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Description

BACKGROUND

[0001] The emergence of diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) provides a means via
water diffusion to investigate the white matter integrity in the human brain and its impact on neuronal functions. Quantitative
mapping of tissue diffusion properties, such as the apparent diffusion coefficient (ADC) and fractional anisotropy (FA)
derived from DWI and DTI scans, is sensitive to the pathological changes in various diseases, and is therefore clinically
valuable. Diffusion-weighted magnetic resonance imaging (DWI) techniques, including diffusion tensor imaging (DTI),
are now among the most powerful tools for assessing the neuronal microstructures in vivo [1,2,3]. To date, DWI data
have been commonly acquired with single-shot pulse sequences, such as single-shot echo-planar imaging (EPI) [4], to
avoid significant artifacts resulting from amplified motion-induced phase errors [5]. However, single-shot DWI is often
limited in spatial resolution [6], making it difficult to measure detailed diffusion properties in fine structures where high
spatial resolution is required [7].
[0002] Significant efforts have been invested to address the resolution limitation in DWI. Advances in parallel imaging
techniques have enabled higher spatial resolution and fidelity using under-sampled k-space data at a chosen acceleration
factor [8]. However, when using a lower acceleration factor (e.g., 2), parallel DWI is still limited by geometric distortions
and the less-than-ideal point-spread-function. On the other hand, when using a higher acceleration factor, the noise is
undesirably amplified in reconstructed parallel MR images. To uproot these limitations, multi-shot techniques such as
interleaved EPI, interleaved spiral imaging, PROPELLER, and fast spin-echo pulse sequences with embedded or inherent
low-resolution navigator echoes have been developed to address the amplified shot-to-shot motion-induced phase
variations, and produce adequate high resolution DWI data [9,10,11,12,13,14,15,16,17,18]. However, navigator-echo
based correction can fail if the motions differ between the navigation and the actual DWI data acquisition. Alternative
phase correction schemes without using navigator echoes have also been proposed. For example, it has been shown
that the linear terms of motion-induced phase errors may be estimated from interleaved DWI with an iterative, and often
time-consuming, computation algorithm in post-processing without navigation [19]. However, this iterative computation
framework may not be effective in correcting nonlinear phase errors resulting from local motions in multi-shot DWI data.
It has been shown that linear and nonlinear phase variations in multi-shot DWI can be inherently estimated from the
embedded low-resolution signals of variable-density spiral imaging [20,21,22]. A potential concern with the variable-
density spiral imaging methods is that the imaging throughput may be compromized when a high-resolution navigator
echo is desired.
[0003] WO 2012/047771 A2 describes multi-dimensional iterative phase-cycled reconstruction for MRI images.
[0004] A paper "Inverse reconstruction method for segmented multishot diffusion-weighted MRI with multiple coils",
Martin Uecker et al, Magnetic Resonance in Medicine, vol.62, no.5, 1 November 2009, pages 1342-1348, describes an
inverse reconstruction method that takes advantage of full k-space data acquired from multiple receiver coils.
[0005] A paper "Accelerating non-Cartesian sense for large coil arrays: Application to motion compensation in multishot
DWI", 9TH IEEE International Symposium on Biomedical Imaging (ISBI), 2 May 2012, pages 406-409, describes an
algorithm to accelerate sensitivity encoded (SENSE) reconstruction for large coil arrays.

SUMMARY OF EMBODIMENTS OF THE INVENTION

[0006] Embodiments of the present invention address the aforementioned technical challenges with a novel technique
using multiplexed sensitivity-encoding (MUSE) to achieve high spatial resolution, high SNR, high spatial fidelity, and
minimal motion-induced phase errors - all inherently without the need for navigator echoes.
[0007] The MUSE method can employ a conventional SENSE technique [23] to estimate the motion-induced phase
variations among multiple EPI segments and then can jointly calculate the magnitude signals of aliased voxels (due to
intra-scan motion) simultaneously from all segments of interleaved EPI. In comparison to the conventional SENSE
procedure, the MUSE method has a greatly improved matrix inversion conditioning and thus can produce DWI or non-
DWI images at higher SNR. As compared with existing navigator-based interleaved DWI methods, the MUSE protocol
technique for interleaved DWI allows interleaved DWI without requiring any pulse sequence modification.
[0008] Embodiments of the invention are directed to an MRI image data signal post-processing method for generating
high-resolution DWI images from multi-shot interleaved MRI pulse sequences, without relying on external navigator
echoes, as defined in independent claim 1. Preferred embodiment are defined in dependent claims 2-10.
[0009] Some embodiments are directed to an image processing circuit configured to electronically carry out any of
the methods described above and/or herein.
[0010] Some embodiments are directed to an MR image processing system that includes at least one processor
configured to carry out any of the methods described and/or claimed herein.
[0011] Yet other embodiments are directed to a data processing system with non-transitory computer readable storage
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medium having computer readable program code embodied in the medium. The computer-readable program code
includes computer readable program code configured to carry out any of the methods described and/or claimed herein.
[0012] The foregoing and other objects and aspects of the present invention are explained in detail herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

Figure 1 illustrates MRI images. Figure 1A: Four-shot interleaved DTI data  of 15-direction are
susceptible to motion-induced phase errors. Figure 1B: Using the MUSE technique, the motion-induced aliasing
artifacts can be eliminated. Figure 1C: The FA map generated from the conventional SENSE reconstruction has a
low SNR. Figure 1D: The SNR is improved in FA map produced with the MUSE technique.
Figure 2 illustrates MRI images. Figure 2A: Pronounced motion-induced artifacts appear in interleaved DTI when
there exist local and nonlinear motions (e.g., in the brainstem). Figure 2B: The aliasing artifact can be eliminated
with the MUSE technique. Figure 2C: The SNR is low in the FA map produced with the conventional SENSE
procedure. Figure 2D: Using the MUSE technique, the FA map of high-SNR can be achieved.

Figure 3A is an MRI image of DWI data of high in-plane resolution (voxel size: 0.37530.37535mm3; 
which provides good anatomic resolvability. Figure 3B is an MRI image with a low-resolution reconstruction of the
same data set (voxel size: 1.531.535mm3) cannot reveal the same anatomic details.

Figure 4A is a FA map of high in-plane resolution (voxel size: 0.330.338mm3 ;  ). Figure 4B is
an enlarged view of FA values for voxels inside the white box of (4A). Figure 4C is an image with the contour of
the indicated green and red voxels in Figure 4B overlaid onto the mean DWI image. Figure 4D is an image with the
contour of the indicated green and red voxels in Figure 4B overlaid onto the baseline T2-weighted EPI.
Figure 5A illustrates images of MUSE-generated DWI corresponding to different b factors (from

 in a  step). Figure 5B illustrates images of SENSE-generated images of the

corresponding b factors (from  ). Figure 5C is an image with the magnitude average of all 7
MUSE-generated DWI from Figure 5A. Figure 5D is an image with the magnitude average of all 7 SENSE-generated
DWI from Figure 5B Figure 5E is a graph of the coefficient of variation measured from white-matter ROIs of MUSE-
DWI (black bars) and SENSE-DWI (white bars) corresponding to different B factors (also referred to in the lower
case as "b" factors).
Figure 6 shows three rows of MRI images: The top row of Figure 6 shows the uncorrected 4-shot DWI, of 4 axial
slices, in the presence of pronounced intrascan motion. The middle row of Figure 6 shows the images reconstructed
with the original MUSE procedure. It can be seen that the aliasing artifact is reduced in MUSE-produced images as
compared with the uncorrected images, but the residual blurring artifact due to the intra-scan motion is still visible.
Using the improved MUSE procedure images, the bottom row of Figure 6 shows that residual artifacts can be
effectively eliminated, and the reconstructed images have high-quality and high-SNR.
Figure 7: The top row of Figure 7 compares the temporal fluctuation noise levels in images obtained with (7A) the
conventional segmented EPI reconstruction of 4-shot EPI data, (7B) the magnitude summation of 4 consecutive
SENSE-produced images, and (7C) the MUSE algorithm. It can be seen that the MUSE-based reconstruction
produces data with the lowest time-domain fluctuation. The bottom row of Figure 7 compares the time-domain SNR
levels in images obtained with (7D) the conventional segmented EPI reconstruction, (7E) the SENSE-based recon-
struction, and (7F) the MUSE algorithm.
Figure 8 shows MRI images: The top row of Figure 8, Figures 8A, 8B and 8C, shows three raw DWI images (with
diffusion sensitizing gradients applied along the left-right, anterior-posterior, and superior-inferior directions respec-
tively) obtained with 8-shot EPI. Significantly aliasing artifacts are visible in uncorrected DWI data. The bottom row
of Figure 8, Figures 8D, 8E and 8F, shows the magnitude summation of three raw DWI images (left, Figure 8D),
one of the embedded high-resolution navigator echoes (middle, Figure 8E, acquired with parallel EPI with an
acceleration factor of 4), and the MUSE reconstruction of 8-shot DWI data using the phase information derived from
4x parallel navigator echoes (right, Figure 8F).
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Figure 9A is a flow chart of exemplary actions that can be performed to generate MRI images according to embod-
iments of the present invention.
Figure 9B is a flow chart of exemplary actions that can be performed to generate non-DWI images according to
examples outside the scope of the present invention.
Figure 10A is a flow chart of exemplary actions that can be performed to generate MRI images according to some
embodiments of the present invention.
Figure 10B is a flow chart of exemplary actions that can be performed to generate MRI images using navigator
echoes according to some examples outside the scope of the present invention.
Figure 10C is a flow chart of exemplary actions that can be performed to generate MRI images using parallel
navigator echoes according to some examples outside the scope of the present invention.
Figure 10D is a flow chart of exemplary actions that can be performed to generate MRI images using fMRI data
according to some examples outside the scope of the present invention.
Figure 10E is a flow chart of exemplary actions that can be performed to generate MRI images using fMRI data
and navigator echoes according to some examples outside the scope of the present invention.
Figure 10F is a flow chart of exemplary actions that can be performed to generate MRI images using fMRI data
and parallel navigator echoes according to some examples outside the scope of the present invention.
Figures 11A-11C are schematic illustrations of different systems that include or communicate with image processing
circuits configured to carry out improved reconstruction to reduce artifact errors according to embodiments of the
present invention.
Figure 12 is a schematic illustration of a data processing system according to embodiments of the present invention.

DETAILED DESCRIPTION

[0014] For the purposes of promoting an understanding of the principles of the present disclosure, reference will now
be made to preferred embodiments and specific language will be used to describe the same. It will nevertheless be
understood that no limitation of the scope of the disclosure is thereby intended, such alteration and further modifications
of the disclosure as illustrated herein, being contemplated as would normally occur to one skilled in the art to which the
disclosure relates.
[0015] Articles "a" and "an" are used herein to refer to one or to more than one (i.e. at least one) of the grammatical
object of the article. By way of example, "an element" means at least one element and can include more than one element.
[0016] Unless otherwise defined, all technical terms used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this disclosure belongs.
[0017] The present invention will now be described more fully hereinafter with reference to the accompanying figures,
in which embodiments of the invention are shown. This invention may, however, be embodied in many different forms
and should not be construed as limited to the embodiments set forth herein. Like numbers refer to like elements throughout.
In the figures, certain layers, components or features may be exaggerated for clarity, and broken lines illustrate optional
features or operations unless specified otherwise. In addition, the sequence of operations (or steps) is not limited to the
order presented in the figures and/or claims unless specifically indicated otherwise. In the drawings, the thickness of
lines, layers, features, components and/or regions may be exaggerated for clarity and broken lines illustrate optional
features or operations, unless specified otherwise. Features described with respect to one figure or embodiment can
be associated with another embodiment of figure although not specifically described or shown as such.
[0018] The terminology used herein is for the purpose of describing particular embodiments only and is not intended
to be limiting of the invention. As used herein, the singular forms "a", "an" and "the" are intended to include the plural
forms as well, unless the context clearly indicates otherwise. It will be further understood that the terms "comprises"
and/or "comprising," when used in this specification, specify the presence of stated features, steps, operations, elements,
and/or components, but do not preclude the presence or addition of one or more other features, steps, operations,
elements, components, and/or groups thereof. As used herein, the term "and/or" includes any and all combinations of
one or more of the associated listed items.
[0019] It will be understood that although the terms "first" and "second" are used herein to describe various actions,
steps or components and should not be limited by these terms. These terms are only used to distinguish one action,
step or component from another action, step or component. Like numbers refer to like elements throughout.
[0020] Unless otherwise defined, all terms (including technical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the specification and relevant art and should not be interpreted in an
idealized or overly formal sense unless expressly so defined herein, Well-known functions or constructions may not be
described in detail for brevity and/or clarity.
[0021] The term "circuit" refers to an entirely software embodiment or an embodiment combining software and hardware
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aspects, features and/or components (including, for example, a processor and software associated therewith embedded
therein and/or executable by, for programmatically directing and/or performing certain described actions or method steps).
[0022] The term "programmatically" means that the operation or step can be directed and/or carried out by a digital
signal processor and/or computer program code. Similarly, the term "electronically" means that the step or operation
can be carried out in an automated manner using electronic components rather than manually or using any mental steps.
[0023] The terms "MRI scanner" or MR scanner" are used interchangeably to refer to a Magnetic Resonance Imaging
system and includes the high-field magnet and the operating components, e.g., the RF amplifier, gradient amplifiers and
processors that typically direct the pulse sequences and select the scan planes. Examples of current commercial scanners
include: GE Healthcare: Signa 1.5T/3.0T; Philips Medical Systems: Achieva 1.5T/3.0T; Integra 1.5T; Siemens: MAG-
NETOM Avanto; MAGNETOM Espree; MAGNETOM Symphony; MAGNETOM Trio; and MAGNETOM Verio. As is well
known, the MR scanner can include a main operating/control system that is housed in one or more cabinets that reside
in an MR control room while the MRI magnet resides in the MR scan suite. The control room and scan room can be
referred to as an MR suite and the two rooms can be separated by an RF shield wall. The term "high-magnetic field" refers
to field strengths above about 0.5 T, typically above 1.0T, and more typically between about 1.5T and 10T. Embodiments
of the invention may be particularly suitable for 1.5T and 3.0T systems, or higher field systems such as future contemplated
systems at 4.0T, 5.0T, 6.0T, 7T, 8T, 9T and the like.
[0024] The methods and systems can also be applied to animal MRI data acquired from animal MRI scanners.
[0025] The term "patient" refers to humans and animals.
[0026] The term "automatically" means that the operation can be substantially, and typically entirely, carried out without
manual input, and is typically programmatically directed and/or carried out. The term "electronically" with respect to
connections includes both wireless and wired connections between components.
[0027] The term "clinician" means physician, radiologist, physicist, or other medical personnel desiring to review medical
data of a patient. The term "workstation" refers to a display and/or computer associated with a clinician.
[0028] The term "protocol" refers to an automated electronic algorithm and/or computer program with mathematical
computations with defined rules for data interrogation, analysis and/or reconstruction that manipulates MRI image data.
[0029] The term "SENSE" refers to a sensitivy encoding protocol described by Pruessmann etal. Sense: sensitivity
encoding for fast mri. Magn Reson Med 42(5), 952-62 (1999).
[0030] The term "high resolution" means that the achieved spatial-resolution is higher than that achieved with con-
ventional single-shot EPI pulse sequences. For example, a sub-millimeter spatial resolution which is an increase in
resolution of 2X or more over conventional single shot EPI (e.g., 0.5 mm x 0.5 mm, while the in-plane resolution achieved
with conventional single-shot EPI is about 2mm x 2mm).
[0031] The term "high-quality" with respect to image quality refers to a low aliasing artifact level- measured by a ghost-
to-signal ratio. MR images can be considered aliasing free if the ghost-to-signal ratio (GSR) is less than 10%. The GSR
of MUSE images can typically be between about 2% and about 8%. See, e.g., Chen et al., A robust multi-shot scan
strategy for high-resolution diffusion weighted MRI enabled by multiplexed sensitivity-encoding (MUSE), Neurolmage
72 (2013), pp. 41-47. Stated differently, in some embodiments, the GSR in MRI data obtained with a MUSE reconstruction
can be at least three times lower than that in uncorrected interleaved DWI images.
[0032] The term "high SNR" refers to the signal-to-noise ratio, which for brain applications can be measured from the
gray- and white-matter areas of brain MRI reconstructed with a MUSE procedure, is at least twice higher than in from
images produced with the conventional parallel image reconstruction procedures such as SENSE. The acceptable SNR
value varies with the clinical questions. For example, to detect a high-contrast visible lesion in MRI, it can be satisfactory
to choose a faster protocol with a lower SNR value. In Figure 5, the 7 images (of different b values) have different SNRs
but may all be useful for different clinical questions. Thus, the term "high SNR" can be defined in relative terms instead
of an absolute value of SNR threshold. For example, in figure 5a all have higher SNR than figure 5b (with different
reconstruction procedures), even though the absolute SNR values corresponding to different b-values are different.
[0033] The term "interleaved EPI" is well known in the field. See, e.g., Butts K, Riederer SJ, Ehman RL, Thompson
RM, Jack CR. Interleaved echo planar imaging on a standard MRI system. Magn Reson Med. 1994 Jan;31(1):67-72.
[0034] The term "multi-shot interleaved MRI pulse sequences" refers to MRI pulse sequences associated with inter-
leaved echo-planar imaging (EPI), interleaved fast spin-echo (FSE) imaging, interleaved spiral imaging, and other MRI
pulse sequences that acquire multiple echo trains (e.g., multiple ky lines) after a single RF pulse excitation..
[0035] The term "inherently" means that the information (e.g., motion-induced phase errors) is derived directly from
the actual DWI, fMRI or other (raw) MRI image data themselves without using external signals such as navigator echoes
to adjust/correct image data to reduce or eliminate motion-induced aliasing artifacts.
[0036] The term "post-processing" with respect to the claimed methods means that the method is carried out after
original MRI raw data in k-space of a respective subject is obtained.
[0037] The term "large-scale intrascan motion" refers to significant patient movement, e.g., by about 1 voxel or greater
than about 1 voxel during an MRI scan which generates aliasing artifacts in uncorrected interleaved EPI based DWI,
fMRI or other image data.
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[0038] The term "archived" refers to electronically stored patient image data that can be accessed and reconstructed
into patient images/visualizations/renderings. The diagnostic task of a clinician such as a radiologist can vary patient to
patient and, accordingly so can the desired renderings or views of the medical images of the patient. In some visualization
systems, a physician uses an interactive workstation that has a data retrieval interface that obtains the medical data for
medical image renderings from electronic volume data sets to generate desired medical representations. Image visual-
izations using multi-dimensional MRI image data can be carried out using any suitable system such as, for example,
PACS (Picture Archiving and Communication System). PACS is a system that receives images from the imaging mo-
dalities, stores the data in archives, and distributes the data to radiologists and clinicians for viewing.
[0039] The term "reconstruction" is used broadly to refer to original or post-image data acquisition and storage and
subsequent construction of image slices or images of an image data set.
[0040] It is also noted, for clarity, that while certain of the figures are described as "color" or "color-coded", to comply
with filing rules, black and white copies or grey scale versions of these images may be used in support of the application.
[0041] Embodiments of the present invention may take the form of an entirely software embodiment or an embodiment
combining software and hardware aspects, all generally referred to herein as a "circuit" or "module." Furthermore, the
present invention may take the form of a computer program product on a computer-usable storage medium having
computer-usable program code embodied in the medium. Any suitable computer readable medium may be utilized
including hard disks, CD-ROMs, optical storage devices, a transmission media such as those supporting the Internet or
an intranet, or magnetic storage devices. Some circuits, modules or routines may be written in assembly language or
even micro-code to enhance performance and/or memory usage. It will be further appreciated that the functionality of
any or all of the program modules may also be implemented using discrete hardware components, one or more application
specific integrated circuits (ASICs), or a programmed digital signal processor or microcontroller. Embodiments of the
present invention are not limited to a particular programming language.
[0042] Computer program code for carrying out operations of the present invention may be written in an object oriented
programming language such as Java®, Smalltalk or C++. However, the computer program code for carrying out oper-
ations of the present invention may also be written in conventional procedural programming languages, such as the "C"
programming language. The program code may execute entirely on the user’s computer, partly on the user’s computer,
as a stand-alone software package, partly on the user’s computer and partly on another computer, local and/or remote
or entirely on the other local or remote computer. In the latter scenario, the other local or remote computer may be
connected to the user’s computer through a local area network (LAN) or a wide area network (WAN), or the connection
may be made to an external computer (for example, through the Internet using an Internet Service Provider).
[0043] Embodiments of the present invention are described herein, in part, with reference to flowchart illustrations
and/or block diagrams of methods, apparatus (systems) and computer program products according to embodiments of
the invention. It will be understood that each block of the flowchart illustrations and/or block diagrams, and combinations
of blocks in the flowchart illustrations and/or block diagrams, can be implemented by computer program instructions.
These computer program instructions may be provided to a processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus to produce a machine, such that the instructions, which
execute via the processor of the computer or other programmable data processing apparatus, create means for imple-
menting the functions/acts specified in the flowchart and/or block diagram block or blocks.
[0044] These computer program instructions may also be stored in a computer-readable memory that can direct a
computer or other programmable data processing apparatus to function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article of manufacture including instruction means which implement
the function/act specified in the flowchart and/or block diagram block or blocks.
[0045] The computer program instructions may also be loaded onto a computer or other programmable data processing
apparatus to cause a series of operational steps to be performed on the computer or other programmable apparatus to
produce a computer implemented process such that the instructions which execute on the computer or other program-
mable apparatus provide steps for implementing some or all of the functions/acts specified in the flowchart and/or block
diagram block or blocks.
[0046] The flowcharts and block diagrams of certain of the figures herein illustrate exemplary architecture, functionality,
and operation of possible implementations of embodiments of the present invention. In this regard, each block in the
flow charts or block diagrams represents a module, segment, or portion of code, which comprises one or more executable
instructions for implementing the specified logical function(s). It should also be noted that in some alternative implemen-
tations, the functions noted in the blocks may occur out of the order noted in the figures. For example, two blocks shown
in succession may in fact be executed substantially concurrently or the blocks may sometimes be executed in the reverse
order or two or more blocks may be combined, or a block divided and performed separately, depending upon the
functionality involved.
[0047] Generally stated, embodiments of the invention are designed to reduce, if not eliminate, the quantitative inac-
curacy in MRI data acquired with the current diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) protocols
to thereby provide aliasing artifact-free MRI images.
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[0048] DWI data obtained with an interleaved EPI pulse sequence are highly susceptible to aliasing artifacts as the
result of amplified shot-to-shot motion-induced phase variations in the presence of strong diffusion weighting gradients.
Here, without loss of generality for multi-shot acquisitions, a simplified procedure for reconstructing aliasing-free images
from DWI data obtained with a 2-shot interleaved EPI sequence using a three-channel coil is described by way of
example. This procedure can be readily adapted to more interleaves and larger coil arrays, as shown in experimental
results. Aliased images obtained from the first and second segments of 2-shot interleaved EPI are represented by
Equations 1 and 2, respectively, where uj are aliased signals detected by the j-th coil (j=1,2,3) from the first EPI segment;
vj are aliased signals detected by the j-th coil (j=1,2,3) from the second EPI segment; Sj are the coil sensitivity profiles
for the j-th coil; and p and q are un-aliased full-FOV images that are planned for reconstruction. 

[0049] Note that the sign before the  term differs between Equations 1 and 2, because of the relative
k-space trajectory shift between two EPI segments. With known coil sensitivity profiles, unaliased full-FOV images can
be estimated from the acquired aliased signals using parallel MRI reconstruction. For example, the full-FOV image p
can be calculated from the first EPI segment using the SENSE technique [23], where the two unknowns (i.e., p(x,y) and

 ) are determined from the three measured signals (i.e., uj(x,y) with j=1,2,3). Similarly, the full-FOV
image q can be calculated from the second EPI segment with SENSE. The full-FOV images p and q differ mainly by the
motion-induced phase inconsistencies between the two shots, as shown in Equations 3 and 4, where the non-negative
real number D represents the magnitude signal (i.e., the proton-density weighted by diffusion contrast) that is expected
to be consistent across multiple EPI segments; Θ and ϕ are the motion-induced phase errors that differ between the
two shots; and c represents the background phase value that is independent of motion. The full-FOV images estimated
by the SENSE method (ps and qs) can be represented by Equations 5 and 6, where np and nq are the SENSE-produced
noises that are usually significant when the number of unknowns (i.e., 2 in this example) is not much smaller than the
number of equations (i.e., 3 in this example). 

[0050] Even though the full-FOV images estimated by the SENSE method are susceptible to undesirable noise am-
plification, the shot-to-shot phase inconsistencies, which are expected to be spatially smooth, can be reliably estimated
with Equations 7 and 8, where TV represents the denoising operation based on total variation [32]. 
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[0051] At this point, Equations 1 and 2 can be reformatted to Equations 9 and 10. 

[0052] It can be seen that Equations 9 and 10 have two common unknowns (i.e., D(x,y) and  ), and

thus can be solved jointly when the information on motion-induced phase errors  is incorpo-
rated. The above described procedure, termed multiplexed sensitivity encoding (MUSE), has a significantly improved
matrix inversion condition (with 2 unknowns and 6 equations in this example) as compared with the conventional SENSE
procedure (with 2 unknowns and 3 equations in this example). Even though the MUSE procedure is described primarily
herein with 2-shot EPI as an example, the MUSE framework can be directly extended to interleaved EPI with a larger
number of segments. It should be noted that the multiplexed sensitivity encoding method can be a pure post-processing
procedure, without requiring hardware or pulse sequence modification, and is different from the recently developed
multiplexed EPI pulse sequence [24].
[0053] A series of experiments were conducted on 3 Tesla MRI systems (GEHC HD and MR750, Waukesha, WI) to
evaluate the developed MUSE method, as described below.
[0054] To evaluate the performance of the developed technique, DTI images (0.8630.8634mm3) were obtained from
6 healthy volunteers using an 8-channel receiver coil. DTI images (with one baseline acquisition, and 15 diffusion

weighting directions at a b factor of either  or  ) were acquired using a 4-shot interleaved EPI
pulse sequence with a twice-refocused spin-echo scheme to minimize the eddy current induced geometric distortions
[31]. Scan parameters included: number of partial-Fourier over-sampling ky lines 12, in-plane acquisition matrix size
2563140 (i.e., 2563256 after partial-Fourier reconstruction for a 4-shot scan), FOV 22322cm2, axial-plane slice thick-
ness 4mm, TR 5 sec, and TE 59.3 msec.
[0055] Referring to Figure 9, the acquired image data can be processed with the following steps. First, the recently
developed phase-cycled reconstruction procedure [30] can be used to measure the 2D phase errors resulting from odd-
even echo inconsistencies in the baseline (i.e. T2-weighted) image, and the measured information can then be used to
suppress the Nyquist artifacts in both baseline and diffusion-weighted images (blocks 10, 15, 20, 30, 35). Second, the
coil-sensitivity profiles can be estimated from the baseline T2-weighted images (blocks 40, 50). Third, using the con-
ventional SENSE reconstruction procedure, full FOV images (e.g.,four full-FOV images) can be reconstructed from (e.g.,
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four) DWI segments (block 36), and the shot-to-shot phase variations can be calculated (e.g., using Equation 7)(block
38), where the total variation algorithm can be used to smooth the complex images and phase-unwrapping is not needed
(block 37). Fifth, the smoothed phase maps (step 4, block 60) and the coil sensitivity profiles (step 2, block 50) can be
used to reconstruct aliasing-free DWI images from the Nyquist-corrected DWI data, using the MUSE algorithm (blocks
70, 90).
[0056] It is noted that the total variation algorithm is an example of a suitable smoothing protocol and other smoothing
protocols can be used, such as ones based on averaging information from neighboring voxels.
[0057] Quantitative measures of proton diffusion values, such as the fractional anisotropy (FA) values, can be calculated
from the aliasing-free DTI or fMRI data.
[0058] In order to illustrate the noise reduction and SNR improvement as an advantage by the MUSE procedure,
another set of aliasing-free DTI data was generated by summing the phase-corrected maps derived from four EPI
segments with the conventional SENSE procedure (i.e., in step 3 described above) [25], and the quality of the resultant
FA maps were then assessed in terms of the tensor fitting residual errors [26,27].
[0059] To test the capability of achieving high in-plane spatial-resolution with the MUSE technique, DWI
(0.37530.37535mm3) and DTI (0.330.338mm3) data were acquired with 4-shot interleaved EPI from a healthy volun-

teer. The DWI data set, consisting of 1 baseline image and 3 images with diffusion gradients at  applied
along three orthogonal directions, was obtained using an 8-channel coil with the following parameters: number of partial-
Fourier over-sampling ky lines 12, in-plane acquisition matrix size 5123268 (i.e., 5123512 after partial-Fourier recon-
struction for a 4-shot scan), FOV 19.2319.2cm2, axial-plane slice thickness 5mm, TR 6.5 sec, and TE 74.3 msec. The

DTI data set, consisting of 4 baseline images and 15 DWI at  was obtained using an 8-channel coil
with these scan parameters: number of partial-Fourier over-sampling ky lines 12, in-plane acquisition matrix size 5123268
(i.e., 5123512 after partial-Fourier reconstruction for a 4-shot scan), FOV 15.3315.3cm2, axial-plane slice thickness
8mm, TR 5 sec, and TE 75.5 msec. The developed MUSE method was used to reconstruct high-resolution DWI and
DTI maps, as described above.
[0060] To test the reliability of the MUSE method for processing data at different SNR levels, 7 DWI data sets were
acquired from a healthy volunteer using an 8-channel coil with b factors of

 Each DWI data set consisted of 1 baseline image and 3
images with diffusion gradients applied along three orthogonal directions. Scan parameters included: number of partial-
Fourier over-sampling ky lines 12, in-plane acquisition matrix size 3843204 (i.e., 3843384 after partial-Fourier recon-
struction for a 4-shot scan), FOV 19.2319.2cm2, axial-plane slice thickness 4mm, TR 5 sec, and TE ranging from 61.7
to 87 msec. Images reconstructed with the MUSE method and the conventional SENSE procedure were compared in
terms of the white-matter coefficient of variation (i.e., the ratio of standard deviation to the mean signal intensity within
white-matter ROIs).
[0061] To further assess the inherent SNR penalty resulting from either MUSE or SENSE reconstruction, three sets
of 4-shot spin-echo EPI data (without diffusion sensitizing gradients) were acquired from a healthy volunteer using
different receiver coils: 8-channel GE coil; 32-channel GE coil; and 32-channel NOVA coil. Additionally, a 2-shot EPI
data set was acquired with an 8-channel GE coil. Scan parameters included: number of partial-Fourier over-sampling
ky lines 12, in-plane acquisition matrix size 2563140 (i.e., 2563256 after partial-Fourier reconstruction for a 4-shot
scan), FOV 22322cm2, axial-plane slice thickness 4mm, TR 5 sec, and TE 59.3 msec. Without applying diffusion-
sensitizing gradients, interleaved EPI images reconstructed directly with 2D FFT (after Nyquist artifact removal) were
free from motion-induced aliasing artifact, and thus could be used as the reference to quantify the SNR penalty in either
MUSE or SENSE reconstruction.
[0062] Using the new MUSE procedure, the aliasing artifacts in interleaved EPI based DWI can be reliably removed,
as confirmed from all the acquired data, and the produced images have higher SNR as compared with the SENSE-
produced images, as summarized below.
[0063] Figure 1A shows the Nyquist-corrected DWI images produced by the conventional interleaved EPI reconstruc-
tion (i.e., a direct k-space data combination followed by 2D FFT), corresponding to 15 directions obtained from one
representative participant. As expected, the levels of motion-induced aliasing artifacts vary significantly, depending on
the degree of intrascan motion. The ghost-to-signal ratio (GSR) is 0.3660.13 in images shown in Figure 1A. Figure 1B
shows that the motion-induced aliasing artifacts can be effectively eliminated using MUSE, regardless of the levels of
aliasing artifacts in the raw DWI data. The GSR is 0.0860.01 in images shown in Figure 1B. It should be noted that
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even though the motion-induced aliasing artifacts can also be reduced (GSR: 0.1960.01) with a conventional SENSE
procedure, the resultant images have significantly lower SNRs. Figures 1C and 1D compare the FA maps produced
with the conventional SENSE reconstruction (i.e., the combination of 4 images produced by applying SENSE to individual
segments: [25]) and the new MUSE technique, respectively. Further analyses showed that, for white-matter voxels in
this slice, the tensor fitting residual errors achieved with the MUSE method was 53% of that from the conventional SENSE
reconstruction [26,27]. It is demonstrated that MUSE-based DWI has a significantly lower noise level as the result of
improved conditioning for matrix inversion.
[0064] Figures 2A and 2B show the DTI images before and after applying the MUSE procedure, respectively, for
another slice that includes the brainstem and eyes where local motion artifacts are prevalent. It can be seen that, because
of the local motion, the aliasing artifacts can be highly significant in many of the interleaved DWI images (Figure 2A,
GSR: 0.3660.22). Furthermore, the aliased signals of the eyes may destructively interfere with the brain images. These
aliasing artifacts can all be effectively eliminated by the MUSE procedure, as demonstrated in Figure 2B (GSR:
0.0560.01). Again, even though the motion-induced aliasing artifact can also be suppressed (GSR: 0.1360.01) with
the conventional SENSE reconstruction, the resultant DTI images and FA map have lower SNR (Figure 2C) as compared
with the MUSE produced results (Figure 2D). For white-matter voxels in this slice, the tensor fitting residual errors [26,27]
achieved with the MUSE method was 69% of that from the conventional SENSE reconstruction.
[0065] For a 2D 4-shot EPI of 2563256 matrix obtained with an 8-channel coil, the data processing time was about
83 sec (including 20 sec for an iterative 2D phase-cycled reconstruction and Nyquist artifact removal; 17 sec for initial
SENSE estimation of shot-to-shot phase variation, 10 sec for the total variation based noise reduction, and 36 sec for
the final MUSE reconstruction) with Matlab programs running in an Apple Macbook Pro (2.7 GHz intel core i7 CPU; 8GB
DDR3 memory). Note that the computation time can be reduced by performing pre-processing steps (including 2D phase-
cycled reconstruction, initial SENSE based estimation of shot-to-shot phase variation, and total variation based smooth-
ing) only in the central portion of the k-space data. For example, if the pre-processing steps were carried in the central
64364 k-space matrix and the calculated phase errors maps were subsequently interpolated to 2563256 matrices for
the final MUSE reconstruction, then the total data processing time was about 50 sec per slice (including 4 sec for an
iterative 2D phase-cycled reconstruction and Nyquist artifact removal; 3 sec for initial SENSE estimation of shot-to-shot
phase variation, 7 sec for the total variation based noise reduction, and 36 sec for the MUSE reconstruction).
[0066] Figure 3A shows a MUSE-based DWI image at high in-plane resolution (voxel size: 0.37530.37535mm3;
matrix size: 5123512), where fine anatomic features are visible. In contrast, the low-resolution version of the same
image (Figure 3B: voxel size: 1,531.535mm3; matrix size: 128x128), reconstructed from only the central portion of the
k-space data, has significantly lower anatomic resolvability (as indicated by arrows). Figure 4A shows an FA map with
high in-plane resolution (0.330.338mm3) generated by the developed MUSE method. The voxels inside the white box
are displayed in Figure 4B, where distinct FA patterns, likely between white matter and gray matter (indicated by green
and red arrows), are visible. Figures 4C and 4D show the contours of the indicated green and red voxels overlaid onto
the mean DWI and T2*-weighted EPI maps (i.e., the non-diffusion-weighted baseline EPI), respectively, suggesting that
white and gray matter FA patterns can be differentiated with the MUSE-based high-resolution DTI. Images shown in
Figures 3 and 4 indicate that the developed MUSE method enables high-resolution DWI and can provide information
that is usually not available at low in-plane spatial-resolution.
[0067] Figures 5A and B compare the MUSE- and SENSE-produced DWI maps corresponding to b factors ranging

from  at a  step. It can be seen that the motion-induced aliasing artifacts can all be
effectively removed with the MUSE method regardless of the SNR level, and the MUSE method is less susceptible to
undesirable noise amplification as compared with the SENSE reconstruction. The magnitude average of all 7 MUSE-
DWI and the magnitude average of all SENSE-DWI are shown in Figures 5C and 5D, respectively, for an easy visual-
ization of the SNR difference between these two reconstruction methods. The white-matter coefficient of variation (i.e.,
the ratio of standard deviation to the mean signals in a white-matter ROIs) in images reconstructed with the MUSE and
SENSE methods are shown by black and yellow bars, respectively, in Figure 5E. The SNR values for the MUSE-based
DWI images, measured by the ratio of white-matter signals to the background noises, are 8.5, 6.5, 5.0, 3.9, 3.4, 2.9,
and 2.4. These data suggest that the MUSE reconstruction is superior to conventional SENSE reconstruction even for
DWI data with very low SNR.
[0068] Non-diffusion-weighted interleaved EPI images reconstructed directly with 2D FFT were used as the reference
to measure the SNR penalty resulting from either MUSE or SENSE reconstruction. First, for data obtained with an 8-
channel GE coil, the white-matter coefficient of variation in 4-shot MUSE images was 3.1% higher than that obtained
with 2D FFT, and the white-matter coefficient of variation in 4-shot SENSE images was 23.3% higher than that obtained
with 2D FFT. Second, with the same 8-channel GE coil, the white-matter coefficient of variation in 2-shot MUSE images
was 0.4% higher than that obtained with 2D FFT, and the white-matter coefficient of variation in 2-shot SENSE images



EP 2 858 559 B1

11

5

10

15

20

25

30

35

40

45

50

55

was 14.6% higher than that obtained with 2D FFT. Third, for data obtained with a 32-channel GE coil, the white-matter
coefficient of variation in 4-shot MUSE images was 1.2% higher than that obtained with 2D FFT, and the white-matter
coefficient of variation in 4-shot SENSE images was 16.7% higher than that obtained with 2D FFT. Fourth, using a 32-
channel NOVA coil, the white-matter coefficient of variation in 4-shot MUSE images was 8.5% higher than that obtained
with 2D FFT, and the white-matter coefficient of variation in 4-shot SENSE images was 41.0% higher than that obtained
with 2D FFT. These data suggest that the SNR penalty resulting from the MUSE reconstruction is generally not significant
for 2-shot and 4-shot EPI, and is always smaller as compared with the SENSE reconstruction.
[0069] In summary, MUSE can be a general and effective approach to enable high-resolution DWI through multi-shot
acquisitions. The developed MUSE technique produces multi-shot DWI data with higher spatial resolution and fidelity,
as compared with single-shot acquisition. In comparison to the conventional navigator-based interleaved DWI, the new
MUSE technique, which requires neither navigator nor reference echoes, also has several advantages. First, the imaging
throughput of navigator-less interleaved DWI is higher than that of navigator-based interleaved DWI. Second, unlike
navigator-based correction which could fail when the motions differ between navigation, the newly developed MUSE
method can inherently measure and correct phase errors. Similar to the variable-density spiral imaging based DWI
[20,21,22], our MUSE method is capable of inherently estimating both linear and nonlinear phase variations directly from
the acquired multi-shot DWI data, but without requiring any pulse sequence modification.
[0070] A limitation of some embodiments of the MUSE method is that the number of EPI segments cannot be higher
than the number of coils; otherwise the phase variation maps cannot be estimated with the conventional SENSE procedure
(i.e., step 3 described in the Methods section). It should be noted that, as compared with the conventional SENSE
reconstruction, the MUSE procedure has an improved matrix inversion conditioning even when the number of EPI
segments is not significantly smaller than the number of coils. For example, as demonstrated in the human brain data,
robust high-resolution DWI can be obtained from a 4-shot interleaved EPI acquisition using an 8-channel receiver coil.
[0071] The MUSE algorithm is different from existing parallel imaging based motion correction methods that were
designed to correct large scale motion in non-diffusion-weighted MRI [28]. In contrast, in some embodiments, MUSE
addresses issues related to shot-to-shot phase inconsistencies in interleaved DWI due to small-scale (e.g., sub-voxel)
motions, while assuming that there is no large-scale intrascan motion (i.e., significantly larger than 1 voxel) and the
magnitude signals remain constant across multiple EPI segments (Figure 9). This condition is largely met in most scans
with cooperative subjects. In the presence of very large scale motion, it would be inappropriate to assume that the
magnitude signals remain constant across multiple EPI segments. In this case, the MUSE algorithm would need to be
further modified or expanded to accommodate for large-scale intrascan motion [29] (Figure 10). It should also be noted
that the developed method is designed to address the phase variations among EPI segments, but not those within each
individual segment.
[0072] The MUSE algorithm can be further expanded to accommodate for large-scale intrascan motion as shown, for
example, in Figures 10A-10F. To achieve this, the acquired data (blocks 10, 15 or 10, 15e or 10, 15p or 15f) can be
processed. Figure 10A illustrates the following steps, using 2-shot EPI based DWI as an example. First, the phase-
cycled reconstruction procedure [30] can be used to measure the phase errors resulting from odd-even echo inconsist-
encies in the baseline (i.e., T2-weighted) image (block 10), and the measured information is then used to suppress the
Nyquist artifacts in both baseline and diffusion-weighted images (blocks 20, 30, 35). Second, the coil-sensitivity profiles
are estimated (blocks 40, 50) from the baseline (Nyquist-corrected) T2-weighted images (block 30).
[0073] With reference to Figure 10A, third, using the conventional SENSE reconstruction procedure (block 36), two
full-FOV images (or N full-FOV images for N-shot EPI based DWI) are reconstructed from two DWI segments (or N DWI
segments for N-shot EPI based DWI), and the shot-to-shot phase variations are calculated with Equation 7, where the
total variation algorithm is used to smooth the complex images (block 37). Phase variations can be calculated across
EPI segments (block 38) and phase error maps can be generated (block 60). Fifth, the translational and rotational motion
between two SENSE-produced images (or N SENSE-produced images for N-shot EPI scans) are estimated with the
previously reported procedure (block 130). See, Eddy WF, Fitzgerald M, Noll DC. 1996. Improved image registration by
using Fourier interpolation. Magn Reson Med. 36:923-931; and Maas LC, Frederick BD, Renshaw PF. 1997. Decoupled
automated rotational and translational registration for function MRI time series data: the DART registration algorithm.
Magn Reson Med. 37:131-139. Sixth, the translational and rotational information is incorporated into the modified MUSE
equations to unfold the signals from overlapping voxels (blocks 135, 70). For example, Equations 9 and 10 described
in the previous paragraph are modified to accommodate for intrascan motion, as shown in Equations 11 and 12 with M
representing the transformation matrix (including rotation and translation) between 2 DWI segments using the first
segment as a position reference. Seventh, through unfolding overlapping voxels in all image-domain columns simulta-
neously with Equations 11 and 12, artifact-free and high-SNR DWI can be reconstructed with this modified MUSE
procedure (block 90).
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[0074] The modified MUSE algorithm described with respect to Figure 10A, accommodating large-scale intrascan
motion, was experimentally verified with human MRI data acquired from a 3 Tesla system equipped with an 8-channel
head RF coil, using a 4-shot EPI based DWI pulse sequence. The healthy volunteer was instructed to move his head
during the DWI scans, thus creating pronounced artifacts associated with the large-scale intrascan motion. The original
MUSE procedure (i.e., similar to Equation 9 and 10 but for 4-shot EPI) and the modified MUSE procedure (i.e., similar
to Equations 11 and 12 but for 4-shot EPI) were used to suppress the artifacts. The image quality was compared as
shown in Figure 6. The top row of Figure 6 shows the uncorrected 4-shot DWI, of 4 axial slices, in the presence of
pronounced intrascan motion. The middle row of Figure 6 shows the images reconstructed with the original MUSE
procedure. It can be seen that the aliasing artifact is reduced in MUSE-produced images as compared with the uncorrected
images, but the residual blurring artifact due to the intra-scan motion is still visible. Using the improved MUSE procedure
(the bottom row of Figure 6), residual artifacts can be effectively eliminated, and the reconstructed images have high-
quality and high-SNR.
[0075] Even though the MUSE procedure is particularly valuable in enabling high-resolution and high-quality interleaved
DWI, the concept of multiplexed parallel imaging can also be applied to eliminate motion-induced artifacts in interleaved
high-resolution DWI and DTI with other Cartesian or non-Cartesian pulse sequences (such as interleaved fast spin-echo
imaging and/or interleaved spiral imaging).
[0076] It should also be noted that the MUSE can also be applied to improve the quality for other types of pulse
sequences where high spatial resolution is desired, such as interleaved EPI based functional MRI (fMRI) in the presence
of phase variations over time due to physiological motions or magnetic field drifting. Figure 9B illustrates an example
of such a protocol similar to Figure 9A but modified for fMRI according to examples outside the scope of the present
invention.
[0077] Figure 10B ilustrates a flow chart of exemplary actions that can be performed to generate MRI images using
navigator echoes according to some examples outside the scope of the present invention. As shown, the analysis can
include interleaved diffusion-weighted EPI with navigator echo (block 15e), yielding a navigator echo for each EPI
segment (block 33) and image reconstruction with FT (Fourier Transform) (block 34) as an alternative to the SENSE
protocol with smoothing (block 37), calculation of phase variations (block 38), and phase error maps (block 60) for the
MUSE reconstruction (block 70).
[0078] Figure 10C is a flow chart of exemplary actions that can be performed to generate MRI images using interleaved
diffusion-weighted EPI with parallel navigator echo (block 15p) yileding a parallel navigator echo for each EPI segment
(block 33p) according to some examples outside the scope of the present invention with parallel imaging (e.g., SENSE)
reconstruction (block 36), smoothing (block 37), calculation of phase variations (block 38) and phase error maps (block
38) for the MUSE reconstruction (block 70).
[0079] Protocols similar to Figures 10B, 10C without the quantification of large-scale motion blocks 130,135 may also
be used with navigator echoes, similar to Figure 9A.
[0080] The MUSE reconstruction module can be used for fMRI and other non-DWI/DTI image data using the same
or substantially similar post-processing procedure described above as shown in Figures 9B and 10D-10F. It is noted
that there is no baseline T2-EPI in fMRI studies. Coil sensitivity profiles provided by an additional calibration scan, which
is a standard procedure, can alternatively be used to provide known coil sensitivity profiles (block 50). Interleaved EPI
based fMRI data can be acquired (block 15f) and corrected for Nyquist artifacts (block 20). Figure 9B illustrates an
example outside the scope of the present invention which processes fMRI data but does not include navigator echoes
and does not include the large scale motion adjustment (compare Figures 10D-10F). Figure 10D does not include
navigator echoes but does adjust for large scale motion amont EPI segments (block 130, block 135) for the MUSE
reconstruction (block 70), similar to Figure 10A. Figure 10E uses interleaved EPI based fMRI data with navigator echo
(block 15f) and a navigator echo for each EPI segment (block 33) with FT image reconstruction (block 34) similar to
Figure 10B for DWI data. Figure 10F uses interleaved EPI based fMRI data with parallel navigator echo (block 15f) for
parallel navigator echo for each EIP segment (block 33) and SENSE reconstruction (block 36) similar to Figure 10C for
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DWI data.
[0081] Experimental comparisons have been performed for 1) the MUSE reconstruction, 2) the conventional segmented
EPI reconstruction (i.e., a simple 2D Fourier transform), and 3) the SENSE-based reconstruction of 4-shot interleaved
EPI based fMRI data, in terms of the resultant temporal fluctuation noise level and time-domain SNR level, as shown in
Figure 7.
[0082] The top row of Figure 7 compares the temporal fluctuation noise levels in T2*-weighted images (e.g., used in
most functional MRI studies) obtained with three different protocols: the conventional segmented EPI reconstruction of
4-shot EPI data (Figure 7A), the magnitude summation of 4 consecutive SENSE-produced images (Figure 7B), and
the MUSE algorithm (Figure 7C). It can be seen that the MUSE-based reconstruction produces data with the lowest
time-domain fluctuation. The bottom row of Figure 7 compares the time-domain SNR levels in images obtained with the
conventional segmented EPI reconstruction (Figure 7D), the SENSE-based reconstruction (Figure 7E), and the MUSE
algorithm (Figure 7F). The results show that the highest time-domain SNR can be achieved with the MUSE algorithm,
as compared with the segmented EPI reconstruction and SENSE reconstruction.
[0083] The MUSE algorithm is capable of estimating shot-to-shot phase variations and intrascan motion inherently
from the initial SENSE reconstruction of multi-shot interleaved EPI data, without relying on any navigator echo or pulse
sequence modification. It should be noted that the MUSE algorithm is actually compatible with interleaved DWI pulse
sequences that have navigator echo acquisition embedded. When the navigator echoes are available, the shot-to-shot
phase variations and intrascan motion may be derived from the embedded navigator echoes and then used in the MUSE
reconstruction based on either Equations 9 and 10 (in the absence of large-scale intrascan motion) or Equations 11 and
12 (in the presence of large-scale intrascan motion) to produce artifact-free images. As compared with the conventional
navigator-echo based interleaved DWI reconstruction [9,10,11,12,13,14], the integration of MUSE and navigator echo
information explicitly uses the coil sensitivity profiles to significantly improve the matrix inversion conditioning when
unfolding the aliased signals. Therefore, the MUSE-based reconstruction of interleaved DWI data, with phase information
estimated from navigator echoes, is mathematically more stable than the existing navigated DWI reconstruction
[9,10,11,12,13,14]. Another advantage of integrating the MUSE reconstruction algorithm and the navigated DWI acqui-
sition is that the number of EPI interleaves is allowed to be equal to or greater than the number of RF coil channels,
since an initial SENSE reconstruction (that provides shot-to-shot phase variations in navigator-less MUSE) can be
avoided with the integrated algorithm. Experiments have demonstrated the feasibility of integrating the MUSE recon-
struction algorithm and the 8-shot DWI acquisition with a navigator-echo, using a 3 Tesla system equipped with an 8-
channel head coil, as shown in Figure 8.
[0084] The top row of Figure 8 shows three raw DWI images Figures 8A, 8B, 8C (with diffusion sensitizing gradients
applied along the left-right, anterior-posterior, and superior-inferior directions respectively) obtained with 8-shot EPI.
Significantly aliasing artifacts are visible in uncorrected DWI data. The bottom row of Figure 8 shows the magnitude
summation of three raw DWI images (left, Figure 8D), one of the embedded high-resolution navigator echoes (middle,
Figure 8E) acquired with parallel EPI with an acceleration factor of 4), and the MUSE reconstruction of 8-shot DWI data
using the phase information derived from 4x parallel navigator echoes (right, Figure 8F). It can be seen that the aliasing
artifacts in uncorrected DWI can be effectively eliminated using s procedure that integrates the MUSE reconstruction
algorithm and the interleaved DWI acquisition that includes parallel EPI based navigator echoes.
[0085] Figures 11A-11C illustrate exemplary image processing systems 10 with a MUSE reconstruction module or
circuit 10M.
[0086] Figure 11A illustrates that the system 10 can include at least one workstation 60 that has a portal for accessing
the module 10M. The module 10M can be held on a remote server accessible via a LAN, WAN or Internet. The workstation
60 can communicate with patient image data which may be held in a remote or local server, in the Scanner or other
electronically accessible database or repository. The workstation 60 can include a display with a GUI (graphic user input)
and the access portal. The workstation can access the data sets via a relatively broadband high speed connection using,
for example, a LAN or may be remote and/or may have lesser bandwidth and/or speed, and for example, may access
the data sets via a WAN and/or the Internet. Firewalls may be provided as appropriate for security.
[0087] Figure 11B illustrates that the module 10M can be included in the MR Scanner 20 which can communicate
with a workstation 60. The module 10M can be integrated into the control cabinet with image processing circuitry.
[0088] Figure 11C illustrates that the module 10M can be integrated into one or more local or remote workstations
60 that communicates with the Scanner 20. Although not shown, parts of the module 10M can be held on both the
Scanner 20 and one or more workstations 60, which can be remote or local.
[0089] Some or all of the module 10M can be held on at least one server that can communicate with one or more
Scanners 20. The at least one server can be provided using cloud computing which includes the provision of computational
resources on demand via a computer network. The resources can be embodied as various infrastructure services (e.g.,
compute, storage, etc.) as well as applications, databases, file services, email, etc. In the traditional model of computing,
both data and software are typically fully contained on the user’s computer; in cloud computing, the user’s computer
may contain little software or data (perhaps an operating system and/or web browser), and may serve as little more than
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a display terminal for processes occurring on a network of external computers. A cloud computing service (or an aggre-
gation of multiple cloud resources) may be generally referred to as the "Cloud". Cloud storage may include a model of
networked computer data storage where data is stored on multiple virtual servers, rather than being hosted on one or
more dedicated servers. Firewalls and suitable security protocols can be followed to exchange and/or analyze patient data.
[0090] Figure 12 is a schematic illustration of a circuit or data processing system 290. The system 290 can be used
with any of the systems 10 and provide all or part of the module 10M. The circuits and/or data processing systems 290
data processing systems may be incorporated in a digital signal processor in any suitable device or devices. As shown
in Figure 12, the processor 410 can communicate with an MRI scanner 20 and with memory 414 via an address/data
bus 448. The processor 410 can be any commercially available or custom microprocessor. The memory 414 is repre-
sentative of the overall hierarchy of memory devices containing the software and data used to implement the functionality
of the data processing system. The memory 414 can include, but is not limited to, the following types of devices: cache,
ROM, PROM, EPROM, EEPROM, flash memory, SRAM, and DRAM.
[0091] Figure 12 illustrates that the memory 414 may include several categories of software and data used in the data
processing system: the operating system 452; the application programs 454; the input/output (I/O) device drivers 458;
and data 455. The data 455 can include patient-specific MRI image data optionally including interleaved baseline T2-
weighted EIP data and interleaved diffusion-weighted EPI data.
[0092] Figure 12 also illustrates the application programs 454 can include a MUSE image reconstruction Module 450
that can correct for aliasing artifacts. The data processing system may be particularly suitable for DWI/DTI imaging of
the brain but may be used for non-DWI imaging as well (e.g., fMRI). It is contemplated that the corrected image data
can be used for more accurate cortical neuronal activity images and/or white matter evaluation including FA (fractional
anisotropy) images and/or fiber tractography images.
[0093] As will be appreciated by those of skill in the art, the operating systems 452 may be any operating system
suitable for use with a data processing system, such as OS/2, AIX, DOS, OS/390 or System390 from International
Business Machines Corporation, Armonk, NY, Windows CE, Windows NT, Windows95, Windows98, Windows2000,
WindowsXP or other Windows versions from Microsoft Corporation, Redmond, WA, Unix or Linux or FreeBSD, Palm
OS from Palm, Inc., Mac OS from Apple Computer, LabView, or proprietary operating systems. The I/O device drivers
458 typically include software routines accessed through the operating system 452 by the application programs 454 to
communicate with devices such as I/O data port(s), data storage 455 and certain memory 414 components. The appli-
cation programs 454 are illustrative of the programs that implement the various features of the data (image) processing
system and can include at least one application, which supports operations according to embodiments of the present
invention. Finally, the data 455 represents the static and dynamic data used by the application programs 454, the
operating system 452, the I/O device drivers 458, and other software programs that may reside in the memory 414.
[0094] While the present invention is illustrated, for example, with reference to the Module 450 being an application
program in Figure 12, as will be appreciated by those of skill in the art, other configurations may also be utilized while
still benefiting from the teachings of the present invention. For example, the Module 450 may also be incorporated into
the operating system 452, the I/O device drivers 458 or other such logical division of the data processing system. Thus,
the present invention should not be construed as limited to the configuration of Figure 12 which is intended to encompass
any configuration capable of carrying out the operations described herein. Further, Module 450 can communicate with
or be incorporated totally or partially in other components, such as an MRI scanner 20, interface/gateway or workstation 60.
[0095] The I/O data port can be used to transfer information between the data processing system, the workstation,
the MRI scanner, the interface/gateway and another computer system or a network (e.g., the Internet) or to other devices
or circuits controlled by the processor. These components may be conventional components such as those used in
many conventional data processing systems, which may be configured in accordance with the present invention to
operate as described herein.
[0096] In conclusion, novel and robust techniques are described that allow high-resolution DWI through a multi-shot
acquisition scheme, all inherently without the need for navigator and reference echoes. The MUSE technique can be
readily incorporated with previous advances such as massive parallel imaging to further improve the spatial resolution
for DWI and may find broad applications in modern neuroscience investigations of detailed brain microstructures and
related functions where very high spatial resolution is required.
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[0098] Any patents or publications mentioned in this specification are indicative of the levels of those skilled in the art
to which the invention pertains. These patents and publications are herein incorporated by reference to the same extent
as if each individual publication was specifically and individually indicated to be incorporated by reference at the location
noted by the citation referencing the document. In case of conflict, the present specification, including definitions, will
control.
[0099] The foregoing is illustrative of the present invention and is not to be construed as limiting thereof. Although a
few exemplary embodiments of this invention have been described, those skilled in the art will readily appreciate that
many modifications are possible in the exemplary embodiments without materially departing from the novel teachings
and advantages of this invention. Accordingly, all such modifications are intended to be included within the scope of this
invention as defined in the claims. In the claims, means-plus-function clauses are intended to cover the structures
described herein as performing the recited function and not only structural equivalents but also equivalent structures.
Therefore, it is to be understood that the foregoing is illustrative of the present invention and is not to be construed as
limited to the specific embodiments disclosed, and that modifications to the disclosed embodiments, as well as other
embodiments, are intended to be included within the scope of the appended claims. The invention is defined by the
following claims, with equivalents of the claims to be included therein.

Claims

1. An MRI image data signal post-processing method for generating high-resolution DWI images from DWI image data
acquired using a coil array and multi-shot interleaved MRI pulse sequences, without relying on any navigator echoes,
comprising:

programmatically estimating motion induced shot-to-shot phase variations and position changes among multiple
segments of the acquired DWI image data using parallel image reconstruction (36) by using one segment of
the multiple segments as a reference segment of phase and position and calculating (38) differences in signals
associated with phase and position between the reference segment and other segments of the acquired DWI
image data;
programmatically incorporating (i) the estimated motion induced shot-to-shot phase variations and position
changes and (ii) defined coil sensitivity profile data into a mathematical model, wherein said defined coil sensitivity
profile data are derived from a baseline T2-weighted data set corresponding to the acquired DWI image data;
using said mathematical model, jointly calculating magnitude-value signals of overlapping voxels in the acquired
DWI image data to generate (70) corrected DWI image data; and
programmatically generating (90) high-resolution DWI images based on the corrected data to thereby generate
images free from aliasing artifacts.

2. The method of Claim 1, wherein the multi-shot MRI pulse sequences comprise multi-shot interleaved MRI pulse
sequences associated with one or more of: (i) interleaved echo-planar imaging (EPI); (ii) interleaved fast spin-echo
(FSE) imaging; or (iii) interleaved spiral imaging.

3. The method of Claim 1, wherein the multi-shot interleaved MRI pulse sequences are associated with interleaved
echo-planar imaging (EPI) which generates EPI segments as the multiple segments or interleaved fast spin-echo
(FSE) imaging which generates FSE segments as the multiple segments.

4. The method of Claim 3, wherein the estimating of motion induced shot-to-shot phase variations and position changes
comprises:
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i. reconstructing images corresponding to different EPI or FSE segments by applying the parallel reconstruction
to each individual EPI or FSE segment; and
ii. mathematically quantifying shot-to-shot phase variations and position changes among multiple images gen-
erated by the reconstruction; then
iii. spatially smoothing (37) a shot-to-shot phase variation map derived from the mathematic quantification to
produce phase information of high signal-to-noise ratio.

5. The method of Claim 4:

wherein the phase variations between different EPI or FSE segments are calculated by comparing phase values
of complex-value images corresponding to different segments; or
wherein rotational and translational motions between different EPI or FSE segments are computed from k-space
data corresponding to different segments; or
wherein the phase information is spatially smoothed using a spatial smoothing protocol, said spatial smoothing
protocol optionally comprising a total variation algorithm that preserves sharp edge information of the phase
variation map or any other spatial smoothing procedure.

6. The method of Claim 3, wherein DWI signals of the acquired image data from overlapping voxels are calculated by
jointly performing parallel image reconstruction of all EPI or FSE segments, with matrix inversion simultaneously
applied to all EPI or FSE segments, assuming that magnitude-value signals are consistent across multiple segments
in absence of large-scale intra-scan motion across segments, and wherein phase variations across multiple EPI or
FSE segments are calculated based on the estimated phase variations and position changes.

7. The method of Claim 3, wherein magnitude-value signals are considered consistent across multiple EPI or FSE
segments, even in the presence of large-scale intrascan motion across segments, using a transformation matrix
that reflects rotational and translational motion that is mathematically incorporated into a joint parallel image recon-
struction from all EPI or FSE segments.

8. The method of Claim 1, wherein the high resolution DWI images are brain images illustrating brain structures based
on properties of proton diffusivity.

9. The method of Claim 1, comprising generating fractional anisotropy (FA) maps of the brain using the high resolution
DWI images.

10. The method of Claim 7, further comprising unfolding overlapping voxels in all image-domain columns of the trans-
formation matrix simultaneously.

11. An image processing software comprising instructions configured to electronically carry out any of the methods of
any of Claims 1 to 10.

12. An MR image processing system comprising at least one processor configured to carry out any of the methods of
any of Claims 1 to 10.

Patentansprüche

1. Ein MRT-Bilddatensignal-Nachbearbeitungsverfahren zum Erzeugen von DWI-Bildern mit hoher Auflösung aus
DWI-Bilddaten, die unter Verwendung von Spulen-Arrays und verschachtelten MRT-Pulssequenzen mit mehreren
Aufnahmen akquiriert wurden, ohne auf Navigator-Echos zurückzugreifen, beinhaltend:

programmatisches Schätzen von bewegungsinduzierten Phasenvariationen und Positionsänderungen von Auf-
nahme zu Aufnahme zwischen mehreren Segmenten der akquirierten DWI-Bilddaten unter Verwendung von
paralleler Bildrekonstruktion (36) durch Verwendung eines Segments der mehreren Segmente als ein Refe-
renzsegment von Phase und Position und Berechnen (38) von Differenzen in Signalen, die mit Phase und
Position assoziiert sind, zwischen dem Referenzsegment und anderen Segmenten der akquirierten DWI-Bild-
daten;
programmatisches Einbeziehen (i) der geschätzten bewegungsinduzierten Phasenvariationen und Positions-
änderungen von Aufnahme zu Aufnahme und (ii) der definierten Spulensensitivitätsprofildaten in ein mathema-
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tisches Modell, wobei die definierten Spulensensitivitätsprofildaten aus einem Ausgangs-T2-gewichteten Da-
tensatz abgeleitet sind, der den akquirierten DWI-Bilddaten entspricht;
Verwenden des mathematischen Modells, das gemeinsam Größenwertsignale überlappender Voxel in den
akquirierten DWI Bilddaten berechnet, um korrigierte DWI-Bilddaten zu erzeugen (70); und
programmatisches Erzeugen (90) von DWI-Bildern mit hoher Auflösung auf der Grundlage der korrigierten
Daten, um somit Bilder zu erzeugen, die frei von Alias-Artefakten sind.

2. Verfahren gemäß Anspruch 1, wobei die MRT-Pulssequenzen mit mehreren Aufnahmen verschachtelte MRT-Puls-
sequenzen mit mehreren Aufnahmen beinhalten, die mit einem oder mehreren der Folgenden assoziiert sind: (i)
verschachtelter echoplanarer Bildgebung (EPI); (ii) verschachtelter Schnell-Spinecho(FSE)-Bildgebung; oder (iii)
verschachtelter Spiralbildgebung.

3. Verfahren gemäß Anspruch 1, wobei die verschachtelten MRT-Pulssequenzen mit mehreren Aufnahmen mit ver-
schachtelter echoplanarer Bildgebung (EPI), die EPI-Segmente als die mehreren Segmente erzeugt, oder ver-
schachtelter Schnell-Spinecho(FSE)-Bildgebung, die FSE-Segmente als die mehreren Segmente erzeugt, assoziiert
sind.

4. Verfahren gemäß Anspruch 3, wobei das Schätzen der bewegungsinduzierten Phasenvariationen und Positions-
änderungen von Aufnahme zu Aufnahme Folgendes beinhaltet:

i. Rekonstruieren von Bildern, die verschiedenen EPI- oder FSE-Segmenten entsprechen, durch Anwenden
der parallelen Rekonstruktion auf jedes einzelne EPI-oder FSE-Segment; und
ii. mathematisches Quantifizieren von Phasenvariationen und Positionsänderungen von Aufnahme zu Aufnah-
me unter mehreren Bildern, die durch die Rekonstruktion erzeugt werden; anschließend
iii. räumliches Glätten (37) einer Map der Phasenvariationen von Aufnahme zu Aufnahme, die aus der mathe-
matischen Quantifizierung abgeleitet wurde, um Phaseninformationen mit einem hohen Signal-Rausch-Ver-
hältnis zu produzieren.

5. Verfahren gemäß Anspruch 4:

wobei die Phasenvariationen zwischen verschiedenen EPI- oder FSE-Segmenten berechnet werden, indem
Phasenwerte von Komplexwertbildern verglichen werden, die verschiedenen Segmenten entsprechen; oder
wobei rotationale und translationale Bewegungen zwischen verschiedenen EPI- oder FSE-Segmenten aus k-
Raumdaten errechnet werden, die verschiedenen Segmenten entsprechen; oder
wobei die Phaseninformationen unter Verwendung eines räumlichen Glättungsprotokolls räumlich geglättet
werden, wobei das räumliche Glättungsprotokoll optional einen Gesamtvariationsalgorithmus, der die scharf-
kantigen Informationen der Phasenvariations-Map konserviert, oder ein beliebiges anderes räumliches Glät-
tungsverfahren beinhaltet.

6. Verfahren gemäß Anspruch 3, wobei die DWI-Signale der akquirierten Bilddaten aus überlappenden Voxeln durch
gemeinsames Durchführen der parallelen Bildrekonstruktion aller EPI- oder FSE-Segmente berechnet werden,
wobei Matrixinversion gleichzeitig auf alle EPI- oder FSE-Segmente angewendet wird, unter der Annahme, dass
Größenwertsignale über mehrere Segmente konsistent sind, wenn keine umfangreiche Intra-Scan-Bewegung über
die Segmente vorliegt, und wobei Phasenvariationen über mehrere EPI- oder FSE-Segmente auf der Grundlage
der geschätzten Phasenvariationen und Positionsänderungen berechnet werden.

7. Verfahren gemäß Anspruch 3, wobei Größenwertsignale als konsistent über mehrere EPI- oder FSE-Segmente
betrachtet werden, selbst wenn umfangreiche Intra-Scan-Bewegung über Segmente vorliegt, unter Verwendung
einer Transformationsmatrix, die rotationale und translationale Bewegung widerspiegelt, die mathematisch in eine
gemeinsame parallele Bildrekonstruktion von allen EPI- oder FSE-Segmenten einbezogen wird.

8. Verfahren gemäß Anspruch 1, wobei die DWI-Bilder mit hoher Auflösung Gehirnbilder sind, die Gehirnstrukturen
auf der Grundlage des Protonendiffusionsvermögens veranschaulichen.

9. Verfahren gemäß Anspruch 1, das das Erzeugen von fraktionalen Anisotropie(FA)-Maps des Gehirns unter Ver-
wendung der DWI-Bilder mit hoher Auflösung beinhaltet.

10. Verfahren gemäß Anspruch 7, das ferner das gleichzeitige Entfalten von überlappenden Voxeln in allen Bilddomä-
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nenspalten der Transformationsmatrix beinhaltet.

11. Eine Bildverarbeitungs-Software, die Anweisungen beinhaltet, die zum elektronischen Ausführen eines der Verfah-
ren gemäß einem der Ansprüche 1 bis 10 ausgelegt sind.

12. Ein MR-Bildverarbeitungssystem, das mindestens einen Prozessor beinhaltet, der zum Ausführen eines der Ver-
fahren gemäß einem der Ansprüche 1 bis 10 ausgelegt ist.

Revendications

1. Procédé de post-traitement d’un signal de données d’image d’IRM pour générer des images DWI à haute résolution
à partir des données d’images DWI acquises en utilisant un réseau de bobines et des séquences d’impulsions d’IRM
entrelacées à coups multiples, sans dépendre d’échos navigateurs, comprenant :

l’estimation par programmation de variations de phase de coup à coup induites par un mouvement et de chan-
gements de position parmi de multiples segments des données d’image DWI acquises en utilisant une recons-
truction d’image parallèle (36) en utilisant un segment des multiples segments comme segment de référence
de phase et une position et le calcul (38) des différences dans des signaux associés avec une phase et une
position entre le segment de référence et d’autres segments des données d’image DWI acquises ;
l’intégration par programmation (i) des variations de phase de coup à coup induites par le mouvement estimé
et des changements de position et (ii) des données du profil de sensibilité des bobines définies dans un modèle
mathématique, dans lequel lesdites données du profil de sensibilité des bobines définies sont dérivées d’un
ensemble de données pondérées en T2 de référence correspondant aux données d’image DWI acquises ;
l’utilisation dudit modèle mathématique, calculant conjointement des signaux de valeur d’amplitude de voxels
se chevauchant dans les données d’image DWI acquises pour générer (70) des données d’image DWI
corrigées ; et
la génération par programmation (90) d’images DWI à haute résolution basées sur les données corrigées pour
générer ainsi des images exemptes d’artefacts de crénelage.

2. Procédé selon la revendication 1, dans lequel les séquences d’impulsions IRM à coups multiples comprennent des
séquences d’impulsions IRM entrelacées à coups multiples associées à un ou plusieurs parmi : (i) une imagerie
plane par écho (EPI) entrelacée ; (ii) une imagerie par écho de spin rapide (FSE) entrelacée ; ou (iii) une imagerie
spirale entrelacée.

3. Procédé selon la revendication 1, dans lequel les séquences d’impulsions IRM entrelacées à coups multiples sont
associées à une imagerie plane par écho (EPI) entrelacée qui génère des segments d’EPI comme les multiples
segments ou l’imagerie par écho de spin rapide (FSE) entrelacée qui génère des segments FSE comme les multiples
segments.

4. Procédé selon la revendication 3, dans lequel l’estimation des variations de phase de coup à coup induites par les
mouvements et les changements de position comprend :

i. la reconstruction d’images correspondant à différents segments d’EPI ou de FSE en appliquant la recons-
truction parallèle à chaque segment d’EPI ou de FSE individuel ; et
ii. la quantification mathématique des variations de phase de coup à coup et des changements de position
parmi les multiples images générées par la reconstruction ; ensuite
iii. le lissage spatial (37) d’une carte de variation de phase de coup à coup dérivée de la quantification mathé-
matique pour produire des informations de phase d’un rapport signal/bruit élevé.

5. Procédé selon la revendication 4 :

dans lequel les variations de phase entre différents segments d’EPI et de FSE sont calculées en comparant
des valeurs de phase d’images à valeur complexe correspondant à différents segments ; ou
dans lequel des mouvements de rotation et de translation entre différents segments d’EPI et de FSE sont
calculés à partir de données de l’espace K correspondant à différents segments ; ou
dans lequel les informations de phase sont lissées spatialement en utilisant un protocole de lissage spatial,
ledit protocole de lissage spatial comprenant éventuellement un algorithme de variation totale qui préserve les
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informations d’angle vif de la carte de variation de phase ou tout autre procédure de lissage spatial.

6. Procédé selon la revendication 3, dans lequel les signaux DWI des données d’image acquises à partir des voxels
se chevauchant sont calculés en réalisant conjointement une reconstruction d’image parallèle de tous les segments
d’EPI ou de FSE, avec une inversion de matrice appliquée simultanément à tous les segments d’EPI ou de FSE,
en supposant que les signaux de valeur d’amplitude sont cohérents à travers les multiples segments en l’absence
de mouvement intrabalayage à grande échelle à travers des segments, et dans lequel des variations de phase à
travers de multiples segments d’EPI ou de FSE sont calculées en se basant sur les variations de phase et les
changements de position estimés.

7. Procédé selon la revendication 3, dans lequel les signaux de valeurs d’amplitude sont considérés comme cohérents
à travers les multiples segments d’EPI ou de FSE, même en présence d’un mouvement intrabalayage à grande
échelle à travers des segments, en utilisant une matrice de transformation qui reflète un mouvement de rotation et
de translation qui est mathématiquement intégré dans une reconstruction d’image parallèle conjointe à partir de
tous les segments d’EPI ou de FSE.

8. Procédé selon la revendication 1, dans lequel les images DWI à haute résolution sont des images du cerveau
illustrant des structures cérébrales basées sur les propriétés de la diffusivité des protons.

9. Procédé selon la revendication 1, comprenant la génération de cartes d’anisotropie fractionnelle (FA) du cerveau
en utilisant les images DWI à haute résolution.

10. Procédé selon la revendication 7, comprenant en outre le dépliage des voxels se chevauchant dans toutes les
colonnes du domaine de l’image de la matrice de transformation simultanément.

11. Logiciel de traitement d’images comprenant des instructions configurées pour réaliser électroniquement l’un quel-
conque des procédés selon l’une quelconque des revendications 1 à 10.

12. Système de traitement d’images RM comprenant au moins un processeur configuré pour réaliser l’un quelconque
des procédés selon l’une quelconque des revendications 1 à 10.
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