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(57) ABSTRACT

Embodiments relate to acquiring magnetic resonance (MR)
images with suppressed residual blood signal in the early
cardiac phases, leading to images with a preferred dark-
blood appearance throughout the entire cardiac cycle, which
improves accuracy of subsequent post-processing algo-
rithms. The acquisition of the desired blood suppressed
tissue images is achieved through a double inversion recov-
ery pulse in DENSE sequences. The double inversion recov-
ery pulse is applied after an electrocardiogram (ECG) trigger
at a beginning point of a repetition time period, followed by
a displacement encoding module at an inversion time during
the repetition time period and a readout module comprised
of a plurality of frames during a remainder of the repetition
time period. The displacement encoding module applies a
labelling process on the tissue, while the readout module
applies an un-labelling process. The readout module com-
prises an imaging sequence adapted to acquire DENSE
images.
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MAGNETIC RESONANCE METHOD AND
APPARATUS FOR QUANTITATIVE
TIME-RESOLVED ASSESSMENT OF TISSUE
DISPLACEMENT AND RELATED
BIOMARKER PARAMETERS WITH BLOOD
SUPPRESSION IN THE WHOLE CARDIAC
CYCLE

TECHNOLOGY FIELD

[0001] The present invention relates generally to acquisi-
tion of magnetic resonance images, and more particularly to
suppressing a residual blood signal in magnetic resonance
images to allow for accurate quantitative time-resolved
assessment of tissue displacement and related biomarker
parameters.

BACKGROUND

[0002] Many diseases influence tissue displacement and
related biomarker parameters, such as strain, twist, and
torsion. Quantitative assessment of these parameters is of
growing importance. Particularly, quantitative imaging of
motion and strain in the cardiovascular system is an emerg-
ing field as being able to understand and measure the
complex moving and contraction patterns of the heart and
vessels can be helpful in both research and clinical settings.

[0003] Conventional applications include ischemia detec-
tion and evaluation of myocardial mechanics related to
cardiac surgery. Newer applications include quantifying
mechanical dyssynchrony in heart failure and measuring the
functional effects of experimental therapies such as stem cell
infusion. Other applications outside of the heart include
assessment of vessel wall deformation and stretching.

[0004] Magnetic resonance imaging (MRI) has been a
powerful tool for studying displacement and motion. Dis-
placement Encoding with Stimulated Echoes (DENSE) is an
Mill technique for quantitative imaging of tissue motion.
This technique encodes tissue displacement into the phase of
the magnetic resonance (MR) signal. Displacement or
motion values can be extracted from the MR phase images
for each displacement encoded direction, and combined to
generate a displacement map. The displacement values can
be further used to calculate the deformation and mechanics
indices including but not limited to strain, twist, and torsion.
When cine DENSE images are acquired, i.e., DENSE data
at multiple cardiac phases, dynamic or time-resolved infor-
mation about motion patterns can be further evaluated.

[0005] Tt is preferable to have DENSE images free of
blood signal inside the left ventricle chambers or the vessel
lumen, as the myocardial tissue or vessel wall is typically the
region of interest, not the blood as its displacement is too
large. In addition, if blood signal exists in the images, the
signal can cause difficulties in delineating the boundaries of
the myocardial chamber and vessel lumen, leading to errors
in the final resultant images.

[0006] This document describes a method and apparatus
for suppressing the residual blood signal in the early cardiac
phases of the cine DENSE images, providing a dark-blood
appearance for the entire cardiac cycle, thus allowing for
more accurate quantitative time-resolved assessment of tis-
sue displacement and related biomarker parameters.
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SUMMARY

[0007] Embodiments of the present invention provide a
method and system for suppressing a residual blood signal
in early cardiac phases of MR images, such as cine DENSE
images.

[0008] In an embodiment, a method of acquiring cine
DENSE images of tissue with suppressed residual blood
signal in early cardiac phases comprises: applying, by a
processor, a residual blood signal suppression sequence to
the tissue, the residual blood signal suppression sequence
comprising: inversion recovery pulses after an electrocar-
diogram (ECG) trigger at a beginning point of a repetition
time period, to obtain a magnetization-inverted slice of the
tissue; a displacement encoding module at an inversion time
during the repetition time period to apply a labelling process
on the tissue and excite an imaging slice of tissue thinner
than the magnetization-inverted slice; and a readout module
comprised of a plurality of frames during a remainder of the
repetition time period, to apply an un-labelling process on
the imaging slice of tissue, thereby generating DENSE
images of tissue with blood suppression within the imaging
slice of tissue. A display processor generates data represent-
ing the DENSE images of tissue with blood suppression
within the imaging slice of tissue. The sequence covers two
cardiac cycles defined as the repetition time period: and the
inversion time is selected to allow for a blood signal within
the imaging slice of tissue to have a zero magnetization level
at the inversion time.

[0009] According to an embodiment, a system for acquir-
ing cine DENSE images of tissue with suppressed residual
blood signal in early cardiac phases comprises one or more
processors for applying a residual blood signal suppression
sequence to the tissue and generating data representing the
DENSE images of tissue with blood suppression within an
imaging slice of tissue.

[0010] In an embodiment, the inversion recovery pulses
comprise two radio-frequency (RF) inversion recovery (IR)
pulses; wherein the first RF IR pulse comprises a spatially
non-selective pulse and the second RF IR pulses comprises
a spatially selective pulse. In an embodiment, the tissue is
the myocardial tissue, and the first RF IR pulse inverts
magnetization of the myocardium and blood. and the second
RF IR pulse restores magnetization in the magnetization-
inverted slice of the tissue.

[0011] In an embodiment, the residual blood signal sup-
pression sequence further comprises a navigator gating
(NAV) module to reduce respiratory motion artifacts in the
images during free breathing in data acquisition, wherein the
NAV module is applied at an end of each of the two cardiac
cycles.

[0012] In an embodiment, the readout module comprises
an imaging sequence adapted to acquire the DENSE images,
wherein the imaging sequence comprises one of echo planar
imaging and spiral imaging.

[0013] In an embodiment, the displacement encoding
module comprises a stimulated-echo acquisition mode
(STEAM) kernel.

[0014] In an embodiment, the inversion time is based on
one or more of field strength, heart rate, tissue and blood
longitudinal relaxation time (T1) values.

[0015] According to an embodiment, post-processing of
the DENSE images of tissue may be performed by a
processor, wherein post-processing comprises one or more
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of phase unwrapping, displacement extraction, tissue track-
ing, temporal fitting, and mechanics indices calculation.
[0016] In an embodiment, the DENSE images of tissue
with blood suppression are utilized for quantitative assess-
ment of biomarker parameters of tissue and organ, compris-
ing one or more of mechanical properties parameters and
time-resolved dynamic parameters.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing will be provided
by the Office upon request and payment of the necessary fee.
[0018] The foregoing and other aspects of the present
invention are best understood from the following detailed
description when read in connection with the accompanying
drawings. For the purpose of illustrating the invention,
shown in the drawings are embodiments that are presently
preferred, it being understood, however, that the invention is
not limited to the specific instrumentalities disclosed.
Included in the drawings are the following Figures:

[0019] FIG. 1 illustrates example DENSE images and
two-dimensional displacement maps of the left ventricle of
the heart at end-systole;

[0020] FIG. 2 illustrates example cine DENSE images
portraying the blood signal in the left ventricle and in the
aorta lumen at the early cardiac phases;

[0021] FIG. 3 is a timing diagram of the displacement
encoding module in DENSE pulse sequences;

[0022] FIG. 4 is a timing diagram of an EPI cine DENSE
sequence;
[0023] FIG. 5 is an illustration demonstrating design and

relative timing of ECG triggering, sequence events, magne-
tization changes corresponding to critical sequence events
time points, and the inversion/excitation slice positions,
according to an embodiment;

[0024] FIG. 6 is a flowchart illustrating a method of
acquiring cine DENSE images with suppressed residual
blood signal in early cardiac phases, according to embodi-
ments provided herein;

[0025] FIG. 7 illustrates a system for suppressing a
residual blood signal in early cardiac phases of cine DENSE
images, according to embodiments provided herein; and
[0026] FIG. 8 is an exemplary computing environment in
which embodiments disclosed herein may be implemented.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0027] Embodiments of the present invention relate to a
method and apparatus for suppressing a residual blood
signal in early cardiac phases of magnetic resonance (MR)
images, such as cine Displacement Encoding with Stimu-
lated Echoes (DENSE) images.

[0028] As noted above, DENSE is an MRI technique for
quantitative imaging of tissue motion. This technique
encodes tissue displacement into the phase of the MR signal.
Displacement or motion values can be extracted from the
MR phase images for each displacement encoded direction,
and combined to generate a displacement map. The displace-
ment values can be further used to calculate the deformation
and mechanics indices including but not limited to strain,
twist, and torsion. When cine DENSE images are acquired,
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i.e.,, DENSE data at multiple cardiac phases, dynamic or
time-resolved information about motion patterns can be
further evaluated.

[0029] With reference to FIG. 1, shown are example
DENSE images and the two-dimensional (2D) displacement
map of the left ventricle of the heart at end-systole. The left
column (A, D) contains the phase images displacement-
encoded in the horizontal direction, and the middle column
(B, E) contains the phase images displacement-encoded in
the vertical direction. The first row contains the phase-
reconstructed (A, B) and the magnitude-reconstructed (C)
images from the DENSE images acquired directly from the
scanner. Phase wrap is seen in the phase-reconstructed
images at end-systole (A, B). The second row contains the
segmented left ventricle and its unwrapped phase images (D,
E) corresponding to (A, B), as well as the resulting 2D
displacement map (F).

[0030] FIG. 2 illustrates example cine DENSE images
portraying the blood signal in the left ventricle (top row) and
in the aorta lumen (bottom row) at the early cardiac phases.
The columns correspond to four consecutive cardiac phases
at time of 16, 48, 80, and 112 ms after the ECG R-wave,
respectively.

[0031] A single-phase DENSE image inherently has dark-
blood appearance. This is because the single-phase DENSE
image typically has a designed waiting time between the
displacement encoding module and the data sampling mod-
ule. During this waiting time, the blood which went through
the displacement encoding applied by the DENSE sequence
travels out of the imaging plane when the DENSE data is
sampled/acquired and does not contribute to any signal in
the resultant DENSE image. However, in the case of cine
DENSE, the data of each cardiac phase is acquired as fast as
possible, and when the data of the early cardiac phases are
acquired, the blood may not yet have travelled out of the
imaging plane. The result is that residual blood remains in
the left ventricle (A and B in FIG. 2) and in the aorta lumen
(B, F, and G in FIG. 2). In contrast, for later cardiac phases
(C, D, and H in FIG. 2), the blood signal is mostly not
present, and the images have a preferred dark-blood appear-
ance.

[0032] Thus, as can be seen from FIG. 2, it is important to
suppress the residual blood signal in the early cardiac phases
of the cine DENSE images, providing the dark-blood
appearance for the entire cardiac cycle. Embodiments dis-
closed herein accomplish this goal.

[0033] With reference to FIG. 3, an exemplary timing
diagram 300 of the displacement encoding module in
DENSE pulse sequences, which encodes displacement in the
x direction, is shown. RF are the radio-frequency pulses; G,
and G, are the magnetic gradient field in the x and z
direction, respectively. The angle notation 90°_ is the rota-
tion about the x-axis by an angle of 90° in the left-hand
convention. The RF pulse of -90°_ is accomplished by
setting the phase of the RF pulse of 90°_ to be 180°. a
indicates the rotation about the x-axis by a small flip angle
of a. k, is the spatial frequency imparted by the displace-
ment encoding gradient, which is proportional to the area of
the gradient and is given by
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G, is a spoiler gradient. D,-D; are the time durations, and
t,-t5 are the time points.

[0034] With continued reference to FIG. 3, the sequence
starts with a displacement-encoding module, also referred to
as a 1-1 spatial modulation of magnetization (SPAMM)
kernel in the tagging sequence, which includes two non-
selective 90° RF pulses separated by a displacement-encod-
ing gradient, and followed by a spoiler gradient. This
displacement-encoding module can be played out at any
time of interest during the cardiac cycle, but is typically
done at end-diastole. The displacement-encoding module
applies a labelling process on the tissue, which is very
similar with the tissue labelling/tagging process in tissue
tagging sequences and works with the un-labelling process
together to fulfill the purpose of displacement encoding.
[0035] The displacement-encoding module is followed by
the application of a readout module, which can employ
various imaging sequences to sample the k-space after the
application of the displacement-decoding gradient, includ-
ing but not limited to echo planar imaging (EPI) and spiral
imaging. This readout module can be adapted to acquire
multi-phase or cine data. The flip angle of the slice-selective
excitation RF pulse in the readout modules can be either 90°
(usually for a single-phase DENSE sequence with only one
readout module) or a small flip angle o (usually for the
multi-phase or cine DENSE sequence with multiple readout
modules), depending on the application. The readout module
applies an un-labelling process on the tissue, which works
with the previous labelling process in the displacement-
encoding module to finish the displacement encoding. An
ECG-gated cine DENSE sequence that uses an EPI k-space
trajectory is shown in FIG. 4.

[0036] FIG. 4 is a timing diagram 400 of an EPI cine
DENSE sequence. In practice, to minimize TE, the displace-
ment unencoding gradients are combined with spatial encod-
ing gradients. The phase of the second 90° RF pulse alters
from the x direction to the —x direction, so that a complete
dataset for complementary spatial modulation of magneti-
zation (CSPAMM) artifact suppression can be acquired.
[0037] Only tissue which underwent both the labelling
process in the displacement-encoding module and the un-
labelling process in the readout module can contribute to the
resultant DENSE data. If the tissue underwent only the
labelling process or only the un-labelling process, its signal
will be inherently removed by the DENSE signal processing
algorithm (for example, the complementary CSPAMM sub-
traction).

[0038] The timing diagrams of FIGS. 3 and 4 are exem-
plary sequences that may be used in accordance with
embodiments disclosed herein. Other sequences known to
those of skill in the art may alternatively be used.

[0039] According to embodiments provided herein, a
dark-blood, inversion recovery DENSE method is capable
of quantifying tissue displacement and motion, and evalu-
ating the tissue mechanical properties by calculating indices
based on the displacement and motion values. Specifically,
this method allows for acquisition of cine DENSE images
with suppression of the residual blood signal in the early
cardiac phases, providing the dark-blood appearance for the
entire cardiac cycle, which improves the accuracy of sub-
sequent post-processing algorithms.

[0040] Although embodiments disclosed herein are
described with reference to a cine DENSE EPI sequence,
other sequence types may alternatively be used. It is straight-
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forward to one of ordinary skill in the art to extend and adapt
to other sequence types, including, but not limited to,
balanced steady state free precession (balanced SSFP or
trueFISP) sequence, and the spiral sequence. In addition, the
method disclosed herein can be similarly applied to the
single-phase (i.e., non-cine) DENSE sequence, tagging
sequence, strain-encoded (SENC) sequence, and other
stimulated-echo  acquisition mode (STEAM) MRI
sequences, to achieve the black blood appearance for the
whole cardiac cycle.

[0041] According to an embodiment, double inversion
recovery pulses in DENSE sequences are utilized to achieve
blood signal suppression. An illustration to demonstrate the
design and relative timing of the ECG triggering, sequence
events, the magnetization changes corresponding to the
critical sequence events time points, and the inversion/
excitation slice positions, is shown in diagram 500 of FIG.
5. The following description is with reference to the features
of FIG. 5.

[0042] The repetition time (TR) 510 of the sequence
covers two cardiac cycles. Due to the possible length of scan
time, which is too long to do breath-hold acquisition,
navigator gating (NAV) is used to reduce the respiratory
motion artifacts in the image during free breathing in the
data acquisition. According to an embodiment, the NAV
module 542 is played at the end of each cardiac cycle (or
R-R interval), so as not to occupy and interfere with the
sequence timing. When both NAVs 542 in the same TR 510
are accepted, the data acquired during this TR 510 is used for
the eventual image reconstruction.

[0043] “Magnetization” row 560 illustrates magnetization
of a tissue signal 562 and a blood signal 564 during the
application of the sequence events 540. “Inversion or exci-
tation slice position” row 570 illustrates effects of the
sequence events 540 on the image slices.

[0044] At a dedicated time point retrospectively deter-
mined by the inversion time (TT) 520, two 180° radio-
frequency (RF) inversion recovery (IR) pulses 544, 546 in
close succession after one ECG trigger 530 are played at the
beginning of this specific TR 510. The first IR pulse 544 is
spatially non-selective (NS), while the second IR pulse 546
is spatially selective (SS).

[0045] The first 180° IR pulse 544 inverts all spins within
the entire active volume of the transmit coil (the “After NS
IR” subplot 572 in the “Inversion or excitation slice posi-
tion” row 570 in FIG. 5, showing the entire volume with
inverted or non-fully-recovered magnetization in gray
scale), while the second 180° IR pulse is spatially selective,
whose effects are restricted to a single thick slice (the green
slice in the “After SS IR” subplot 573 in the “Inversion or
excitation slice position” row 570 in FIG. 5). The displace-
ment encoding module 548 excites a slice for imaging
thinner than the magnetization-inverted slice of the second
180° IR pulse 546 (the purple box in the “After Disp-Enc
module” 575, “RO modules at early phases” 576, and “RO
modules at late phases” 577 subplots in the “Inversion or
excitation slice position” row 570 in FIG. 5).

[0046] With further reference to FIG. 5, before the first
180° IR pulse 544, the magnetization of both myocardium
and blood is in the equilibrium stage and is represented in
full color as shown in the “Before NS IR” subplot 571. As
indicated by both the “Tissue signal” and the “Blood signal”
curves (562 and 564, respectively) in the “Magnetization”
row 560 and the “After NS IR” subplot 572 in the “Inversion
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or excitation slice position” row 570 in FIG. 5, the magne-
tization of both the myocardium and the blood is inverted by
the first 180° NS IR pulse 542. The second 180 SS IR pulse
546 restores magnetization of both myocardium and blood
to the positive longitudinal axis within the thick slice
marked in green (the gray scale on the myocardium and
blood within that thick green slice is therefore cleared, as
shown in the “After SS IR subplot 573). It is also noted that
the “Tissue signal” magnetization curve 562 within the thick
slice marked in green is restored to the positive axis (the
“Tissue signal” curve 562 in the “Magnetization” row 560 in
FIG. 5), and so is the blood within the thick slice marked in
green (the corresponding magnetization curve is not shown
in FIG. 5). For myocardium and blood outside the thick slice
marked in green, the longitudinal magpetization remains
inverted or negative, as shown in the “After SS IR” subplot
573. During the time marked as TI 520, the inverted blood
initially outside the thick slice marked in green undergoes
T1 (longitudinal relaxation time) recovery, and passes
through zero magnetization at the end of TT when a specific
TI is selected with care (the “Blood signal” curve 564
marked in blue in the “Magnetization” row 560 in FIG. 5).
At the same time, the blood within the thick slice marked in
green flows out (illustrated as the two red patches in the
“Before Disp-End module” subplot 574 and other subplots
(e.g., 575, 576)), and the outside blood flows into and
replaces the blood within the thick slice marked in green
(illustrated as the gray color within the thick slice marked in
green in the “Before Disp-End module” subplot 574). When
the displacement encoding module 548 excites a thinner
slice for displacement encoding and further imaging, it is
equivalent to applying a labelling process on this thinner
slice (illustrated as the purple line-shaded box in the “After
Disp-End module” subplot 575). Later, at each readout
module 550, an equivalent un-labelling process is performed
to collaborate with the labelling process so that the wanted
DENSE information is generated (illustrated as cleared,
no-line-shaded purple box regions as shown in the “RO
modules at early phases” subplot 576).

[0047] At the time of displacement-encoding module 548,
the displacement-encoded magnetization has the myocar-
dium magnetization near equilibrium (the “Tissue signal”
curve 562 in the “Magnetization” row 560 in F1G. 5) and the
blood magnetization at zero level (the “Blood signal” curve
564 in the “Magnetization” row 560 in FIG. 5). This can also
be assumed for the acquisition at early cardiac phases. In
addition, for early cardiac phases, the blood within the
thinner slice marked with the purple box has not travelled
out. As a result, although both the myocardium and the blood
within this thinner slice marked with purple box experience
both the labelling and the un-labelling processes, only the
myocardium tissue signal is preserved and exists in the
longitudinal magnetization by the STEAM kemel in the
displacement encoding module 548, because the blood in the
imaging slice at the early cardiac phases (for example, RO
module frame 1, 2, 3, . . . ) would contribute zero or only a
little signal due to the zero magnetization, leading to the
dark blood appearance (illustrated as the gray blood regions
in the no-line-shaded purple box in the “RO modules at early
phases” subplot 576). The blood magnetization grows
according to T1 recovery during the evolution of the stored
longitudinal magnetization (for example, for the RO mod-
ules 550 of frame 4, . . . , N), but as observed and mentioned
previously, when that happens the blood which underwent
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the displacement encoding module 548 (the labelling pro-
cess) usually already travels out of the imaging plane
(illustrated as the two purple line-shaded regions out of the
purple box in the “RO modules at late phases™ subplot 577,
which experienced only the labelling process), and the blood
which now exists in the imaging slice did not experience the
labelling process but only the un-labelling process and
therefore does not contribute any signal in the resultant
DENSE images (illustrated as the two yellow line-shaded
blood regions in the purple box in the “RO modules at late
phases” subplot 577, which experienced only the un-label-
ling process). With these two outcomes led by this carefully
designed sequence, cine DENSE images can have the dark
blood appearance at both early and late cardiac phases, i.e.,
blood suppression for the whole cardiac cycle.

[0048] The TI needs to be chosen carefully to achieve the
aforementioned goal. The optimized value of TT depends on
many factors, such as field strength, heart rate, tissue and
blood T1 values. For example, for cardiac imaging at 1.5T
with a heart rate of 60 BPM, this typically means a T1 of
approximately 650 msec. If the heart rate is too fast, TT must
be reduced. As a start point to initially set T1, a theoretical
equation can be used:

e T1-1n(W).

[0049] Subsequently. the post-processing of cine DENSE
data may include, but is not limited to, the following
sequential steps: phase unwrapping, displacement extrac-
tion, tissue tracking, temporal fitting, and mechanics indices
calculation such as strain, twist, torsion, and dynamic or
time-resolved information. The post-processing, after cine
DENSE data is acquired according to embodiments
described herein, may be carried out according to known
methods.

[0050] With reference to FIG. 6, a flowchart 600 is pro-
vided, illustrating a method of acquiring cine DENSE
images of tissue with suppression of residual blood signal in
early cardiac phases.

[0051] The following sequences are applied to a portion of
tissue: at 605, inversion recovery pulses are applied after an
ECG trigger at a start of a repetition time period, to obtain
a magnetization-inverted slice for imaging of the tissue.
[0052] At 610, adisplacement-encoding module is applied
at an inversion time during the repetition time period, to
apply a labelling process on the tissue and excite a slice of
tissue for imaging, the slice of tissue for imaging thinner
than the magnetization-inverted slice.

[0053] At 615, a readout module comprised of a plurality
of frames is applied during a remainder of the repetition
time, to apply an un-labelling process on the slice of tissue,
thereby generating DENSE signals with blood suppression.
[0054] Turning to FIG. 7, a system 700 for acquiring cine
DENSE images of tissue with suppression of the residual
blood signal in the early cardiac phases is provided. The
system 700 includes a source 710 of the tissue, such as a
patient. 712, 714, and 716 represent the coils and magnets of
an MRI system and are, in an exemplary embodiment, a high
field magnet 712, a gradient coil 714, and a radio-frequency
(RF) coil 716. Processors 718 (gradient and shim coil
controller) and 720 (radio-frequency controller) control the
MR magnets and coils. The MRI system components 712,
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714, and 716 and processors 718 and 720 depicted in FIG.
7 are one example of an MRI system; other components and
processors may be used as known to one of skill in the art
to obtain an MR image of tissue.

[0055] The system 700 further includes an input processor
730, an image data processor 740, a display processor 760,
and an interface 770. A central control system 750 controls
the overall operation of and data communication between
each of the processors 718, 720, 730, 740, and 760.
[0056] FIG. 8 illustrates an exemplary computing envi-
ronment 800 within which embodiments of the invention
may be implemented. Computing environment 800 may
include computer system 810, which is one example of a
computing system upon which embodiments of the inven-
tion may be implemented. Computers and computing envi-
ronments, such as computer 810 and computing environ-
ment 800, are known to those of skill in the art and thus are
described briefly here.

[0057] As shown in FIG. 8, the computer system 810 may
include a communication mechanism such as a bus 821 or
other communication mechanism for communicating infor-
mation within the computer system 810. The system 810
further includes one or more processors 820 coupled with
the bus 821 for processing the information. The processors
820 may include one or more central processing units
(CPUs), graphical processing units (GPUs), or any other
processor known in the art.

[0058] The computer system 810 also includes a system
memory 830 coupled to the bus 821 for storing information
and instructions to be executed by processors 820. The
system memory 830 may include computer readable storage
media in the form of volatile and/or nonvolatile memory,
such as read only memory (ROM) 831 and/or random access
memory (RAM) 832. The system memory RAM 832 may
include other dynamic storage device(s) (e.g., dynamic
RAM, static RAM, and synchronous DRAM). The system
memory ROM 831 may include other static storage device
(s) (e.g., programmable ROM, erasable PROM, and electri-
cally erasable PROM). In addition, the system memory 830
may be used for storing temporary variables or other inter-
mediate information during the execution of instructions by
the processors 820. A basic input/output system 833 (BIOS)
containing the basic routines that help to transfer informa-
tion between elements within computer system 810, such as
during start-up, may be stored in ROM 831. RAM 832 may
contain data and/or program modules that are immediately
accessible to and/or presently being operated on by the
processors 820. System memory 830 may additionally
include, for example, operating system 834, application
programs 835, other program modules 836 and program data
837.

[0059] The computer system 810 also includes a disk
controller 840 coupled to the bus 821 to control one or more
storage devices for storing information and instructions,
such as a magnetic hard disk 841 and a removable media
drive 842 (e.g., floppy disk drive, compact disc drive, tape
drive, and/or solid state drive). The storage devices may be
added to the computer system 810 using an appropriate
device interface (e.g., a small computer system interface
(SCSI), integrated device electronics (IDE), Universal Serial
Bus (USB), or FireWire).

[0060] The computer system 810 may also include a
display controller 865 coupled to the bus 821 to control a
display or monitor 866, such as a cathode ray tube (CRT) or
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liquid crystal display (LCD), for displaying information to a
computer user. The computer system 810 includes an input
interface 860 and one or more input devices, such as a
keyboard 862 and a pointing device 861, for interacting with
a computer user and providing information to the processors
820. The pointing device 861, for example, may be a mouse,
a trackball, or a pointing stick for communicating direction
information and command selections to the processors 820
and for controlling cursor movement on the display 866. The
display 866 may provide a touch screen interface which
allows input to supplement or replace the communication of
direction information and command selections by the point-
ing device 861.

[0061] The computer system 810 may perform a portion or
all of the processing steps of embodiments of the invention
in response to the processors 820 executing one or more
sequences of one or more instructions contained in a
memory, such as the system memory 830. Such instructions
may be read into the system memory 830 from another
computer readable medium, such as a hard disk 841 or a
removable media drive 842. The hard disk 841 may contain
one or more datastores and data files used by embodiments
of the present invention. Datastore contents and data files
may be encrypted to improve security. The processors 820
may also be employed in a multi-processing arrangement to
execute the one or more sequences of instructions contained
in system memory 830. In alternative embodiments, hard-
wired circuitry may be used in place of or in combination
with software instructions. Thus, embodiments are not lim-
ited to any specific combination of hardware circuitry and
software.

[0062] As stated above, the computer system 810 may
include at least one computer readable medium or memory
for holding instructions programmed according to embodi-
ments provided herein and for containing data structures,
tables, records, or other data described herein. The term
“computer readable medium” as used herein refers to any
medium that participates in providing instructions to the
processors 820 for execution. A computer readable medium
may take many forms including, but not limited to, non-
volatile media, volatile media, and transmission media.
Non-limiting examples of non-volatile media include optical
disks, solid state drives, magnetic disks, and magneto-
optical disks, such as hard disk 841 or removable media
drive 842. Non-limiting examples of volatile media include
dynamic memory, such as system memory 830. Non-limit-
ing examples of transmission media include coaxial cables,
copper wire, and fiber optics, including the wires that make
up the bus 821. Transmission media may also take the form
of acoustic or light waves, such as those generated during
radio wave and infrared data communications.

[0063] The computing environment 800 may further
include the computer system 810 operating in a networked
environment using logical connections to one or more
remote computers, such as remote computer 880. Remote
computer 880 may be a personal computer (laptop or
desktop), a mobile device, a server, a router, a network PC,
a peer device or other common network node, and typically
includes many or all of the elements described above
relative to computer system 810. When used in a networking
environment, computer system 810 may include modem 872
for establishing communications over a network 871, such
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as the Internet. Modem 872 may be connected to system bus
821 via user network interface 870, or via another appro-
priate mechanism.

[0064] Network 871 may be any network or system gen-
erally known in the art, including the Internet, an intranet, a
local area network (LAN), a wide area network (WAN), a
metropolitan area network (MAN), a direct connection or
series of connections, a cellular telephone network, or any
other network or medium capable of facilitating communi-
cation between computer system 810 and other computers
(e.g., remote computing system 880). The network 871 may
be wired, wireless or a combination thereof. Wired connec-
tions may be implemented using Ethernet, Universal Serial
Bus (USB), RI-11 or any other wired connection generally
known in the art. Wireless connections may be implemented
using Wi-Fi, WIMAX, and Bluetooth, infrared, cellular
networks, satellite or any other wireless connection meth-
odology generally known in the art. Additionally, several
networks may work alone or in communication with each
other to facilitate communication in the network 871.
[0065] As described herein, the various systems, subsys-
tems, agents, managers and processes can be implemented
using hardware components, software components and/or
combinations thereof.

[0066] Although the present invention has been described
with reference to exemplary embodiments, it is not limited
thereto. Those skilled in the art will appreciate that numer-
ous changes and modifications may be made to the preferred
embodiments of the invention and that such changes and
modifications may be made without departing from the true
spirit of the invention. It is therefore intended that the
appended claims be construed to cover all such equivalent
variations as fall within the true spirit and scope of the
invention.

We claim:

1. A method of acquiring images of tissue with suppres-
sion of residual blood signal in early cardiac phases, the
method comprising:

applying, by a processor, a residual blood signal suppres-

sion sequence to the tissue, the residual blood signal

suppression sequence comprising:

inversion recovery pulses after an electrocardiogram
(ECQG) trigger at a beginning point of a repetition
time period, to obtain a magnetization-inverted slice
of the tissue;

a displacement encoding module at an inversion time
during the repetition time period to apply a labelling
process on the tissue and excite an imaging slice of
tissue thinner than the magnetization-inverted slice;
and

a readout module comprised of a plurality of frames
during a remainder of the repetition time period, to
apply an un-labelling process on the imaging slice of
tissue, thereby generating cine Displacement Encod-
ing with Stimulated Echoes (DENSE) images of the
tissue with blood suppression within the imaging
slice of tissue; and

generating, at a display processor configured to commu-

nicate with the processor, data representing the cine

DENSE images of the tissue with blood suppression

within the imaging slice of tissue;

wherein the sequence covers two cardiac cycles defined as

the repetition time period; and
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wherein the inversion time is selected to allow for a blood
signal within the imaging slice of tissue to have a zero
magnetization level at the inversion time.

2. The method of claim 1, wherein the inversion recovery
pulses comprise two radio-frequency (RF) inversion recov-
ery (IR) pulses;

wherein the first RF IR pulse comprises a spatially
non-selective pulse and the second RF IR pulses com-
prises a spatially selective pulse.

3. The method of claim 2, wherein the tissue comprises
the myocardial tissue, and wherein the first RF IR pulse
inverts magnetization of the myocardium and blood; and
wherein the second RF IR pulse restores magnetization in
the magnetization-inverted slice of the tissue.

4. The method of claim 1, wherein the residual blood
signal suppression sequence further comprises a navigator
gating (NAV) module to reduce respiratory motion artifacts
in the images during free breathing in data acquisition,
wherein the NAV module is applied at an end of each of the
two cardiac cycles.

5. The method of claim 1, wherein the readout module
comprises an imaging sequence adapted to acquire the
DENSE images, wherein the imaging sequence comprises
one of echo planar imaging and spiral imaging.

6. The method of claim 1, wherein the displacement
encoding module comprises a stimulated-echo acquisition
mode (STEAM) kernel.

7. The method of claim 1, wherein the inversion time is
based on one or more of field strength, heart rate, tissue and
blood longitudinal relaxation time (T1) values.

8. The method of claim 1, further comprising post-
processing, at an image data processor, the DENSE images
of the tissue, wherein post-processing comprises one or
more of phase unwrapping, displacement extraction, tissue
tracking, temporal fitting, and mechanics indices calcula-
tion.

9. The method of claim 1, wherein the DENSE images of
the tissue with blood suppression are utilized for quantitative
assessment of biomarker parameters of tissue and organ,
comprising one or more of mechanical properties parameters
and time-resolved dynamic parameters.

10. A system for acquiring images of tissue with suppres-
sion of residual blood signal in early cardiac phases, the
system comprising:

a processor configured to apply a residual blood signal
suppression sequence to the tissue, the residual blood
signal suppression sequence comprising:
inversion recovery pulses after an electrocardiogram

(ECG) trigger at a beginning point of a repetition
time period, to obtain a magnetization-inverted slice
of the tissue;

a displacement encoding module at an inversion time
during the repetition time period to apply a labelling
process on the tissue and excite an imaging slice of
tissue thinner than the magnetization-inverted slice;
and

a readout module comprised of a plurality of frames
during a remainder of the repetition time period, to
apply an un-labelling process on the imaging slice of
tissue, thereby generating cine Displacement Encod-
ing with Stimulated Echoes (DENSE) images of the
tissue with blood suppression within the imaging
slice of tissue; and



US 2017/0231522 Al

a display processor configured to communicate with the
processor to generate data representing the DENSE
images of the tissue with blood suppression within the
imaging slice of tissue;

wherein the sequence covers two cardiac cycles defined as
the repetition time period; and

wherein the inversion time is selected to allow for a blood
signal within the imaging slice of tissue to have a zero
magnetization level at the inversion time.

11. The system of claim 10, wherein the inversion recov-
ery pulses comprise two radio-frequency (RF) inversion
recovery (IR) pulses;

wherein the first RF IR pulse comprises a spatially
non-selective pulse and the second RF IR pulses com-
prises a spatially selective pulse.

12. The system of claim 11, wherein the tissue comprises
the myocardial tissue, and wherein the first RF IR pulse
inverts magnetization of the myocardium and blood of a
whole volume; and wherein the second RF IR pulse restores
magnetization in the magnetization-inverted slice for imag-
ing of the tissue.

13. The system of claim 10, wherein the residual blood
signal suppression sequence further comprises a navigator
gating (NAV) module to reduce respiratory motion artifacts
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in the images during free breathing in data acquisition,
wherein the NAV module is applied at an end of each of the
two cardiac cycles.

14. The system of claim 10, wherein the readout module
comprises an imaging sequence adapted to acquire the
DENSE images, wherein the imaging sequence comprises
one of echo planar imaging and spiral imaging.

15. The system of claim 10, wherein the displacement
encoding module comprises a stimulated-echo acquisition
mode (STEAM) kernel.

16. The system of claim 10, wherein the inversion time is
based on one or more of field strength, heart rate, tissue and
blood longitudinal relaxation time (T1) values.

17. The system of claim 10, further comprising an image
data processor configured to perform post-processing of the
DENSE images of the tissue, wherein the post-processing
comprises one or more of phase unwrapping, displacement
extraction, tissue tracking, temporal fitting, and mechanics
indices calculation.

18. The system of claim 10, wherein the DENSE images
of the tissue with blood suppression are utilized for quan-
titative assessment of biomarker parameters of tissue and
organ, comprising one or more of mechanical properties
parameters and time-resolved dynamic parameters.
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