

G

z used for position encoding magnetic resonance signals. The gradient coll assembly
2272 forms part of a magnet assembly 224 that includes a polarizing magnet 226 and a
whole-body RF coil 228.

0051} RF waveforms are applied by the RF system 220 to the RF coll 228, or a
separate local coil (not shown in FIG. 2}, in order to perform the prescribed magnetic
resonance pulse sequence. Responsive magnetic resonance signals detected by the RF
coil 228, or a separate local coil {not shown in FIG. 2}, are received by the RF system
220, where they are amplified, demoduiated, filtered, and digitized under direction of
coramands produced by the pulse sequence server 210. The RF system 220 includes an
RF transmitter for producing a wide variety of RF pulses used in MRI pulse sequences.
The RF transmitter is responsive to the scan prescription and direction from the pulse
sequence server 210 to produce RF pulses of the desired frequency, phase, and pulse
amplitude waveform. The generated RF pulses may be applied to the whole-body RF
coil 228 or to one or more local coils or coil arrays (not shown in FiG. 2}

[0052} The RF system 220 also includes one or more RF receiver channels. Each
RF receiver channel includes an RF preamplifier that amplifies the magnetic resonance

signal received by the coil 228 to which it is connected, and a detector that detects and

e ' {7 - . :
digitizes the [ and = quadrature components of the received magnetic resonance
signal. The magnitude of the received magnetic resonance signal may, therefore, be

determined at any sampled point by the square root of the sum of the squares of the /
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and ¢ components:

M =JI*+0° (4

{0053} and the phase of the received magnetic resonance signal may also be

determined according to the following relationship:

g= tan ' ’/_Q,j
WA

(0054} The pulse sequence server 210 also optionally receives patient data from
a physiclogical acquisition controller Z30. By way of example, the physiological
acquisition controller 230 may receive signals from a number of different sensors
connected to the patient, such as electrocardiograph (“ECG") signals from electrodes, or
respiratory signals from a respiratory bellows or other respiratory monitoring device.
Such signals are typically used by the pulse seguence server 210 to synchronize, or
“gate,” the performance of the scan with the subject’s heart beat or respiration.

[0055) The pulse sequence server 210 also connects to a scan room interface
circuit 232 that receives signals from various sensors associated with the condition of
the patient and the magnst system. It is also through the scan room interface circuit
232 that a patient positioning system 234 receives commands {o move the patient to
desired positions during the scan.

[06056} The digitized magnetic resonance signal samples produced by the RF
system 220 are received by the data acquisition server 212. The data acquisition server
212 operates in response to instructions downloaded from the operator workstation
202 to receive the real-time magnetic resonance data and provide buffer storage, such
that no data is lost by data overrun. In some scans, the data acquisition server 212 does
little more than pass the acquired magnetic resonance data to the data processor server
214. However, in scans that reguire information derived from acguired magnetic
resonance data to control the further performance of the scan, the data acquisition
server 212 is programmed to produce such information and convey it to the pulse
sequence server 210. For example, during prescans, magnetic resonance data is
acquired and used to calibrate the pulse sequence performed by the pulse sequence
server 210. As another example, navigator signals may be acquirad and used to adjust
the operating parameters of the RF system 220 or the gradient system 218, or to control

the view order in which k-space is sampled. In still another example, the data
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acguisition server 212 may also be employed to process magnetic resonance signals
used to detect the arrival of a contrast agent in a magnetic resonance angiography
("MRA™ scan. By way of example, the data acquisition server 212 acquires magnetic
resonance data and processes it in real-time to produce information that is used to
control the scan.

(0057} The data processing server 214 receives magnetic resonance data from
the data acquisition server 212 and processes it in accordance with instructions
downloaded from the operator workstation 202, Such processing may, for example,
include one or more of the following: reconstructing two-dimensional or three-
dimensional images by performing a Fourier transformation of raw k-space dats
performing other image reconsiruction algorithms, such as iterative or backproiection
reconstruction algorithms; applying filters to raw k-space data or to reconstructed
images; generating functional magnetic resonance images; calculating motion or flow
images; and so on.

(0058} fmages reconstructed by the data processing server 214 are conveyed
back to the operator workstation 202 where they are stored. Real-time images are
stored in a data base memory cache (not shown in FIG. 2}, from which they may be
output to operator display Z02 or a display 236 that is located near the magnet
assembly 224 for use by attending physicians. Batch mode images or selected real time
images are stored in a host database on disc storage 238. When such images have been
reconstructed and transferred to storage, the data processing server 214 notifies the
data store server 216 on the operator workstation 202. The operator workstation 202
may be used by an operator to archive the images, produce films, or send the images via
a network to other facilities.

[0059] The MRI system 200 may also include one or more networked
workstations 242. By way of example, a networked workstation 242 may include a
display 244; one or more input devices 246, such as a keyboard and mouse; and a
processor 248. The networked workstation 242 may be located within the same facility
as the operator workstation 202, or in a different facility, such as a different healthcare
institution or clinic.

{0060} The networked workstation 242, whether within the same facility or in a
different facility as the operator workstation 202, may gain remote access to the data

processing server 214 or data store server 216 via the communication system 240.
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Accordingly, multiple networked workstations 242 wmay have access to the data
processing server 214 and the data store server 216. In this manner, magnetic
resonance data, reconstructed images, or other data may be exchanged between the
data processing server 214 or the data store server 216 and the networked
workstations 242, such that the data or images may be remotely processed by a
networked workstation 242, This data may be exchanged in any suitable format, such
as in accordance with the transmission conirol protocol {“TCP”}, the internet protocol
{“IP"}, or other known or suitable protocols.

(0061} The present invention has been described in terms of one or more
preferred embodiments, and it should be appreciated that many equivalents,
alternatives, variations, and modifications, aside from those expressly stated, are

possible and within the scope of the invention.

-16-



WO 2017/132648 PCT/US2017/015562

CLAIMS

1. A method for producing an image of a subject using magnetic resonance
imaging {MRI}, the steps of the method comprising:

{(a] providing k-space data acquired from a subject with an MRI system
during a time in which the subject was moving;

(b}  reconstructing a motion-corrupted image of the subject from the k-space
data;

(¢} determining a reduced set of voxels in the motion-corrupted image;

{(d}  jointy estimating motion parameters and reconstructing a targeted set of
image voxels associated with the reduced set of voxels and depicting the subject,
wherein artifacts associated with subject motion are mitigated by iteratively performing
the steps of:

(i) estimating the motion parameters associated with motion in the
reduced set of voxels; and

{ii}  reconstructing the targeted set of image voxels depicting the
subject using the motion parameters estimated in step (d}(i) and
evaluating a data consistency quality; and

{e) reconstructing a substantially motion-free image of the subject using the

provided k-space data and the motion parameters estimated in step {d}{i}.

2. The method as recited in claim 1, wherein step [} includes selecting
pixels in the motion-corrupied image having image intensity values above a threshold

value,

3. The method as recited in claim 1, wherein step {c} includes determining
the reduced set of voxels by adding random motion to the motion-corrupted image to

identify pixels that are susceptible to motion.

4. The method as recited in claim 1, wherein step {c} includes determining
the reduced set of voxels by adding random motion to an encoding matrix and

determining voxels that are highly coupled to each other.
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5. The method as recited in claim 1, wherein step {c} includes determining
the reduced set of voxels by performing an edge detection on the motion-corrupted

image.

6. The method as recited in claim 1, wherein step {d} is performed subject to
a consistency condition over the reduced set of voxels.

7. The method as recited in claim 1, wherein the reduced set of voxels is
determined by identifying regions of the motion-corrupted image that are sensitive to

motion corruption.

8. The method as recited in claim 7, wherein identifying regions of the
motion-corrupted image that are seunsitive to motion includes solving a reconstruction

problem using random motion parameter sets.

9. The method as recited in claim 1, wherein step (d) includes solving a joint
optimization problem given by:

N
arg min Z
i=l

UFC Mx k)

2
X ,}‘/f -

where M are the motion parameters, U is a k-space undersampling operator,
. . - Y . sgs o x . . - 1h .
£ is a Fourier transform operator, C, is coil sensitivity information for the 7 receive
coil in an array of N receive coils, X is the targeted set of image voxels, and %, is the k-

space data acquired by the /" receive coil.

10.  The method as recited in claim 1, wherein svaluating the data consistency

guality inciudes solving a parallel image reconstruction given by:

TIY R
L,F C’iﬁ/ ! final

N
X g = TGN Z x-k “ ;
A -

where A/ i are final motion parameters that satisfy the data consistency
quality, {J is a k-space undersampling operator, [ is a Fourier transform operator,
is coil sensitivity information for the i receive coil in an array of N receive coils, X

Sfinal
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is a final image in the targeted set of image voxels, and % is the k-space data acquired

by the i receive coil.

11, A magnetic resonance imaging {"MRI"} system comprising:
a magnet system configured to generate a polarizing magnetic field about at
least a region of interest ("ROI") of a subject arranged in the MRI system;
a plurality of gradient coils configured to apply a gradient field with respect to
the polarizing magnetic field;
a radio frequency {"RF") system configured to apply RF excitation fields o the
subject and acquire MR image data therefrom; and
a computer programmed to:
control the plurality of gradient coils and the RF system to acquire k-
space data from the subject during a time in which the subject was moving;
reconstruct a motion-corrupted image of the subject from the k-space
data;
select a reduced set of voxels in the motion-corrupted image that are
coupled;
jointly estimate motion parameters and reconstruct an image of the
subject that includes less motion that the motion-corrupted image by:
(i} estimating the motion paramsters associated with motion
in the reduced set of voxels; and
{(ii}  reconstructing a targeted set of image voxels depicting the
subject using the motion parameters and evaluating a data
consistency quality; and
{(iii}  evaluating a data consistency parameter to determine
whether to iterate through (i} and (ii) for a current set of

image voxels or another set of voxels.
12.  The MRI system as recited in claim 11, wherein the RF system includes a

parallel imaging coil and wherein, to jointly estimate motion parameters and

reconstruct an image of the subject, the computer is programmed to solve for both the
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object vector and the motion parameters that describe the object’'s motion history

during the acquisition of the k-space data.

13 The MRI system as recited in claim 11, wherein, to select a reduced set of
voxels, the computer is programmed to select pixels in the motion-corrupted image

having image intensity values above a threshold value.

14, The MRI system as recited in claim 11, wherein, to select a reduced set of
voxels, the computer is programmed to determine the reduced set of voxels by adding
random motion to the motion-corrupted image to identify pixels that are susceptible to

motion.

15. The MRI system as recited in claim 11, wherein, to select a reduced set of
voxels, the computer is programmed to determine the reduced set of voxels by adding

random motion to an encoding matrix and to identify highly coupled voxels.

16. The MRI system as recited in claim 11, wherein, to select a reduced set of
voxels, the computer is programmed to determine the reduced set of voxels hy

performing an edge detection on the motion-corrupted image.

17.  The MRI system as recited in claim 11, wherein, to jointly estimate motion
parameters and reconstruct an image of the subject, the computer is programmed to

apply a consistency condition over the reduced set of voxels.

18. The MRI system as recited in claim 11, wherein, to select a reduced set of
voxels, the computer is programmed to identify regions of the motion-corrupted image

that are sensitive to motion corruption.
19, The MRI system as recited in claim 18, wherein, to identify regions of the

motion-corrupted image that are sensitive to motion, the computer is programmed to

solve a reconstruction problem using random motion parameter sets.
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20, A method for producing an image of a subject using magnetic resonance
imaging {MRI]}, the steps of the method comprising:

{(a) providing k-space data acquired from a subject with an MRI system
during a time in which at least a portion of the subjectis in motion;

(b}  reconstructing a motion-corrupted image of the subject from the k-space
data;

{c} determining a reduced set of voxels in the motion-corrupted image that
are coupled by the motion of the subject;

(d}  performing a parallel imaging reconstruction process to jointly estimate
motion parameters describing the motion of the subject and reconstruct target image
voxels associated with the reduced set of voxels: and

(e) repeaingt step {c) and step (d) to create an image of the subiect from the

k-space data that is not corrupted by the motion of the subject.

21.  The method as recited in claim 20, wherein step (d} includes evaluating a
data consistency quality to determine whether an iteration of step {d) produced target

image voxels that are not corrupted by the motion of the subject.
22, The method as recited in claim 10, wherein step {c} includes adding
random motion to the motion-corrupted image to identify pixels that are susceptible {o

motion.

23.  The method as recited in claim 20, wherein step {¢} includes adding

random motion to an encoding matrix and identifying highly couplad voxels.
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