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(57) ABSTRACT

In some aspects, the disclosed technology relates to free-
breathing cine DENSE (displacement encoding with stimu-
lated echoes) imaging. In some embodiments, self-gated
free-breathing adaptive acquisition reduces free-breathing
artifacts by minimizing the residual energy of the phase-
cycled Tl-relaxation signal, and the acquisition of the
k-space data is adaptively repeated with the highest residual
T1-echo energy. In some embodiments, phase-cycled spiral
interleaves are identified at matched respiratory phases by
minimizing the residual signal due to T1 relaxation after
phase-cycling subtraction; image-based navigators (INAVs)
are reconstructed from matched phase-cycled interleaves
that are comprised of the stimulated echo iNAVs (ste-
iNAVs), wherein the ste-INAVs are used for motion estima-
tion and compensation of k-space data.
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FREE-BREATHING CINE DENSE IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to co-pending U.S.
Provisional Patent App. Ser. No. 62/649,289 filed on Mar.
28, 2018, and entitled “Free-Breathing Cine Dense Imag-
ing”, which is incorporated in its entirety as if set forth fully
herein.

STATEMENT OF RIGHTS UNDER
FEDERALLY-SPONSORED RESEARCH

[0002] This invention was made with government support
under Grant No. HL135556, awarded by the National Insti-
tutes of Health. The government has certain rights in the
invention.

BACKGROUND

[0003] Cine DENSE (displacement encoding with stimu-
lated echoes) is a myocardial strain imaging technique that
typically requires breath-holding during image acquisition.
Subtraction of phase-cycled data can be utilized to suppress
the artifact-generating T1-relaxation echo [1, 2]. With free-
breathing, suppression of the T1-relaxation echo may not
effective, however, due to respiratory motion between the
phase-cycled data, resulting in artifacts.

[0004] Further described, cine DENSE [1] is a technique
that is accurate [3], reproducible for both global and regional
measurements [4], and amenable to rapid displacement and
strain analysis [5]. With these properties, it can have many
clinical applications. For example, Auger et al. [6] recently
showed in heart failure patients that cine DENSE can
quantify late mechanical activation and predict treatment
response. Mangion et al [7] showed the prognostic value of
cine DENSE in acute myocardial infarction, and Jing et al
[8] showed the detection of subclinical contractile dysfunc-
tion in childhood obesity. Like many cardiac MRI acquisi-
tions, cine DENSE is generally performed during breath-
holding. However, in patient populations such as heart
failure, acute myocardial infarction, children, and others,
multiple breath-holds can be taxing. In addition, performing
multi-breath-hold protocols can be complex for technolo-
gists.

[0005] While diaphragm-based navigator (ANAV) meth-
ods [9], including those for cine DENSE [2], are available,
a paradigm shift is occurring in cardiac MRI where self-
navigation with motion estimation and motion correction is
superseding dANAV-based methods for free-breathing acqui-
sitions. Self-navigated methods have the advantages that
they do not require complex dNAV setup procedures and
they can be more efficient than ANAV's because, with motion
estimation and correction, they use data acquired during
much or all of the respiratory cycle, whereas in ANAV-based
methods data acquisition is restricted to a narrow band of the
respiratory cycle. Self-navigated techniques have previously
been developed for multiple cardiac MRI applications
including cine imaging [10-12], late-gadolinium-enhanced
imaging [13], coronary artery imaging [14-16], and T1
mapping [17], however they have not yet been developed for
strain imaging methods such as cine DENSE. For cine
DENSE imaging, two echoes are generally present in the
acquisition window [1], namely the desired displacement-
encoded stimulated echo and an echo due to T1 relaxation
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that can cause image artifacts. A two-point phase cycling
method is typically used to suppress the T1-relaxation echo,
wherein two acquisitions comprised of stimulated echoes of
opposite signs and T1-relaxation echoes of the same sign are
subtracted [1]. While phase cycling (used in conjunction
with through-plane dephasing [18]) effectively suppresses
the Tl-relaxation echo for breath-hold DENSE protocols,
this subtraction-based method can be ineffective for free-
breathing scans because phase-cycled interleaves may be
acquired at different respiratory positions where tissues
contribute differently to the T1-relaxation signals. Insuffi-
cient suppression of the T1-relaxation echo leads to striping
artifacts [18], which represents a unique and major challenge
for free-breathing self-navigated cine DENSE. In addition to
creating challenges for suppression of the T1-relaxation
echo, respiratory maotion induces blurring of the stimulated-
echo image, as it does for other MR images.

[0006] It is with respect to these and other considerations
that the various aspects of the disclosed technology as
described below are presented. For example, Cine displace-
ment encoding with stimulated echoes (DENSE) MM [1] is
well-established and dedicated strain imaging technique.
Recent studies demonstrated the potential of cine DENSE
for detection of subclinical myocardium dysfunction and
patient treatment stratification [2-4]. Cine DENSE acquisi-
tion is typically performed during breath-holding and mul-
tiple breath-holds are required per exam [1, 5]. However,
such protocols can be challenging in patient populations
such as heart failure, pediatrics, and others [5]). In practice,
imperfect breath-holds lead to repetitions of acquisitions and
reduce imaging efficiency. A reliable free-breathing method
can overcome these challenges.

[0007] Among the various techniques for free-breathing
cardiac MM, diaphragm-based navigator (ANAV) [6] was
implemented for cine DENSE and was able to reduce
breathing artifacts [7, 8]. However, the dNAV method
requires extra scout scans and often results in variable
imaging quality and efficiency [9-11]. A better solution for
free-breathing cardiac Mill is self-navigation where the
respiration information is extracted from the imaging data
itself and used for motion compensation. Such methods have
been developed for cardiac Mill applications such as SSFP
cine imaging [12-15], angiography [16, 17], and T1 mapping
[18].

[0008] Ina previous study, a self-navigated reconstruction
framework for free-breathing cine DENSE was developed
[19]. The method addressed two major types of artifacts,
namely the striping and blurring artifacts due to inter-
heartbeat respiratory motion [19]. Cine DENSE imaging
signal contains two echoes, the displacement-encoded
stimulated echo and the artifact-generating T1-relaxation
echo [1]. Typically, two phase-cycled datasets during dif-
ferent heartbeats are acquired and subtracted to suppress the
T1-relaxation echo [20]. With free-breathing, the suppres-
sion is not effective with the subtraction, which leads to
striping artifacts. Phantom and in vivo experiments demon-
strated that the residual energy of the T1-relaxation echo
(rT1E) after phase-cycling subtraction increased as the
motion between the phase-cycled datasets increased. Mini-
mal rT1E of the post-subtraction data identified phase-
cycling pairs that were acquired at similar respiratory posi-
tions and reduced striping artifacts. After subtraction of the
matched phase-cycling pairs, stimulated-echo only image-
based navigators (ste-INAVs) were reconstructed from the
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post-subtraction k-space data. In-plane motion due to res-
piration was then estimated with the ste-INAVs and cor-
rected to reduce blurring.

[0009] However, this reconstruction framework still had a
few drawbacks. The image quality was not guaranteed and
the imaging efliciency was not optimized. The reconstruc-
tion was performed retrospectively after the data acquisition
was completed with a prescribed protocol and fixed acqui-
sition order. DENSE data were acquired with three repeti-
tions to provide multiple candidates of phase-cycling pairs
and a better chance of suppressing the T1-relaxation echo
sufficiently rather than acquiring each phase-cycling just
once. Yet, such a protocol cannot guarantee high-quality
free-breathing cine DENSE as the number of repetitions
necessary may vary from subject to subject. Increasing the
repetition number increases the possibility of matching
phase-cycling data for every k-space segment but reduces
imaging efliciency. Using real-time feedback on rT1E to
guide data acquisition can potentially guarantee sufficient
suppression of the T1-relaxation echo without sacrificing the
imaging efficiency.

[0010] In addition to blurring, respiratory motion within
each heartbeat (intra-heartbeat motion) can induce phase
errors in the stimulated-echoes. In cine DENSE, tissue
motion is encoded into the phase of the stimulated-echoes.
The motion-related phase is linear with the displacement of
the tissue that happens between application of the prepara-
tion pulses and the k-space data acquisition. Along with the
myocardial displacement with the heart contracting and
relaxing periodically, the bulk movement of the heart due to
respiration is also encoded into the stimulated-echo signal.
The intra-heartbeat motion induced phase is likely to be
greater during diastole than during systole because diastole
is later from the application of preparation pulses. This
phase is also likely to be different during different heart-
beats. Such variations of intra-heartbeat motion and phase
errors can cause signal cancellation artifacts and signifi-
cantly degrade image quality. These signal cancellation
artifacts are similar to those reported in diffusion weighted
imaging (DWI) [21, 22] and MR elastography [23] and
should be properly compensated.

SUMMARY

[0011] In some aspects, the disclosed technology relates to
free-breathing cine DENSE (displacement encoding with
stimulated echoes) imaging. In some embodiments, self-
gated free-breathing adaptive acquisition reduces free-
breathing artifacts by minimizing the residual energy of the
phase-cycled T1-relaxation signal, and the acquisition of the
k-space data is adaptively repeated with the highest residual
T1-echo energy. In some embodiments, phase-cycled spiral
interleaves are identified at matched respiratory phases by
minimizing the residual signal due to T1 relaxation after
phase-cycling subtraction; image-based navigators (INAVs)
are reconstructed from matched phase-cycled interleaves
that are comprised of the stimulated echo iNAVs (ste-
iNAVs), wherein the ste-INAVs are used for motion estima-
tion and compensation of k-space data.

[0012] In one aspect, the present disclosure relates to a
method of acquiring magnetic resonance imaging data for a
plurality of images of a subject, wherein the plurality of
images comprises respectively phase-cycled interleaves of
the imaging data that populate a respective segment of the
images and calculating residual T1 energy values for each of
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the images. In one embodiment, the method includes select-
ing a first image and a second image as a first matched pair
of images, wherein the first matched pair of images has a
lowest average of corresponding residual T1 energy values
in comparison to other unselected pairs of the images. In
accordance with the method, this disclosure includes sub-
tracting the first image from the second image to suppress
artifacts within a resulting image and using the resulting
image to reconstruct an image-based navigator (iNav) for
the segment, wherein the iNav includes stimulated-echo
images with suppressed artifacts (ste-INAVs).

[0013] In another aspect, in accordance with one embodi-
ment of the present disclosure, a method includes sampling
segments of image data acquired during magnetic resonance
imaging, wherein the segments include frames of images.
Each frame includes respective phase-cycled interleaves of
the imaging data acquired during a respective phase of an
encoding signal. Sampling includes calculating residual T1
energy values for each of the images and selecting a first
image and a second image as a first matched pair of images.
The first matched pair of images has a lowest average of
corresponding residual T1 energy values in comparison to
other unselected pairs of the images. Subtracting the first
image from the second image suppresses artifacts within a
resulting image. All of the segments are iteratively evaluated
by selecting a target segment having a highest residual T1
energy value in comparison to unselected segments. The
method includes repeating the magnetic resonance imaging
for the target segment and acquiring new image data for the
target segment. By sampling the new image data and cal-
culating a new residual T1 energy value for the target
segment, the method of this embodiment repeats the select-
ing of a target segment until satisfying at least one of a set
of stopping criteria. The method reconstructs an image-
based navigator (iNav) for the respective segments using a
last resulting image for each segment, wherein the iNav
includes stimulated-echo images with suppressed artifacts
(ste-INAVs).

[0014] Inyet another aspect, according to one aspect of the
present disclosure, a method includes acquiring magnetic
resonance imaging data, for a plurality of images of a
subject, wherein the plurality of images comprises respec-
tively phase-cycled interleaves of the imaging data that
populate a respective segment of the images and calculating
residual T1 energy values for each of the images. Iteratively
matching pairs of the images within respective segments of
images provides a lowest yielded average of pairs of respec-
tive residual T1 energy values for subtracting iteratively
matched images to suppress artifacts. The method includes
reconstructing respective ste-iNays within the respective
segment for the iteratively matched images and comparing
the reconstructed iNays in at least one k space representation
of each respective segment to identify 2D translation motion
and translation motion correction values for the segments.
This embodiment corrects phase error for the translation
motion in the k space representation by selecting for each
coding dimension a reference segment from the respective
segments of the image data and using the reference segment
to correct other segments. Correcting other segments
includes for each other segment, maximizing an energy
function (E(8)) for a complex sum of the reference segment
(Sref) and each of said other segments (Scor) such that
E(0)=ISref+Scor e(-10)12, wherein a correction value 0 that
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maximizes the energy function is a correction value for a
respective other segment (Scor).

[0015] In yet another aspect, the present disclosure relates
to a system which, in one embodiment, includes at least one
processor, at least one memory device coupled to the pro-
cessor and storing computer-readable instructions which,
when executed by the at least one processor, cause the
system to perform functions of a method. a method of
acquiring magnetic resonance imaging data for a plurality of
images of a subject, wherein the plurality of images com-
prises respectively phase-cycled interleaves of the imaging
data that populate a respective segment of the images and
calculating residual T1 energy values for each of the images.
The method includes selecting a first image and a second
image as a first matched pair of images, wherein the first
matched pair of images has a lowest average of correspond-
ing residual T1 energy values in comparison to other unse-
lected pairs of the images. In accordance with the method,
this disclosure includes subtracting the first image from the
second image to suppress artifacts within a resulting image
and using the resulting image to reconstruct an image-based
navigator (iNav) for the segment, wherein the iNav includes
stimulated-echo images with suppressed artifacts (ste-iN-
AVs).

[0016] Other aspects and features according to the
example embodiments of the disclosed technology will
become apparent to those of ordinary skill in the art, upon
reviewing the following detailed description in conjunction
with the accompanying figures.

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 the color drawing(s) will be
provided by the Office upon request and payment of the
necessary fee. Reference will now be made to the accom-
panying drawings, which are not necessarily drawn to scale.

[0018] FIG. 1 shows phase-cycled cine DENSE data
acquired during free breathing were processed to show that
the relative residual T1-relaxation echo energy from phase-
cycled interleave pairs correlates with the difference in the
diaphragm positions of the interleave pairs for in vivo
imaging. (a) dNAV-based monitoring of respiration is
shown, along with the amnotated acquisitions of phase-
cycled interleaves. (b) Magnitudes of post-subtraction inter-
leaves for interleave pairs at similar (Int(B)-Int(C)) and
different (Int(A)-Int(C)) respiratory positions. (c¢) The rela-
tive residual T1-relaxation echo energies of the two phase-
cycling pairs at each cardiac frame. (d) The relative residual
T1-relaxation-echo energy summed over all cardiac frames
is highly correlated to the difference in the diaphragm
positions, with R*=0.71.

[0019] FIG. 2 shows a diagram of a self-gated adaptive
free-breathing cine DENSE imaging method.

[0020] FIG. 3 shows a diagram of a match-making frame-
work for free-breathing cine DENSE imaging. First, match-
making is applied to identify phase-cycled interleave pairs
acquired at matched respiratory positions to compensate for
striping artifacts. The two blue circles identify a matched
phase-cycling pair and the two green circles identify another
matched pair. Phase-cycling subtraction is performed using
the identified phase-cycled interleaves and ste-INAVs are
reconstructed from post-subtraction data. Lastly, ste-INAV
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based, in-plane motion estimation and correction is per-
formed to compensate for blurring artifacts.

[0021] FIG. 4 shows example results from an adaptive FB
cine DENSE dataset from a healthy subject. (a) Residual
T1-echo energy of each k-space segment decreased as the
imaging progressed. (b) The corresponding SNR of DENSE
images increased. (c) Diastolic images at four different time
points during the scan (as indicated in panel (b)) demon-
strate improving image quality during the adaptive acquisi-
tion. Both the magnitude (top row) and the phase (bottom
row) images are shown.

[0022] FIG. 5 shows a summary of results from all sub-
jects. (a) The residual T1-echo energy of all subjects during
the acquisition. (b) Residual T1-echo energy normalized to
that of the early systolic frames estimated at the correspond-
ing imaging time points. (c) SNR relative to that at end of
the acquisitions.

[0023] FIG. 6 shows an illustration of motion-induced
striping and blurring artifacts in cine DENSE imaging. In
this experiment, fully-sampled cine DENSE images were
acquired with the phantom located at position 1 and also at
position 2. Motion, simulated by combining phase-cycling
pairs from positions 1 and 2, induces insufficient suppression
of the T1-relaxation echo (panel e, white arrow) and corre-
sponding striping artifacts in the images (panel f). If phase-
cycled data at matched positions are subtracted (panels a, c),
but motion occurs between k-space segments after success-
ful suppression of the T1-relaxation echo (panel b, d), then
blurring artifact occurs when combining data from different
segments (panel g). In this example, half of the k-space data
was taken from each of the two positions. In vivo example
images demonstrating both blurring and striping artifacts
due to respiratory motion are also shown. (Panel h, BH:
breath-holding; FB: free-breathing.)

[0024] FIG. 7 shows a diagram of the conventional respi-
ratory gating strategy using dNAVs or conventional iNAVs
(c-iINAVs), where data within a narrow window around
end-expiration are accepted.

[0025] FIG. 8 shows a diagram of the pulse sequence used
for free-breathing cine DENSE. Fat saturation (FS) is
applied after each ECG trigger (800), followed by displace-
ment encoding (DE) pulses (810A, 810B), spiral acquisi-
tions (ACQ) are set forth in FIG. 8 as respective frames or
images (820) that each have phase cycled interleaves (825A,
825B). A series of frames or images (820) collectively form
a segment (830) of image data between heart beats shown as
the ECG triggers (800). The series of images or frames (820)
and the diaphragm navigator (AINAV). Localized generation
of stimulated echoes is performed by applying slice selec-
tion for all RF pulses, including those in the displacement
encoding module. Data acquisition uses a segmented spiral
trajectory with golden angle rotation of the trajectory
through cardiac frames. Each iNAV frame consists of four
cine DENSE frames (i.e., eight consecutive spiral inter-
leaves).

[0026] FIG. 9 shows the results of the phantom experi-
ment demonstrating the match-maker method. (a) Intensities
of k-space data along a post-subtraction spiral interleave
(ps-interleave) from subtraction of matched phase-cycled
interleaves (black curve) and mismatched phase-cycled
interleaves (grey curve). Strong residual T1-relaxation echo
signal remains in the ps-interleave from the mismatched
subtraction (arrows). (b) Illustrative trajectory of the ps-
interleave in (a). (c-e) Correlation between the residual
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T1-relaxation echo energy of the ps-interleave and the
amount of translation between interleaves for in-plane
motion (c), through-plane motion (d), and a combination of
both in-plane and through-plane motion (e), respectively.
(f-1) Demonstration of applying the match-maker framework
for the cases of in-plane. (f) Motion-free reference images.
(g) Images reconstructed using ps-interleaves of mis-
matched phase-cycled interleave pairs have strong striping
artifacts and blurring. (h) The images from ps-interleaves
with matched phase-cycling but with motion between ps-
interleaves show removal of striping artifacts but still have
blurring. (i) Using the match-making framework with
motion compensation, blurring artifacts due to in-plane
motion were also removed.

[0027] FIG. 10 shows a demonstration of applying the
match-maker framework for the cases of through-plane (top)
and combined motion (bottom). (a,e) Motion-free reference
images. (b,f) Images reconstructed using ps-interleaves of
mismatched phase-cycled interleave pairs have strong strip-
ing artifacts and blurring. (c,g) The images from ps-inter-
leaves with matched phase-cycling but with motion between
ps-interleaves show removal of striping artifacts but still
have blurring. (d,h) Using the match-making framework
with motion compensation, blurring artifacts due to in-plane
motion were also removed.

[0028] FIG. 11 shows a comparison of conventional
iINAVs and ste-INAVs. Example iNAV's are shown for (a) an
iNAV reconstructed from pre-subtraction data with low-pass
filtering, (b) an iINAV reconstructed with PCA-based and
low-pass filtering, and (c) an ste-INAV from matched ps-
interleave data, which is localized to the heart region and
provides higher spatial resolution. Panel (d) shows the
dNAV positions for 15 consecutive heartbeats, and panel ()
shows heart motion estimated from ste-iNAVs for the same
15 heartbeats. Panel (f) provides an example showing that
the correlation of iNAV-measured heart motion to dNAV
position measured by ste-iINAVs is higher than for conven-
tional iNAVs (c-iNAVs). Panel (g) shows the R? values for
all five subjects and for both x- and y-translations and all
encoding dimensions (median and interquartile range values
are displayed).

[0029] FIG. 12 shows an example end-systolic (top box)
and diastolic (bottom box) DENSE images reconstructed
using the conventional dNAV method, the c-INAV method
and the match-making framework for the same free-breath-
ing volunteer raw data. The magnitude reconstructed images
of the match-making method demonstrate lower artifact
level, higher apparent SNR and better edge definition. The
phase images of the match-making method have smoother
phase in the myocardial ROI (arrows), and this is reflected
in the better phase quality maps.

[0030] FIG. 13 shows quantitative comparisons for
DENSE reconstructions using the match-making framework
(MM) and the conventional ANAV and ¢c-INAV methods. (a)
The relative residual T1-relaxation echo energy was lower
for MM (*¥P<0.05 vs. ANAV; #P<0.05 vs. INAV). (b) The
apparent SNR of magnitude reconstructed images was
higher for MM. (¢) The phase quality of phase images was
better for MM compared to c-INAV and trended to be better
compared to the AINAV method ($P=0.06 vs. ANAV). (d) The
match-making framework had a larger total acceptance
window than the ANAV method, indicating that it accepted
data from a wider range of respiratory phases (% P=0.08 vs.
dNAV). (e) The motion within phase-cycled interleave pairs
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was smaller for MM than for the c-INAV method (&P<0.05
vs. iINAV, one-way repeated measures ANOVA on ranks),
indicating that the match-making framework identified
phase-cycled interleaves at closer respiratory phases.

[0031] FIG. 14 shows a comparison of agreement of
circumferential strain from free-breathing acquisitions with
that from breath-holding acquisitions for each reconstruc-
tion method. The match-making framework (MM, panel c)
provided better agreement of strain with breath-holding
acquisitions (BH) than the conventional dNAV and ¢c-INAV
methods (panels a, b).

[0032] FIG. 15 shows a diagram of PCA-based filtering
for improved cine DENSE conventional iNAVs. (a) Free-
breathing cine DENSE data were acquired over multiple
heartbeats. Within each heartbeat, multiple iNAVs are recon-
structed by combining 8 consecutive spiral interleaves. All
the iNAVs are organized into a Casorati matrix (S) where
each column represents the pixels from each iNAV. (b-g):
Results of PCA applied to the matrix (S). The first principle
component is predominantly the T1-relaxation signal as
shown in the image (b), k-space (¢) and the corresponding
temporal basis (d). The second principle component is
mainly the stimulated echo (e-g). PCA-filtering to remove
the first principle component provides an improved c-INAV.

[0033] FIG. 16 shows a comparison of image quality and
motion estimation accuracy of conventional iNAVs recon-
structed without and with PCA-based filtering. (a-d)
Example c-iINAVs and projections in the x-direction. The
filtered images have markedly less T1 relaxation signal
(arrow). Projections with PCA-based filtering show better
visualization of respiratory motion (d vs. b). (e) Respiratory
translations estimated by cross-correlation using the c-INAV
images without (w/0) and with (w/) PCA-based filtering.
Results of manual tracing of the heart from the images
reconstructed without filtering are shown as reference. The
motion estimated from c-iINAVs with PCA-based filtering
closely matches the manual tracing results while the motion
from images without PCA-based filtering is not accurate. (f)
Accuracy of motion estimated from iNAVs by root-mean-
squared-error (RMSE) relative to manual tracing (*P<0.05,
paired t-test, N=6). For both systole and diastole, motion
estimated with iINAVs with PCA-based filtering has signifi-
cantly less error than that without filtering.

[0034] FIG. 17 is a diagram of the adaptive acquisition
algorithm. The algorithm initializes by acquiring a complete
set of k-space data, i.e. one instance of both phase-cycling
dimensions for each segment. Then the online reconstruc-
tion environment performs subtraction of each phase-cy-
cling pair and calculates the residual T_l-echo energy
(rT1E) of each segment. The algorithm then compares the
fT1E values with the stopping criteria. If they are not
satisfied, then the algorithm determines the target segment
with the highest rT1E and delivers the feedback to the
sequence. Then the algorithm acquires another instance of
the target segment for both phase-cycling dimensions. With
the new data, the online reconstruction calculates the rT1E
for each new phase-cycling pair and updates the best-
matched phase-cycling pair for the target segment, i.e.
selects the pair with the lowest rT1E. Afterward, the algo-
rithm examines the rT1E again. The process continues until
one of the stopping criteria is satisfied. The algorithm
repeats the process for each encoding dimension separately
and stops when all encoding dimensions are acquired.
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[0035] FIG. 18 is an illustration of phase error estimation
based on ste-iINAVs. (A) ste-INAVs at late diastole present-
ing the reference segment (S, and the segment to be
corrected (S,,,). The magnitude components of the two
ste-INAVs are similar to each other, while the phase com-
ponents are different (red arrows), demonstrating phase
errors due to intra-heartbeat motion. (B) The energy of the
combined image (complex sum of S, and S, as a
function of phase correction values (0). The presented data
is normalized by the combined image energy without cor-
rection, i.e. P,. The phase correction is determined as the one
that maximizes the combined image energy (P,). (C) Phase
error estimation can be estimated for the ste-iINAVs (square
markers). Median filtering is applied to remove noise in the
estimation due to rapid heart motion during early diastole
(green markers). Then the phase errors of all the cardiac
frames are estimated by linear interpolation (pink markers).

[0036] FIG. 19 shows results from an adaptive FB cine
DENSE dataset acquired for a fixed duration of 30 heart-
beats on a healthy subject. (A). rT1E of each k-space
segment decreased as the imaging progressed. (B). The
corresponding SNR of DENSE images increased. (C) Dia-
stolic images at four different time points during the acqui-
sition (as indicated in panel (B)) demonstrate improving
image quality during the adaptive acquisition. Both the
magnitude (top row) and the phase (bottom row) images are
shown. (D) Reconstruction at time t, with different correc-
tions. Left: without phase error or translation correction.
Middle: with phase error correction. Right: with phase error
and translation corrections.

[0037] FIG. 20 shows a summary of rT1E and image
quality in all subjects during the adaptive acquisition with a
fixed imaging duration. (A) The relative rT1E converged to
a value close to 1.0. (B) The image quality (apparent SNR,
normalized to that at time=30 heartbeats) increased. Com-
pared to the reconstruction without phase error or translation
correction (pink curve), phase error correction significantly
improved image apparent SNR (green curve). Translation
correction further improved the apparent SNR (blue curve).
A threshold value of 1.1 (red dashed line) was chosen for
rT1E based on these results. (C-D) The relative rT1E at
iterations when the rT1E were updated (left) and the corre-
sponding decreases in rT1E (right). Panel D is a zoom-in of
panel C at low rT1E and rT1E decrease ranges. These results
included the acquisition processes of all subjects and all
encoding dimensions and the data are grouped based on the
duration it takes for the rT1E to decrease (y-axis). These
results demonstrated that most of the times, it took one or
two iterations for the rT1E to decrease (blue and orange data
points). The longer it takes to update the rT1E, the lower is
the current rT1E and the rT1E decrease percentage.

[0038] FIG. 21 shows example cine DENSE images and
circumferential strain acquired with BH, self-NAV and
dNAV methods from a healthy subject (top box) and a
patient (bottom box). End-systolic frames are shown. In the
healthy subject, the images acquired with ANAV had arti-
facts and reduced SNR in the magnitudes (yellow arrows)
and errors in the myocardium displacement phase (red
arrows). The images acquired with self-NAV had high-
quality magnitude and phase images. The segmental strain
curves by dNAV had severe errors while the strain curves by
the self-NAV method well-resembled those by BH. In the
patient, the BH images were blurry. Self-NAV produced the
best quality images and segmental strain. With dANAV, the
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images had more striping and blurring artifacts (yellow
arrows) and phase errors (red arrows). The BH was per-
formed at end-inspiration and therefore the heart position
was different from those of free-breathing acquisitions. (BH:
breath-hold; self-NAV: self-navigated method; dNAV: dia-
phragm-based navigator gating method)

[0039] FIG. 22 shows a summary of evaluation results in
all subjects. (A) The relative rT1E. BH overall achieved a
lower relative rT1E than FB acquisitions. The self-NAV
method achieved lower rT1E than dNAV. (B) Apparent
SNR. BH had the highest SNR. The SNR of the dNAV
method trended to be lower than self-NAV. (C) The imaging
time of ANAV was less than self-NAV by 4 heartbeats per
encoding dimension. (D-E) The Ecc by self-NAV was in
better agreement with that by BH than ANAV. (F-G) The Ecc
by the self-navigation method was more reproducible than
that by dNAV. (*P<0.05 vs. BH, self-NAV, &P<0.05 vs. BH,
one-way repeated measure ANOVA on ranks; #P<0.05,
one-way repeated measure ANOVA; $P<0.03, signed rank
test) (BH: breath-hold; self-NAV: self-navigated method;
dNAV: diaphragm-based navigator gating method)

[0040] FIG. 23 shows correlation of the averaged dis-
placement phase with the bulk phase error relative to the
breath-hold displacement phase in a subject. (A-B) The
magnitudes and the phases of the displacement-encoded
ste-INAV acquired with breath-hold (BH) at a late-diastole.
The background regions are excluded with a region-of-
interest created based on the magnitudes. The displacement
phase values in the myocardium are overall trivial. (C-D)
The displacement encoded phase extracted from two com-
binations of free-breathing ste-iNAVs. For C,, the overall
displacement phase was small and similar to the breath-hold
displacement phase in panel B. For C,, the overall displace-
ment phase is close to —m especially in the anterior wall
(arrow). (E) In this subject, the averaged displacement phase
is highly correlated to the bulk phase error relative to BH
with R*=0.99. The two combinations in panels C-D are
color-coded. Minimizing the averaged displacement phase
identifies the reference segments that provide minimized
phase error relative to BH (C,). (BH: breath-hold; The
dashed line is the identity line)

[0041] FIG. 24 shows correlation between the averaged
displacement phase and the phase error relative to breath-
hold data in all healthy subjects. Overall, the phase error
relative to BH is correlated with the averaged displacement
phase with R?>=0.61. The free-breathing ste-INAV combina-
tions identified by minimizing the average displacement
phase are shown in green and the ste-INAV combinations
with the first segments are shown in pink. These results
demonstrate that minimizing the averaged displacement
phase identifies the reference segments that provide reduced
phase error relative to breath-hold. (BH: breath-hold; the
dashed line is the identity line)

[0042] FIG. 25 is a diagram illustrating a magnetic reso-
nance imaging (MRI) system capable of implementing cer-
tain aspects of the disclosed technology in accordance with
one or more embodiments.

[0043] FIG. 26 is a computer architecture diagram show-
ing a computing system capable of implementing certain
aspects of the disclosed technology in accordance with one
or more embodiments.



US 2019/0302211 Al

DETAILED DESCRIPTION

[0044] Insome aspects, the disclosed technology relates to
free-breathing cine DENSE (displacement encoding with
stimulated echoes) imaging. Although example embodi-
ments of the disclosed technology are explained in detail
herein, it is to be understood that other embodiments are
contemplated. Accordingly, it is not intended that the dis-
closed technology be limited in its scope to the details of
construction, and arrangement of components set forth in the
following description or illustrated in the drawings. The
disclosed technology is capable of other embodiments and
of being practiced or carried out in various ways.

[0045] It must also be noted that, as used in the specifi-
cation and the appended claims, the singular forms “a,” “an”
and “the” include plural referents unless the context clearly
dictates otherwise. Ranges may be expressed herein as from
“about” or “approximately” one particular value and/or to
“about” or “approximately” another particular value. When
such a range is expressed, other exemplary embodiments
include from the one particular value and/or to the other
particular value.

[0046] By “comprising” or “containing” or “including” is
meant that at least the named compound, element, particle,
or method step is present in the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, material, particles, method steps have the
same function as what is named.

[0047] In describing example embodiments, terminology
will be resorted to for the sake of clarity. It is intended that
each term contemplates its broadest meaning as understood
by those skilled in the art and includes all technical equiva-
lents that operate in a similar manner to accomplish a similar
purpose. It is also to be understood that the mention of one
or more steps of a method does not preclude the presence of
additional method steps or intervening method steps
between those steps expressly identified. Steps of a method
may be performed in a different order than those described
herein without departing from the scope of the disclosed
technology.

[0048] Similarly, it is also to be understood that the
mention of one or more components in a device or system
does not preclude the presence of additional components or
intervening components between those components
expressly identified.

[0049] As discussed herein, a “subject” (or “patient”) may
be any applicable human, animal, or other organism, living
or dead, or other biological or molecular structure or chemi-
cal environment, and may relate to particular components of
the subject, for instance specific organs, tissues, or fluids of
a subject, may be in a particular location of the subject,
referred to herein as an “area of interest” or a “region of
interest.”

[0050] Some references, which may include various pat-
ents, patent applications, and publications, are cited in a
reference list and discussed in the disclosure provided
herein. The citation and/or discussion of such references is
provided merely to clarify the description of the disclosed
technology and is not an admission that any such reference
is “prior art” to any aspects of the disclosed technology
described herein. In terms of notation, “[n]” corresponds to
the n” reference in the list. For example, [3] refers to the 377
reference in the list, namely Young, et al. All references cited
and discussed in this specification are incorporated herein by
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reference in their entireties and to the same extent as if each
reference was individually incorporated by reference.
[0051] A detailed description of aspects of the disclosed
technology, in accordance with various example embodi-
ments, will now be provided with reference to the accom-
panying drawings. The drawings form a part hereof and
show, by way of illustration, specific embodiments and
examples. In referring to the drawings, like numerals rep-
resent like elements throughout the several figures. The
following description includes discussion of some example
implementations and corresponding results. Some experi-
mental data are presented herein for purposes of illustration
and should not be construed as limiting the scope of the
disclosed technology in any way or excluding any alterna-
tive or additional embodiments.

[0052] Self-Gated Free-Breathing Cine DENSE Imaging
by Adaptively Reducing Residual T1-Echo Energy

[0053] In some aspects discussed in further detail below
with respect to certain embodiments, the present disclosure
relates to self-gated free-breathing cine DENSE imaging by
adaptively reducing residual Tl-echo energy. In some
embodiments, self-gated free-breathing adaptive acquisition
reduces free-breathing artifacts by minimizing the residual
energy of the phase-cycled T1-relaxation signal, and the
acquisition of the k-space data is adaptively repeated with
the highest residual T1-echo energy.

[0054] Methods

[0055] The DENSE signal includes a stimulated echo and
a Tl-relaxation echo, with echo centers occurring at differ-
ent locations in k-space [1]. FIG. 1a shows dNAV-based
monitoring of respiration along with the annotated acquisi-
tions of phase-cycled interleaves. FIG. 15 shows example
k-space data subsequent to subtraction of phase-cycled data
along a spiral trajectory. When phase-cycled data are
acquired at the same position, suppression of the T1-relax-
ation echo is effective (black curve). However, strong
residual T1-relaxation signal remains when the data are
acquired at different positions (grey curve). Residual energy
of the Tl-echo (rT1E) can be quantified by summing the
energy over a predefined k-space range (gray area). The
fT1E of free breathing (FB) is substantially higher than that
of breath-hold (BH), especially during diastole (FIG. 1c).
Further, the rT1E correlates with differences in respiratory
position (FIG. 14). It was hypothesized that FB artifacts can
be minimized by reducing the rT1E.

[0056] An adaptive acquisition algorithm was imple-
mented using a 2D spiral cine DENSE sequence with a
segmented spiral trajectory and localized stimulated echoes
[19]. As in FIG. 2, the acquisition starts by acquiring a
complete set of k-space data. The online reconstruction
environment (ICE) calculates rT1E of each phase-cycling
pair and determines whether the stopping criteria are satis-
fied. If so, the acquisition stops and moves to the next
displacement-encoding dimension. If not, ICE determines
the segment that currently has the highest rT1E (target
segment). Real-time feedback is delivered to the sequence,
which then repeats the target segment. When new data are
acquired, they are compared to all previously acquired data
of the same segment to find the best matched phase-cycling
pair. Presently, the stopping criterion is an imaging time of
30 heartbeats.

[0057] Seven healthy subjects were scanned on a 3T
system (Prisma, Siemens) with a 6-channel body coil and a
32-channel spine coil. FB datasets were acquired for mid-
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ventricular short-axis slices using: 6 interleaves per image,
2 interleaves per segment, spatial resolution of 3x3 mm?,
TR=15 ms, TE=1.08 ms, uniform rotation of the spiral
trajectory through frames, simple 3-point displacement
encoding, and displacement-encoding frequency of 0.10
cyc/mm.

[0058] Each dataset was analyzed offline in MATLAB
(Mathworks, USA), mimicking the online algorithm. Cine
DENSE images were reconstructed from the identified
phase-cycling pairs with minimized rT1E and subsequent
motion correction, as shown in FIG. 3. The quality of each
reconstruction was evaluated using the signal-to-noise ratio
(SNR) of magnitude images [20].

[0059] Results

[0060] FIG. 4 shows results from one volunteer demon-
strating the method. The overall k-space rT1E from the best
matched phase-cycling pairs decreased as the adaptive
acquisition progressed and reached a low level after 15
heartbeats (a). At each time, the segment with the highest
rT1E was repeated and its rT1E was reduced after the
acquisition of new data. Correspondingly, the SNR of the
DENSE magnitude images increased (b). Panel (c) shows
images of a late diastolic frame from 4 different time points
during the acquisition (I1-14). Strong artifacts are present in
I1-12 but not in I,-1,.

[0061] FIG. 5 summarizes the results from all subjects.
The rT1E converged similarly for all subjects, although to a
different value due to intrinsic k-space energy variations
between subjects (a). These variations were accounted for by
normalizing the rT1E to that of early systolic frames, which
can be estimated at each time. The normalized rT1E con-
verged to a similar value (1.027+0.007, meansstandard
error, at an imaging time of 30 heartbeats) (b). Compared to
the initial value, the relative rT1E decreased by 70% after
20-heartbeats. The relative SNR (normalized to the final
reconstructed image) doubled (c).

[0062] Discussion

[0063] The algorithm for self-gated FB cine DENSE
imaging described above minimizes rT1E, which is a sur-
rogate for motion between phase-cycled data to reduce
artifacts. In vivo experiments demonstrated that image qual-
ity increased as rT1E decreased during the adaptive acqui-
sition. For the specific protocol used, the time to converge to
high-quality images was 20-25 heartbeats per displacement-
encoding dimension. The normalized rT1E may be a stop-
ping criterion to provide high image quality and shorter scan
times.

[0064] Free-Breathing Cine DENSE MM Using Phase
Cycling with Matchmaking and Stimulated-Echo Image-
Based Navigators

[0065] In some aspects discussed in further detail below
with respect to certain embodiments, the present disclosure
relates to free-breathing cine DENSE MM using phase
cycling with matchmaking and stimulated-echo image-
based navigators. In some embodiments, phase-cycled spiral
interleaves are identified at matched respiratory phases by
minimizing the residual signal due to T1 relaxation after
phase-cycling subtraction. Image-based navigators (iNAVs)
are reconstructed from matched phase-cycled interleaves
that are comprised of the stimulated echo iNAVs (ste-
iNAVs), wherein the ste-INAVs are used for motion estima-
tion and compensation of k-space data. Embodiments dis-
cussed with respect to these aspects address two
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consequences of motion for DENSE: striping artifacts from
incomplete suppression of the T1-relaxation echo, and blur-
ring.

[0066] InFIG. 6, both types of motion-related artifacts are
demonstrated using spiral cine DENSE data acquired from
a phantom placed at two different positions. As shown,
subtraction of phase-cycled data acquired at mismatched
positions leads to a strong residual T1-relaxation echo in
k-space (FIG. 6¢) and striping artifacts in the corresponding
image (FIG. 6f). After subtraction of phase-cycled data from
matched positions, image reconstruction that combines post-
subtraction stimulated echoes from different positions leads
to blurring (FIG. 6g). These types of artifacts are observed
for free-breathing in vivo cine DENSE, as shown in FIG. 62,
and can lead to unsuccessful imaging of patients with
imperfect breath-holding, as previously reported [21, 22]. In
accordance with various embodiments described herein, a
method for free-breathing self-navigated cine DENSE is
disclosed, which involves suppression of the T1-relaxation
echo as a first step, followed by the use of image-based
navigators (iNAVs) for motion estimation and correction as
a second step.

[0067] Free-Breathing Cine DENSE Framework Using
Match-Making and Stimulated-Echo Image-Based Naviga-
tors (Ste-iINAVs)

[0068] Methods

[0069] The self-navigated framework for free-breathing
spiral cine DENSE disclosed herein (a) selects phase-cycled
spiral interleaves at matched respiratory phases, (b) per-
forms subtraction of matched phase-cycled interleaves, (c)
reconstructs image-based navigators (INAVs) from post-
subtraction interleaves (ps-interleaves) that are primarily
comprised of the stimulated echo (termed ste-INAVs), (d)
performs ste-INAV-based motion estimation to account for
motion between ps-interleaves, and (e) applies rigid motion
correction in k-space for image reconstruction. The first part
of this method, which selects phase-cycled interleaves at
matched respiratory phases, is termed “match-making”. The
proposed framework is illustrated in FIG. 3 and is shown in
contrast to conventional respiratory-gated navigator strate-
gies such as dNAVs or conventional iNAVs (c-INAVs) (FIG.
7).

[0070] Match-making of phase-cycled interleaves
acquired during free breathing is performed by evaluating
the residual energy of the T1-relaxation echo after complex
subtraction of those phase-cycled interleaves. This approach
is based on the concept that the residual T1-relaxation echo
energy will be minimized when the phase-cycled interleaves
are acquired at matched respiratory phases, and will be
greater otherwise. Since the approximate location in k-space
of the T1-relaxation echo is determined by the displacement-
encoding frequency, ke, the residual Tl-relaxation echo
energy can be estimated by summing data over a predeter-
mined region of k25space, i.e., k>ke/2. Localized generation
of stimulated echoes can be used along with matchmaking to
suppress the T1-relaxation echo, so that ste-INAVs can be
focused to the heart, a reduced field of view (FOV) can be
used, and automated motion estimation is facilitated.
[0071] DENSE Pulse Sequence

[0072] To experimentally investigate free-breathing cine
DENSE imaging using the matchmaking framework with
motion compensation, a previously-described spiral cine
DENSE pulse sequence [2], was modified. The previously-
described spiral cine DENSE pulse sequence supports two-
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point phase-cycling, to include golden angle rotation [23,
24] through time frames within the cardiac cycle and local-
ized generation of stimulated echoes, as shown in FIG. 8.
Golden angle (a) rotation facilitates the reconstruction of
iNAVs by utilizing consecutively acquired interleaves. In
the current 5 design, each fully sampled iNAV frame con-
sisted of eight consecutively acquired interleaves, i.e. four
consecutive frames with golden angle rotation between them
and two interleaves per frame with uniform rotation. Local-
ized generation of stimulated echoes was implemented by
applying slice selection for all RF pulses that contribute to
the stimulated echo such that stimulated echoes were gen-
erated only in the region where the RF pulse profiles
intersect [19, 25]. It is noted that, with this pulse sequence,
while the stimulated echo is localized to the heart region, the
T1-relaxtion echo originates from the entire slice. The cine
DENSE pulse sequence also supported acquisition of a
dNAV at end-diastole, as previously described [2]. All
DENSE scans employed multi-coil acquisitions, and multi-
channel data were adaptively combined to reconstruct com-
plex images with sensitivity maps estimated 15 from the
data itself, as previously described [26].

[0073] Reconstruction Using the Match-Making Frame-
work
[0074] As illustrated in FIG. 3, phase-cycled spiral inter-

leaves at matched respiratory phases were selected using the
match-maker criterion, specifically the minimal residual
T1-relaxation echo energy. In some embodiments, matched
interleaves have the same displacement encoding and
k-space trajectory, and they can be selected from any respi-
ratory phase, without limitation. The residual T1-relaxation
echo energy was averaged over all cardiac frames within
each heartbeat. It was assumed that multiple averages of all
interleaves are acquired. Of the available pairs of interleaves
to choose from, the one pair (one average) with the lowest
residual T1-echo energy (the match) was selected for the
reconstruction. After match-making, subtraction of matched
interleaves was performed and ste-INAVs were recon-
structed. Multiple ste-INAVs were reconstructed per heart-
beat, specifically one ste-INAV was reconstructed using
eight spiral interleaves, and a sliding window was not used.
Two-dimensional translations were estimated using the ste-
iNAVs automatically, without manual identification of a
region, using two dimensional cross-correlation. Motion
estimation was performed separately for different cardiac
phases. The resulting motion estimation was used for motion
compensation of the selected segmented k-space data [9].
The resulting motion-corrected k-space data underwent den-
sity weighted nonuniform fast Fourier transform [27] to
reconstruct final cine DENSE images.

[0075] Reconstruction Using Conventional dNAV Gating
[0076] As illustrated in FIG. 7, the conventional ANAV
reconstruction method accepted data acquired within a
dNAV window centered at end-expiration, and rejected data
outside that window. In the protocol described herein, the
inventors acquired a fixed number of averages, and in a
retrospective reconstruction accepted one average of data
that were within the narrowest window at end-expiration
based on the ANAV position. This method was chosen to
facilitate a fair comparison between the various reconstruc-
tions.

[0077] Reconstruction Using Conventional iNAV Gating
[0078] For the c-iINAV reconstruction, c-iNAVs were
reconstructed using the methods described in the section
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below, titled “Principle component analysis (PCA) to sepa-
rate signals for improved conventional cine DENSE
iNAVs.” Since c-INAVs were reconstructed for each indi-
vidual heartbeat, their reconstruction did not employ sub-
traction of phase-cycled interleaves. Instead, suppression of
the T1-relaxation echo for the c-iINAVs was performed by
separating the stimulated echo and Tl-relaxation echoes
using principle component analysis (PCA), and applying a
PCA filter to the INAVs (See, for example, FIGS. 15 and 16).
An early systolic c-INAV was used and 2D translation was
estimated by 2D cross-correlation for displacement-based
retrospective gating. Similar to ANAV-gating, one average of
data within a narrow window around end expiration defined
by the c-INAV position were accepted, as described in FIG.
7.

[0079] Experimental Design

[0080] Phantom experiments were conducted to demon-
strate the use of matching phase-cycled interleaves using the
residual T1-echo energy and using localized ste-iINAVs for
motion estimation and correction. All phantom imaging was
performed on a 3T MRI system (Magnetom Prisma, Sie-
mens Healthcare, Erlangen, Germany) with a 32-channel
phased-array spine coil.

[0081] Specifically, a phantom was scanned and cine
DENSE datasets were acquired six times. Between each
acquisition the phantom was moved toward the head direc-
tion in 5 mm increments to create a range of translations. For
each phantom position, a coronal slice, a transverse slice and
an oblique slice between the coronal and transverse planes
were scanned. The motions seen by these three slices were
in-plane translation, through-plane motion and a combina-
tion of in-plane and through-plane motion, respectively.
Cine DENSE datasets were acquired with the following
parameters: FOV=260x260 mm?, 10 spiral interleaves, spi-
ral readout length of 2.8 ms, in-plane spatial resolution of
3.4x3.4 mm?, 2 spiral interleaves per heartbeat, TR=15 ms,
TE=1.08 ms, and slice thickness=8 mm. The displacement
encoding frequency was 0.10 cycles/mm, and the through-
plane dephasing frequency was 0.04 cycles/mm. The T1 of
the phantom was approximately 150 ms. DENSE imaging
was performed with a simulated RR interval of 1000 ms. Ten
frames were imaged for the phantom experiment. The trig-
ger time of the images used for data analysis was 150 ms.
For analysis, we correlated the residual T1-echo energy with
the amount of phantom motion and we demonstrated the
ability to perform motion estimation and compensation
using ste-iINAVs.

[0082] In addition, free-breathing cine DENSE datasets
were acquired from 12 healthy volunteers (7 male, 27.3+2.1
years old) who were scanned in accordance with protocols
approved by our institutional review board after providing
informed consent. All volunteer imaging was performed on
3T systems (Magnetom Trio and Magnetom Prisma; Sie-
mens Healthcare, Erlangen, Germany) with a phased-array
body coil (6-channel for Magnetom Trio and 18-channel for
Magnetom Prisma) and a 32-channel spine coil. After the
acquisition of localizer images, a mid-ventricular short-axis
slice was acquired during both breath-holding and free-
breathing acquisitions with the following parameters:
FOV=160x160 mm?, thickness of localized stimulated
echo=80-100 mm?, 6 spiral interleaves per image, 2 inter-
leaves per heartbeat, spiral readout length of 3.4 ms, in-plane
spatial resolution of 3x3 mm? slice thickness=8 mm,
TR=15 ms, TE=1.08 ms, and temporal resolution of 30 ms.
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Ramped flip angles with a final flip angle of 15° were
employed to achieve a consistent signal-to-noise ratio (SNR)
through the cardiac cycle [27]. Fat suppression was
employed by applying a fat saturation pulse immediately
after ECG triggering as previously described [2, 29].
Depending on the heart rate of the subject, 22-30 frames
were acquired, covering approximately 80% of the RR
interval. The rest of the RR interval was used to acquire the
dNAV and allow for variation in the RR interval. The total
scan time was 18 heartbeats (corresponding to one average)
for breath-hold acquisitions and 54 heartbeats (correspond-
ing to the acquisition of each interleave three times, and
implemented using the averaging loop) for free-breathing
acquisitions. The DENSE loop structure, from inner to outer,
looped through spiral interleaves, averages, phase-cycling
pairs, and displacement-encoding dimensions, which
included reference, x-encoded and y-encoded acquisitions
[30]. The temporal and spatial resolutions were chosen
based on protocols that have been reported in clinical studies
to provide a balance of SNR, temporal resolution, and total
scan time [31]. Additionally, for 5 subjects, a 15-average
dataset (270 heartbeats in duration) was acquired and these
data were used to demonstrate the relationships between
ste-INAV and c-INAV motion estimation and dNAV data. All
3-average datasets were reconstructed offline three ways in
MATLAB (Mathworks, Natick, Mass.) using: (a) the con-
ventional ANAV method, (b) the c-INAV method and (c) the
match-making framework.

[0083] Evaluation of the Match-Making Framework
[0084] The volunteer data were used to evaluate interme-
diate steps of the match-making framework as applied to in
vivo imaging. Specifically, the inventors computed the cor-
relation between the residual Tl-echo energy and the dif-
ference in the dNAV positions for all phase-cycling inter-
leave pairs from free-breathing acquisitions. These data
could demonstrate that low residual Tl-echo energy of
ps-interleaves indicates that the phase-cycled interleave pair
were acquired at matched respiratory phases, and vice versa.
Ste-iINAVs were also compared with c-INAVs by assessing
the correlation of motion estimated from iNAVs with res-
piration measured by dNAVs using the 15-average acquisi-
tions. Specifically, for each of the first 15 heartbeats, the best
phase-cycling match was found from subsequent heartbeats.
Then ste-INAVs were reconstructed and used to estimate
respiration-induced heart motion (2D translations) between
the ste-INAVs. The translations were then correlated to the
dNAV positions of the first 15 heartbeats. Correlations were
analyzed for both x- and y-translations, and for all encoding
dimensions. For comparison, translations were also esti-
mated using c-INAVs for the first 15 heartbeats of the same
datasets and correlated to the ANAV positions. The Signed
Rank test was used to test for statistically significant differ-
ences in correlations with significance level set at 0.05. In
addition, the motion estimation algorithm was applied to
ste-INAVs reconstructed from the breath-holding datasets to
demonstrate that negligible motion estimates are obtained in
these conditions. The range of motion from breath-holding
ste-INAV's was compared to that estimated from free-breath-
ing datasets.

[0085] Comparison of the Match-Making Framework with
the Conventional ANAV and c-iNAV Methods for Recon-
structing Free-Breathing Cine DENSE Images

[0086] Finally, free-breathing cine DENSE magnitude and
phase images reconstructed using dNAV, c-INAV, and
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match-making framework were compared. Each of the vol-
unteer datasets was reconstructed using all three methods.
Because factors that affect intrinsic SNR such as number of
averages, voxel size, and readout time were constant for all
reconstruction methods, but breathing artifacts can lead to
an apparent SNR reduction by effecting both the myocardial
and background signals, the inventors compared the differ-
ent reconstruction methods using the apparent SNR. The
apparent SNR was measured from magnitude-reconstructed
images using a region of interest (ROI) that included all of
the myocardium within a slice and a large background ROI.
The apparent SNR was calculated as the mean of the
myocardial ROI divided by the standard deviation of the
background ROI, and the correction for the Rician distribu-
tion of the magnitude signal was applied [28, 32]. In
addition, phase quality (the variance of the local 2D spatial
derivative of the phase image) [33, 34] was measured from
all of the manually-segmented myocardium within each
slice. Phase quality was calculated for background phase-
corrected phase images after phase unwrapping. Also, for
each reconstruction method, the residual T1-echo energy
was computed from the corresponding raw data. Given that
k-space energy varies among subjects and scans, for each
dataset the residual T1-echo energy was normalized to a
baseline value estimated from early systole (the minimal
residual T1-echo energy within 300 ms after the displace-
ment-encoding pulses) of the best matched phase-cycling
interleaves and the normalized value is referred as relative
residual T1-echo energy. In this way, the residual T1-echo
energy can be compared both among reconstruction methods
and among subjects. Apparent SNR, phase quality, and the
relative residual T1-echo energy were averaged over all
cardiac phases.

[0087] The total acceptance windows and the inter-phase-
cycling motion for accepted data were also compared for
each reconstruction method. The total acceptance windows
were computed using the corresponding ANAV data defined
as the range of ANAV positions for accepted heartbeats. The
inter-phase-cycling motion was quantified as the difference
in dNAV positions between the two interleaves of each
accepted phase-cycling pair. All quantifications are pre-
sented as meansstandard error. One-way repeated-measures
ANOVA (or one-way repeated-measures ANOVA with ranks
if the normality test failed) was used to test for statistical
significance with significance level set at 0.05. Lastly, cir-
cumferential strain was computed [34] using a single-slice
six-segment model for each reconstruction method. Bland-
Altman plots were used to analyze agreement of strain
values from free-breathing acquisitions with those from
breath-holding acquisitions.

[0088] Demonstration of the Match-Making Framework
with Phantom Experiments

[0089] Results

[0090] DENSE data were acquired from a phantom posi-

tioned at different locations to demonstrate the reduction of
striping and blurring artifacts using matching of phase-
cycled interleaves and ste-INAV motion correction.
Example k-space domain signals after subtraction of phase-
cycled interleaves sampled along a spiral trajectory are
illustrated in FIG. 9a. In one case (black line) the phase-
cycled interleaves were acquired at matched locations and in
the other case (grey line) the phase-cycled interleaves were
acquired at mismatched locations.
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[0091] For matched locations, the echo due to T1 relax-
ation is well suppressed, whereas for mismatched locations
it is not (arrows). Multiple peaks corresponding to the
T1-relaxation echo are observed because the spiral trajectory
intersects the T1-relaxation echo multiple times, as shown in
FIG. 9. Experiments were performed where the phantom
was moved between 0-25 mm with 5 mm increments, and
FIG. 9¢-e demonstrate that the residual T1-echo energy after
subtraction of phase-cycled interleaves is linearly related to
the distance the phantom was moved between the acquisi-
tions of the phase-cycled interleaves. This finding holds for
in-plane motion (FIG. 9¢), through-plane motion (FIG. 94),
and a combination of in-plane and through-plane motion
(FIG. 9e). These results show that the residual T1-echo
energy is an indicator of the amount of motion between
acquisitions of phase-cycled interleaves, and that very low
residual T1-echo energy can be used to select phase-cycled
interleaves acquired at matched locations (match-making).
For the case of in-plane motion, FIG. 9g-h shows that
striping artifacts are removed from the DENSE image when
phase-cycled interleaves from matched locations are
selected and subtracted, but image blurring still occurs when
ps-interleaves from different locations are combined for the
reconstruction. By using the ste-INAV of each ps-interleave
for motion estimation, k-space domain motion correction
can be applied to compensate for the blurring induced by
in-plane motion (FIG. 9i), and the images corrected for
in-plane motion compare favorably to corresponding images
from data acquired at a single position (FIG. 9f). The
example images for the cases of through-plane motion and
combined motion are shown in FIG. 10. Together, these
results demonstrate the use of match-making and ste-INAV-
based motion estimation to compensate for motion-induced
artifacts.

[0092] Evaluation of the Match-Making Framework in
Volunteers
[0093] For in-vivo evaluation, two datasets were excluded

from analysis due to extremely low SNR and extensive
artifacts in images reconstructed by dNAV, c-INAV and
match-making methods. FIG. 1 demonstrates the use of the
residual T1-echo energy as an effective criterion for match-
ing phase-cycled interleaves for in vivo imaging. The respi-
ratory pattern of a volunteer as measured by the dNAV
signal is shown in FIG. 1a, and the respiratory phases of
three interleaves are annotated. Specifically, interleave A
(Int-A) and interleave B (Int-B) are a pair of phase-cycled
interleaves acquired at different respiratory phases, while
Int-B and Int-C are phase-cycled interleaves acquired at a
similar respiratory phase. FIG. 15 shows the k-space domain
data after subtraction of the two pairs of phase-cycled
interleaves, and demonstrates suppression of the residual
Tl-echo for interleaves acquired at matched respiratory
phases and substantial residual T1-echo signal for inter-
leaves acquired at mismatched respiratory phases. FIG. 1¢
shows that the residual Tl-echo energy remains low
throughout the cardiac cycle for the phase-cycled interleaves
acquired at similar respiratory phases, but increases for the
phase-cycled interleaves acquired at different respiratory
phases. For all phase-cycled interleave pairs from this acqui-
sition, the relative residual T1-echo energy (averaged over
all cardiac frames) was highly correlated with the difference
in the corresponding dNAV positions, AINAYV, with R? of
0.71. The average R” for all subjects was 0.61x0.04 (N=10).
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These results demonstrated that the relative residual T1-echo
energy was an indicator of respiratory motion between
phase-cycled interleaves.

[0094] Match-Maker Ste-INAVs Assess Respiration-In-
duced Heart Motion Better than Conventional iNAVs

[0095] FIG. 11 shows (a) a c-INAV reconstructed using a
simple low-pass filter to suppress the T1-relaxation echo, (b)
a c-INAV reconstructed using a simple low-pass filter and
PCA filtering, and (c¢) a match-maker ste-INAV. The ste-
iNAV is localized to heart and depicts the heart more clearly
than the c-INAVs. Note that FIG. 11 shows navigator
images, not reconstructed DENSE images. FIG. 11 also
shows the correlation between respiration-induced heart
motion as estimated by iNAVs and diaphragm motion as
measured by ANAVs for both c-iINAVs (with low-pass and
PCA filtering) and ste-iINAVs. As shown in FIG. 11g, the
correlation for ste-iNAV's was significantly higher than that
of ¢c-iNAVs for the same datasets, with an R* of 0.82+0.03
vs. 0.70£0.05 (P<0.05). This result supports the premise that
motion estimation was more accurate using ste-iNAV's com-
pared to using c-INAVs. Also, the overall range of heart
motion due to respiration estimated from breath-holding
ste-INAVs was found to be negligible (0.62+0.20 mm, N=5)
compared to the range of heart motion estimated from the
free-breathing ste-INAVs (6.75+3.33 mm, N=5).

[0096] Comparison of Cine DENSE Reconstructions
Using the Match-Making Framework with the Conventional
c-INAV and dNAV Methods

[0097] Example cine DENSE magnitude and phase
images for the ANAV, ¢-INAV, and matchmaker reconstruc-
tion methods applied to the same raw data are shown in FIG.
12 for both systolic and diastolic cardiac frames. Magnitude
reconstructed images using the dNAV and c-iINAV methods
had striping artifacts due to residual T1-relaxation echoes
(yellow arrows). However, for the match-making frame-
work, the magnitude reconstructed image had less artifact,
higher apparent SNR, and less blurring. The phase images of
the match-maker framework had a smoother appearance
within the myocardium. The relative residual T1-echo
energy, apparent SNR, and phase quality are summarized for
all volunteer data in FIG. 13a-c. The relative residual
T1-echo energy of the match-making framework was sig-
nificantly lower than that of the INAV and c-INAV methods,
demonstrating that the match-making framework better sup-
pressed the T1 relaxation echoes. The apparent SNR of the
match-making framework was higher than for both the
dNAV and c-INAV methods, and the phase quality was
lower or trended to be lower than that of the dNAV and
c-iINAV methods, demonstrating better image quality.

[0098] FIG. 13d-e compares the total acceptance windows
(as measured by the dNAV positions) and the motion within
each accepted phase-cycled interleave pair (as measured by
the dNAV positions) for the INAV and c-iNAV methods and
for the match-making framework. The match-making frame-
work had a larger total acceptance window than the con-
ventional dNAV method, indicating that it accepted data
from wider range of respiratory phases. The motion within
selected phase-cycled interleave pairs was smaller for the
match-making framework compared to the c-iNAV method.

[0099] FIG. 14 shows the Bland-Altman plots of circum-
ferential strain comparing agreement between free-breathing
and breath-holding acquisitions for all subjects and all
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segments. The match-making framework provided better
agreement with breath-holding acquisitions than the INAV
and c-iNAV methods.

[0100] Discussion

[0101] In this study the inventors developed and evaluated
a framework for self-navigated free breathing cine DENSE
Mill that addresses two consequences of motion—striping
artifacts due to incomplete suppression of the T1-relaxation
echo and blurring. While a conventional iINAV approach is
complicated by the presence of the T1-relaxation echo, the
inventors showed that low post-subtraction residual T1-echo
energy is a simple and useful metric to indicate whether
phase-cycled DENSE interleaves were acquired at matched
respiratory phases. While low residual T1-echo energy was
shown to be effective for matching phase-cycled interleaves,
this metric alone does not provide information about the
absolute position of the heart and cannot be used for motion
compensation of post-subtraction data. However, as
described above, ste-INAVs reconstructed from interleaves
acquired at matched locations are localized, not contami-
nated by T1-relaxation echo artifacts, and can be used to
accurately and automatically estimate in-plane heart motion
due to respiration. Indeed, ste-INAV motion estimation
correlated better than conventional iNAV motion estimation
with dNAV-measured respiratory motion, and the results
further showed that the match-making framework recon-
structions provided higher apparent SNR and a trend toward
better phase quality for free-breathing cine DENSE than did
the dNAV or ¢-INAV reconstructions applied to the same
raw data.

[0102] Both in-plane and through-plane motion can lead to
changes in the complex Tl-relaxation echo and, subse-
quently, to an increase of the residual T1-echo energy after
subtraction of phase-cycled interleaves. In-plane displace-
ment causes a phase shift of the k-space domain data. For
through-plane motion, different tissue contributes to the
different T1-relaxation echoes. Both types of motion lead to
residual signal after subtraction of the phase-cycled inter-
leaves. Although the underlying motion mechanisms leading
to reduced T1l-echo energy are different for in-plane and
through-plane motion, in both cases low values of residual
T1-echo energy identify phase-cycled interleaves acquired
at matched locations.

[0103] Respiratory motion estimated by the ste-INAVs
correlated well with dNAV motion, as shown in FIG. 11g,
whereas respiratory motion estimated by c-iINAVs had an
overall lower correlation across all subjects. Furthermore,
motion estimation using the ste-INAVs was completely
automatic, without needing manual definition of a region of
interest. These results were obtained because the ste-INAVs
were designed to have suppression of the T1-relaxation echo
and localized generation of stimulated echo. In addition,
because c-INAV are reconstructed from data prior to phase-
cycling subtraction, they incorporate signal from both the
stimulated echo and the T1-relaxation echo. Even with
PCA-based filtering and/or low-pass filtering, these INAVs
can still be corrupted by the T1-relaxation echo and are not
well-localized to the heart. Therefore, the c¢c-INAVs are
poorly-suited for respiratory motion estimation for cine
DENSE. With these results, the match-making framework
accepts data from any respiratory position and uses motion
estimation and motion correction, while the dNAV and
c-iINAV methods use retrospective gating but do not employ
motion estimation and correction.
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[0104] The total acceptance window, as defined by the full
range of diaphragm positions for all accepted data, was
greater for the match-making framework and trended to be
larger for the c-INAV method than for the conventional
dNAV method. However, the motion between phase-cycled
interleaves, as measured by the corresponding diaphragm
positions, was lower for the match-making framework com-
pared to the c-INAV method. The lower amount of motion
between phase-cycled interleaves led to a lower residual
T1-echo energy and high quality ste-INAVs for the match-
making framework. Even though the total acceptance win-
dow was large, the high-quality ste-iINAVs provided good
motion estimation and compensation, and altogether the
match-making framework with motion estimation and com-
pensation produced higher apparent SNR and better phase
quality in human subjects than the c-INAV method.

[0105] While the simple method for displacement encod-
ing was used in this study, another option would have been
to use the balanced displacement-encoding method [30].
With simple encoding, for the phase reference acquisition,
the stimulated echo and Tl-relaxation are overlaid in
k-space, which is non-ideal for matchmaking (although
matchmaking does still work for this case). The balanced
displacement encoding method more naturally separates the
stimulated echo and T1 relaxation echo in k-space for all
displacement-encoding dimensions, and avoids the overlay
problem. In the present study the simple method was chosen
because it leads to less phase wrapping [30]. Nonetheless,
balanced encoding may also be suited for use with match-
making, perhaps when used in combination with lower
displacement-encoding frequencies or more effective phase-
unwrapping algorithms.

[0106] In conclusion, the match-making framework with
motion estimation and compensation addresses both the
striping and blurring effects of respiratory motion in free-
breathing cine DENSE and provides advantages compared
to conventional dNAV and c-iINAV methods.

[0107] Principle Component Analysis (PCA) to Separate
Signals for Improved Conventional Cine

[0108] Dense Inavs

[0109] In this study, respiratory motion estimation using
the match-maker ste-iINAV method and a conventional iNAV
method were assessed. When implementing a simple con-
ventional iNAV method for cine DENSE, it was found that
the T1-relaxation echo led to very poor quality iNAVs and
very poor motion estimation performance. To get improved
performance, PCA was applied to the iNAV data to separate
the stimulated-echo and Tl1-relaxation-echo signals, and
iNAVs were reconstructed after removal of the main T1-re-
laxation-echo component.

[0110] As shown in FIG. 15, preliminarily iNAVs were
organized into a spatiotemporal Casorati matrix, S, where
each column represents the pixels from each iNAV [40].
PCA was performed to decompose the matrix, S, into spatial
and temporal bases. FIG. 155-g shows the first and second
spatial bases in the image and k-space domains, and also
shows their temporal bases, respectively. The first spatial
basis in the image and k-space domains and the first tem-
poral basis were found to predominantly represent the
T1-relaxation-echo signal (FIG. 15, b-d). The second spatial
basis in the image and k-space domains and the second
temporal basis were found to predominantly represent the
stimulated-echo signal (FIG. 15, e-g). After the first princi-
pal component was removed and a low-pass filter was
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applied to the k-space data to further suppress the residual
T1-relaxation-echo signal, iNAVs were reconstructed from
the k-space data.

[0111] Demonstration of the effect of PCA-based and
low-pass filtering on the iNAVs is shown in FIG. 16.
Without filtering, the iNAV has a strong T1 relaxation signal
outside the heart (predominantly fat signal from chest wall
in this example) (FIG. 16a, white arrow), while the iNAV
reconstructed with filtering shows better suppression of the
signal outside the heart (FIG. 16¢). By using manually-
tracked iNAVs as a reference, we showed that automatic
motion estimation using cross-correlation applied to iNAVs
with PCA-based and low-pass filtering had better perfor-
mance for estimating motion of the heart due to respiration,
whereas motion estimation applied to iNAVs without PCA-
based filtering had worse performance (FIG. 16, ¢.f).

[0112] Adaptive Acquisition Algorithm to Minimize rT1E
[0113] Methods
[0114] One proposed algorithm for cine DENSE data

acquisition with free-breathing is shown in FIG. 17. The
overall objective is to reduce the rT1E of the post-subtrac-
tion data. The algorithm starts with the acquisition of
fully-sampled k-space datasets for both phase-cycling
dimensions, i.e. one phase-cycling pair for each k-space
segment. In the online reconstruction environment, phase-
cycling subtraction is performed for each phase-cycling pair
and the rT1E values are calculated by summing post-
subtraction k-space energy in a predefined region. After-
ward, the rT1E values are examined to determine whether
the existing data satisfy the stopping criteria. If not, the
segment with the highest rT1E value is determined as the
target segment and a real-time feedback is delivered to the
data acquisition environment which then repeats acquisition
of the target segment. With the new data, the online recon-
struction calculates the rT1E values of the new phase-
cycling pairs and updates the best-matched phase-cycling
pair for the target segment, 1.e. selecting the pair that has the
lowest rT1E. After the update, the rT1E values are examined
again. If one of the stopping criteria is satisfied, the acqui-
sition stops; otherwise, the acquisition continues. During
each iteration, the algorithm acquires another instance of the
target segment for both phase-cycling dimensions. In other
words, the acquisition takes 2 heartbeats at each iteration.
Cine DENSE acquires a number of scans depending on the
displacement encoding methods prescribed. In this chapter,
each of these scans is referred to as an encoding dimension.
The adaptive acquisition process is performed for each
encoding dimension until all encoding dimensions are
acquired.

[0115] The algorithm was implemented based on a 2D
spiral cine DENSE sequence that supports localized genera-
tion of the stimulated echoes (53, 58). With this feature, the
stimulated-echo signal only originates from the region
where the two slice profiles intersect. Uniform rotation of
the trajectory through cardiac frames was implemented.
With these methods, image-based navigators (iNAV) can be
reconstructed by combining spiral data of consecutive
frames. These iINAVSs are reconstructed after subtraction of
phase-cyclings and therefore only contain the stimulated-
echo (termed ste-INAV) and are heart-localized.

[0116] Stopping Criteria

[0117] Specifically, there are three criteria in the current
design: (1) The relative rT1E is below a threshold for all the
cardiac frames; (2) The decrease percentage of rT1E is
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below a threshold; 3) The imaging time reaches a maximum
limit. The imaging stops for the current encoding dimension
when any of the criteria is satisfied.

[0118] The first criterion enforces the rT1E to be suffi-
ciently low. The relative rT1E is calculated by normalizing
the absolute rT1E to an estimated baseline value. Ideally,
when the T1-relaxation echo is canceled perfectly, the rT1E
is the energy of the displacement-encoded stimulated-echo
in the predefined k-space region. Therefore, the rT1E should
decrease and converge as the T -relaxation echo gets better
suppressed. The absolute rT1E depends on various factors
such as subject load, number of coils, and flip angle, etc.
Therefore, the algorithm may not converge to the same value
among different subjects and scans. However, the T,-relax-
ation echo grows within the cardiac cycle when the phase-
cycled data is not matched and the rT1E is always greater in
diastole than in systole (53). Therefore, the average rT1E of
frames during early systole (trigger time<=300 ms) is cal-
culated as the baseline rT1E and the absolute rT1E is
normalized to the baseline as the relative rT1E. The baseline
value is updated as well at each iteration. The k-space region
used for rT1E is defined as IkI>lk,,,.1/2.

[0119] The second and third criteria prevent the algorithm
from progressing for too long. During the acquisition, it may
take more than one iteration for the rT1E to be updated.
However, if the rT1E does not change or decreases only
marginally over a long time, it may indicate that the rT1E
cannot be reduced further even when the first criterion is not
satisfied. For criterion (3), the imaging time limit was
determined to be 30 heartbeats per encoding dimension
based on the empirical image protocol (6 heartbeats per
encoding dimension with breath-hold) (42, 53) and effi-
ciency of free-breathing cine DENSE (as low as 20%).
[0120] Compensation for Motion in the Stimulated Echoes
[0121] To compensate for inter-heartbeat motion, 2D
translations are estimated with the ste-INAVs by 2D cross-
correlation. The translations are then corrected on the
k-space data as described in previous studies (47, 69). The
translation estimation and correction are first performed
among the different segments of each encoding dimension
and then among the encoding dimensions. Ste-INAVs are
re-reconstructed from the translation corrected k-space data
for the next step of motion compensation.

[0122] In order to reduce signal cancellation, phase error
due to intra-heartbeat motion is estimated and compensated.
Here, only the phase due to translations is considered, i.e. the
correction is a spatially-invariant (65). FIG. 18 illustrates the
estimation of the phase correction values for each k-space
segment. Within each encoding dimension, one segment is
chosen as the reference segment and the other segments are
corrected. The estimation is performed for each iNAV-frame
by maximizing the energy of the combined image (complex
sum) of the reference ste-INAV and the corrected ste-iINAV.
As shown in FIG. 18A, the ste-INAVs of the reference
segment (8,9 and the segment to be corrected (S,,,) have
different phases (red arrows). The energy of the combined
image of S, -and S, with phase correction (0) is defined as,

E®)]S S0t oy
[0123] The E(8:0€(~m, m)) for the example ste-INAVSs is
shown in FIG. 18B. The phase value that maximizes E(0) is
determined as the correction value for the current ste-iINAV

frame. The estimation is performed for all the ste-INAV
frames as in FIG. 18C (square markers). Then the phase
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correction values are smoothed with a third order median
filter (green markers) and linearly interpolated to estimate
the correction for all the cardiac frames (pink curve). After
phase error correction, the cine DENSE images are recon-
structed with non-uniform fast Fourier Transform (NUFFT)
(60). The phase error estimation is performed for each
encoding dimension separately. After the images of all
encoding dimensions are reconstructed, the combined mag-
nitude images and displacement-encoded phase images are
extracted (61).

[0124] Reference Segment Selection for Phase Correction
[0125] To reduce the bulk phase error in the final displace-
ment-encoded phase images, the reference segments of all
encoding dimensions are jointly determined using the ste-
iNAVs. The aim is to determine a combination of reference
segments, one per encoding dimension, that minimize the
overall displacement phase at late-diastole. Given that the
phase due to tissue displacement increases during systole
and rewinds during diastole, the bulk phase errors due to the
intra-heartbeat motion can be minimized by selecting refer-
ence segments that minimize the averaged displacement
phase at late-diastole. For each combination of ste-INAVs,
the overall displacement phase ¢ is defined as,

V() Kj=angle[2, D0, ;15,13 @

where 1, , I, , I; ; indicates the late-diastolic ste-INAVs of
the i, i k™ segment of the first, second and third encoding
dimensions respectively. D indicates the operation to extract
displacement phase images (61). r is the spatial locations in
the 2D imaging plane. The magnitudes of the displacement
phase images are calculated as the average of the input
ste-INAVs, I, ,, I, ;, and I, ;. The reference segments of all
encoding dimensions are determined as the combination that
minimizes ¢,

(Sef 1+ Sref2> Sref3) = f}_@[fﬂ@(h 5kl (3)

[0126] Two sets of reference segments are determined for
extraction of the displacement encoded phases images in the
x- and y-directions respectively.

[0127] Experiments to Determine Stopping Criteria 1 and
2

[0128] To determine the threshold values for criteria (35)
and (36), 10 healthy subjects (6 female, 27+4 years old)
were scanned on a 37T system (Magnetom Prisma, Siemens
Healthineers, Erlangen, Germany) with a 32-channel spine
coil and a 6-channel body coil. All human subject scans in
this study were performed in accordance with protocols
approved by the institutional review board and with
informed consent. Free-breathing cine DENSE datasets
were acquired using the adaptive algorithm with criterion
(37) only and on a mid-ventricular short-axis slice with the
following parameters: slice thickness 8 mm, FOV=320x320
mm?, width of the localized stimulated-echo region=90~110
mm, 6 spiral interleaves per image, 2 interleaves per seg-
ment, TR=15 ms, temporal resolution=30 ms, TE=1.08 ms,
spiral readout length of 5.5 ms, matrix size of 128x128,
balanced displacement encoding with encoding fre-
quency=0.05 cyc/mm (61). Ramped flip angles with a final
flip angle of 15 degrees were employed. Multiple frames
were imaged with prospective ECG triggering covering
approximately 80% of the RR interval. Fat suppression was
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applied immediately after each ECG trigger. The imaging
parameters were chosen in consistency with previous stud-
ies. The total scan time was 92 heartbeats with the first two
heartbeats used for the acquisition of field map data.
[0129] Each DENSE dataset was processed offline in
MATLAB (MathWorks, Natick, Mass.). Cine DENSE
images were reconstructed for each iteration in three ways:
1) NUFFT without ste-INAV based motion correction, 2)
with additional phase error correction and 3) with both phase
error correction and translation correction. The reconstruc-
tion was performed separately for each of the encoding
dimensions. The final displacement phase images were not
extracted as the end time points of the encoding dimensions
were unknown. The relative rT1E values and image quality
quantified as apparent SNR were analyzed for each iteration
and each encoding dimension to determine the threshold of
criterion (1). The relative rT1E was averaged through car-
diac frames. The apparent SNR was quantified for a diastolic
frame (trigger time=600 ms) with a myocardium region of
interest and a background region. Correction for Rician
distribution was applied during SNR quantification (62,63).
At each iteration when the rT1E was updated, the previous
rT1E, percentage of decrease in rT1E and the time cost
(number of iterations since the last rT1E update) were
recorded to determine criterion (2). The center frequency
shift was estimated from the field maps and corrected in
k-space (64, 65).

[0130] Experiments to Evaluate the Self-NAV Method
[0131] With threshold values determined from the previ-
ous experiments, the proposed self-NAV method was evalu-
ated in healthy subjects and patients. A total number of 23
subjects (10 healthy subjects, 5 female, 26+3 years old; 13
patients with heart disease, 7 females, 57+16 years old) were
scanned on 3T systems (Magnetom Prisma and Skyra,
Siemens Healthineers, Frlangen, Germany). Exclusion cri-
teria for patient recruiting included inability to breath-hold,
ages (pediatrics) and implantable devices, such as pacemak-
ers, ICD or CRT. A patient dataset was excluded due to
extreme phase errors induced by intra-heartbeat motion. For
each subject, cine DENSE datasets were acquired on a
mid-ventricular slice once with breath-hold, twice with
self-NAV and twice with dNAV. The imaging parameters are
the same as those in the experiments to determine the
stopping criteria. The breath-hold acquisitions were per-
formed at end-expiration in healthy subjects and at end-
inspiration in patients. Criteria (1) and (3) were applied
prospectively and criterion (2) was applied retrospectively in
healthy subjects. All criteria were applied prospectively in
patients. For ANAV, a diaphragm navigator was acquired in
late diastole and right after cine DENSE data acquisition of
each heartbeat. The acceptance window was set at end-
expiration with a width of +2 mm.

[0132] Each dataset from with the self-NAV method was
reconstructed offline in MATLAB to apply translation and
phase correction. The breath-hold and dNAV acquisitions
were reconstructed with NUFFT. Displacement phase
images and combined magnitude images were extracted
afterwards. The relative rT1E was calculated for each cine
DENSE dataset. The apparent SNR was quantified for the
combined magnitude images. Segmental circumferential
strain values were computed with the displacement phase
images for 6 segments of the left ventricle using the stan-
dardized AHA segmentation model (66-68). Both the rela-
tive rT1E and the apparent SNR were averaged through
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cardiac frames and compared among breath-hold, self-NAV
and dNAV with one-way repeated measure ANOVA on
ranks and one-way repeated measure ANOVA respectively.
Between the two free-breathing methods, imaging time was
compared with signed rank test and agreement of free-
breathing strain with breath-hold strain and reproducibility
of breathing strain were analyzed using Bland-Altman plots.
All statistical tests are performed using SigmaPlot (Systat
Software Inc).

[0133] The reference segment selection method of self-
NAV was assessed using the datasets acquired in healthy
subjects. With the breath-hold acquisition, the ste-INAVs
were reconstructed for the same late-diastole iINAV frame as
that of self-NAV. The displacement encoded phase image
was extracted from these ste-INAVs. With the self-NAV
acquisition, the displacement encoded phase image was also
extracted for each combination of ste-INAVs. Then the
overall phase was calculated with equation [2] and the phase
error relative to the breath-hold displacement encoded phase
image was also estimated using the method in FIG. 18. The
overall displacement phase was then correlated with the
estimated phase error relative to breath-hold.

[0134] Results

[0135] Improving Image Quality During the Adaptive
Acquisition

[0136] FIG. 19A-C demonstrates that the adaptive algo-

rithm reduces rT1E and improves image quality efficiently
during the acquisition. The relative rT1E at each time during
the acquisition is shown in FIG. 19A. At beginning of the
acquisition (time=6 heartbeats), segment #3 was the target
segment with the highest rT1E. Therefore, the algorithm
repeated acquisition of this segment, after which the rT1E of
segment #3 decreased (time=8 heartbeats). Segment #1 then
became new target segment and was repeated. The acquisi-
tion continued and after 20 heartbeats, the relative rT1E
values of all segments were very low and the change was
small. The apparent SNR of the images at each time is
shown in FIG. 19B. The apparent SNR increased as the
algorithm progressed, demonstrating improvement in the
image quality. The images at 4 time points during the
acquisition are shown in FIG. 19C. Both the magnitude (top
row) and phase (bottom row) images at a late diastole frame
are shown. Strong artifacts were present in the images at the
initial stage of the acquisition (t,). As the algorithm pro-
gressed, the artifacts in the images were reduced (t,-t,).
[0137] FIG. 19D shows the different reconstructions at t,.
The image reconstructed without ste-INAV based motion
correction (left) had severe signal cancellation due to intra-
heartbeat motion induced phase errors. Reconstruction with
phase error correction had improved image intensity
(middle). Translation correction further reduced blurriness
and improved image quality (right). The images shown in
FIG. 19C were reconstructed with both phase error correc-
tion and translation correction. These results demonstrated
that both phase correction and translation correction are
essential to compensate for motion in the stimulated-echoes
to reduce motion artifacts.

[0138] Selection of Threshold Values

[0139] Results of the experiment to determine the thresh-
old values are summarized in FIG. 20. Panel A summarizes
the relative rT1E of all encoding dimensions and subjects.
Overall, the relative rT1E converged to a value close to 1.0,
indicating that the relative rT1E of diastolic frames
decreased to close to that of early systolic frames in all subj
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ects. Panel B shows that the apparent SNR (normalized to
the SNR at time=30 heartbeats) improved correspondingly.
Specifically, without translation correction or phase correc-
tion, the apparent SNR improved from 30% to 60% (pink
plot). Application of phase error correction reduced signal
cancellation and improved the apparent SNR from 60% to
85% after 20 heartbeats (green plot). Then translation cor-
rection further improved the image quality marginally (blue
plot). These results demonstrate that a threshold on the
relative rT1E can be applied to prospectively ensure
matched phase-cycling pairs and ste-iINAV based compen-
sation for both intra-heartbeat and inter-heartbeat motion is
critical for reconstruction of free-breathing cine DENSE
images. Based on these results, a value of 1.1 was chosen for
the relative rT1E threshold in criterion (1).

[0140] Panel C-D demonstrates that most rT1E changes
happened after only one iteration (blue points). The relative
fT1E and rT1E reduction in this group varies in a wide
range. As the time cost increases, the relative rT1E is lower
(below 1.2 for time cost>=3 iterations). and the decrease in
rT1E is also smaller (below 5% for time cost>=3 iterations).
These results suggest that the longer it takes for an update in
rT1E to occur, the less benefit there is. Based on these
results, criterion (2) is reached when the rT1E decrease less
than 1% over 3 iterations.

[0141] Comparison with ANAV

[0142] FIG. 21 shows example cine DENSE images at
end-systole and circumferential strains acquired on a healthy
subject and a patient with breath-hold, self-NAV and dNAV.
In the healthy subject, the images and strain curves acquired
with breath-hold are high quality. The images acquired with
dNAV method had severe artifacts in the magnitude (yellow
arrows), phase errors in the phase images (red arrows) and
errors in the strain curves. The images and strain curves by
sel-NAV resemble the quality of those from breath-hold
acquisition. In the patient, the breath-hold images have little
striping artifacts but are blurry. The free-breathing images
with ANAV had residual artifacts (yellow arrows) and phase
errors in the images (red arrows). The images by self-NAV
have less blurriness and residual T,-echo signal than dNAV.
The self-NAV and dNAV produced similar strain curves.
[0143] FIG. 22 summarizes the comparison of self-NAV
with dNAV. The rT1E of self-NAV was lower than that of
dNAV indicating better suppression of the T1-relaxation
echo (panel A). Overall breath-hold acquisition had the
highest apparent SNR. The image SNR of dNAV was 23%
lower than breath-hold while the SNR of self-NAV was 13%
lower (panel B). The self-NAV method took 7 heartbeats per
encoding more than ANAV (panel C). However, the imaging
time for ANAV didn’t include time for scout scans to set up
navigators. The Bland-Altman plots showed that the circum-
ferential strain by self-NAV was in better agreement with
that by breath-hold (E vs. D) and was more reproducible
than ANAV (G vs. F). These results demonstrated that the
proposed adaptive method provided better images and strain
quantification during free-breathing than dNAV.

[0144] Reference Segment Selection

[0145] In a healthy subject, the average phase of free-
breathing displacement phase image was highly correlated
with the bulk phase error relative to breath-hold (FIG. 23).
The data are estimated using ste-INAVs of one encoding
dimension. Minimizing the average displacement phase at
late-diastole identified reference segments that can minimize
the phase error with breath-hold in the final free-breathing
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displacement phase images (C,). Overall, the correlation
held up in all Healthy subjects with R* of 0.61 (FIG. 24). The
reference segment combinations chosen with minimal dis-
placement phase reduced the phase error with breath-hold
compared to those consisting of the first segments (green
dots vs. pink dots). These results demonstrate the proposed
method for reference segment selection can reduce the
overall phase errors due to intra-heartbeat motion relative to
breath-hold acquisitions in the displacement phase images.
[0146] Discussion

[0147] In this study, a self-navigated free-breathing cine
DENSE method for myocardial strain imaging was devel-
oped. The method uses an adaptive algorithm to reduce the
residual energy of the T,-relaxation echo during the acqui-
sition to compensate for striping artifacts and compensates
for both the inter-heartbeat motion induced blurriness and
the intra-heartbeat motion induced signal cancellation with
image-based navigators. Three stopping criteria were
designed in the adaptive imaging algorithm to ensure image
quality and efficiency. Experiments in healthy subjects dem-
onstrated the adaptive acquisition algorithm and determined
the values of the stopping criteria. Evaluation in healthy
subjects and patients demonstrated better strain imaging
with the presented self-NAV method than the conventional
dNAV method.

[0148] The self-NAV method is better than ANAV poten-
tially due to multiple reasons. First, minimizing rT1E is
more reliable than minimizing ANAV acceptance window
for reducing striping artifacts in free-breathing cine DENSE.
The 1D navigator position in dNAV is not sufficient to
measure the motion of the heart (9) and the respiration
pattern measured as diaphragm positions varies significantly
from subject to subject. Therefore, the AINAV method pro-
duces variable image quality. On the other hand, reduced
rT1E directly reduces striping artifacts and improve image
quality regardless of the respiration pattern. In addition,
diminishing rT1E can reduce residual T,-relaxation signal
due to factors other than breathing. For instance, cine
DENSE uses prospective ECG triggering and RR interval
changes during the acquisition can lead to missing triggering
(e.g. skipping a heartbeat). Imaging signal during the heart-
beats after the skipped ones is higher than other heartbeats
because of the longer relaxation time. Such changes can lead
to increased residual signal and artifacts even when respi-
ratory positions are similar. The self-NAV method can reject
such data while dNAV cannot.

[0149] The phase errors and signal cancellation artifacts
induced by intra-heartbeat motion are similar to those in
DWI. However, the compensation methods that have been
introduced to DWI cannot be directly applied to cine
DENSE. The correction for phase error in DWI aims to
restore the magnitudes reduced by phase errors. The phase
variations among different k-space segments are typically
estimated and removed (66). However, cine DENSE is a
phase-contrast method with local tissue displacement
encoded in the phase of the stimulated-echoes. Therefore,
the correction should aim to reduce the signal cancelation
without losing displacement-encoded phase information. In
this study, the signal cancellation artifacts were compen-
sated with a correction for the global phase differences
among k-space segments without changing the spatial varia-
tions of phase from the myocardial displacement. Specifi-
cally, the correction value was determined so that it maxi-
mized the image energy (FIG. 18).
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[0150] Reconstruction of the same free-breathing datasets
with different motion compensations demonstrated that both
reducing the rT1E and phase correction were essential for
the reconstruction (FIG. 20). The global phase correction
improved image quality significantly. Meanwhile, the
increase of apparent SNR with phase correction was greater
when the T1-relaxation echo was better suppressed (after 20
heartbeats vs. before 20 heartbeats). Similarly, the transla-
tion correction improved image quality only when the rT1E
was low. These results are likely because when the rT1E is
high, the residual T,-echo signal is the main artifact source
and hinders the quality of ste-INAVs, which leads to less
improvement from phase correction or translation correc-
tion. It is therefore important to suppress the residual T -re-
laxation signal before compensating for blurriness and sig-
nal cancellation.

[0151] A limitation of the current phase error correction is
that it does not completely remove the intra-heartbeat
motion in the final cine DENSE images. The correction can
only compensate for the differences in intra-heartbeat
motion induced phase among k-space segments. In addition,
the correction only included translations while the intra-
heartbeat motion can have other components (65). Future
development should investigate more accurate estimation
and correction for the phase errors due to intra-heartbeat
motion. An estimation of the intra-heartbeat motion or a
prior of motion-free reference data would be necessary to
correct the phase error accurately. One possible solution is
to combine breath-hold and free-breathing acquisition,
where one segment of each encoding is acquired during a
short breath-hold at the beginning of the scan to get refer-
ence segments and the rest of the scan is performed with the
adaptive acquisition during free-breathing. With such strat-
egies, the phase errors in the FB data may be compensated
accurately and the strain imaging reproducibility can be
further improved.

[0152] The agreement of free-breathing strain with breath-
hold strain was not better than the results in the previous
self-navigated free-breathing cine DENSE study (53). The
reason was that the strain agreement in patients was not as
ideal, which was likely due to the differences in heart
position and reduced breath-hold capabilities. In patient
imaging, the breath-hold acquisitions were performed at
end-inspiration to be consistent with the rest of the exams
while the free-breathing acquisitions tend to accept data
acquired at end-expiration. In addition, the rT1E in patients
was also higher than that in healthy subjects, indicating less
effective breath-holds.

[0153] The presented method can be extended for multiple
applications such as high-resolution strain imaging and
free-breathing full-cycle strain imaging. More imaging shots
are necessary to image at higher spatial resolution, which
can only be performed during free-breathing due to lengthy
imaging time. The method does not need extra navigator
data allows its use with retrospective triggering for full-
cycle DENSE imaging. The presented method can also be
combined with in-plane acceleration and/or simultaneous
multi-slice imaging to further improve imaging efficiency.
[0154] There are a few limitations in the current imaging
protocol and method. A large field-of-view was employed.
The intra-heartbeat motion correction and inter-heartbeat
translation correction are performed off-line. The imaging
time of the proposed method is still relatively long compared
to breath-hold. The method can be combined with in-plane
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acceleration (69-74) or simultaneous multi-slice imaging
(75, 76) to shorten the imaging time. Specifically, previous
study has demonstrated the feasibility of accelerating cine
DENSE using compressed sensing method. Only the best
matched phase-cycling pair per segment was accepted for
reconstruction for a fair comparison with dNAV and BH,
whereas more instances of phase-cycling pairs of similar
quality can be utilized. We will explore the possibility of
utilizing more data and acquiring more instances of matched
phase-cycling pairs. Such a method can be useful for imag-
ing subjects where SNR is limited, such as patients with
obesity or devices. The reconstruction is performed after the
data acquisition is done. An interactive interface that pro-
vides visual feedback of images at each iteration and allows
user control of the scan (pause, continue or stop the scan)
can further improve the reliability of the method (9).
[0155] Example Mill System

[0156] FIG. 25 is a system diagram illustrating an example
of a magnetic resonance imaging (MM) system 100, includ-
ing a data acquisition and display computer 150 coupled to
an operator console 110, an Mill real-time control sequencer
152, and an Mill subsystem 154. The MM subsystem 154
may include XYZ magnetic gradient coils and associated
amplifiers 168, a static Z-axis magnet 169, a digital RF
transmitter 162, a digital RF receiver 160, a transmit/receive
switch 164, and RF coil(s) 166. The MM subsystem 154
may be controlled in real time by control sequencer 152 to
generate magnetic and radio frequency fields that stimulate
magnetic resonance phenomena in a subject (patient) P to be
imaged, for example, to implement magnetic resonance
imaging sequences in accordance with various example
embodiments of the disclosed technology described herein.
An image of an area of interest A of the subject P (which may
also be referred to herein as a “region of interest”) may be
shown on display 158. The display 158 may be implemented
through a variety of output interfaces, including a monitor,
printer, or data storage.

[0157] The area of interest A corresponds to a region
associated with one or more physiological activities in
subject P. The area of interest shown in the example embodi-
ment of FIG. 17 corresponds to a chest region of subject P,
but it should be appreciated that the area of interest for
purposes of implementing various aspects of the disclosure
presented herein is not limited to the chest area. It should be
recognized and appreciated that the area of interest in
various embodiments may encompass various areas of sub-
ject P associated with various physiological characteristics,
such as, but not limited to the heart region. Physiological
activities that may be evaluated by methods and systems in
accordance with various embodiments of the disclosed tech-
nology may include, but are not limited to, cardiac activity
and conditions. It should be appreciated that any number and
type of computer-based medical imaging systems or com-
ponents, including various types of commercially available
medical imaging systems and components, may be used to
practice certain aspects of the disclosed technology. Systems
as described herein with respect to example embodiments
are not intended to be specifically limited to magnetic
resonance imaging (MM) implementations or the particular
system shown in FIG. 17.

[0158] One or more data acquisition or data collection
steps as described herein in accordance with one or more
embodiments may include acquiring, collecting, receiving,
or otherwise obtaining data such as imaging data corre-
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sponding to an area of interest. By way of example, data
acquisition or collection may include acquiring data via a
data acquisition device, receiving data from an on-site or
off-site data acquisition device or from another data collec-
tion, storage, or processing device. Similarly, data acquisi-
tion or data collection devices of a system in accordance
with one or more embodiments of the disclosed technology
may include any device configured to acquire, collect, or
otherwise obtain data, or to receive data from a data acqui-
sition device within the system, an independent data acqui-
sition device located on-site or off-site, or another data
collection, storage, or processing device.

[0159] It should be appreciated that any number and type
of computer-based medical imaging systems or components,
including various types of commercially available medical
imaging systems and components, may be used to practice
certain aspects of the disclosed technology. Systems as
described herein with respect to example embodiments are
not intended to be specifically limited to magnetic resonance
imaging (MM) implementations or the particular system
shown in FIG. 25.

[0160] One or more data acquisition or data collection
steps as described herein in accordance with one or more
embodiments may include acquiring, collecting, receiving,
or otherwise obtaining data such as imaging data corre-
sponding to an area of interest. By way of example, data
acquisition or collection may include acquiring data via a
data acquisition device, receiving data from an on-site or
off-site data acquisition device or from another data collec-
tion, storage, or processing device. Similarly, data acquisi-
tion or data collection devices of a system in accordance
with one or more embodiments of the disclosed technology
may include any device configured to acquire, collect, or
otherwise obtain data, or to receive data from a data acqui-
sition device within the system, an independent data acqui-
sition device located on-site or off-site, or another data
collection, storage, or processing device.

[0161] Example Computing System

[0162] FIG. 26 is a computer architecture diagram show-
ing a general computing system capable of implementing
aspects of the disclosed technology in accordance with one
or more embodiments described herein. A computer 200
may be configured to perform one or more functions asso-
ciated with embodiments illustrated in one or more of the
figures. For example, the computer 200 may be configured
to perform various aspects of free-breathing parameter map-
ping with high-contrast image registration in accordance
with example embodiments, such as magnetic resonance
imaging data acquisition, image registration, and calculating
parameter maps. It should be appreciated that the computer
200 may be implemented within a single computing device
or a computing system formed with multiple connected
computing devices. The computer 200 may be configured to
perform various distributed computing tasks, in which pro-
cessing and/or storage resources may be distributed among
the multiple devices. The data acquisition and display com-
puter 150 and/or operator console 110 of the system shown
in FIG. 1 may include one or more systems and components
of the computer 200.

[0163] As shown, the computer 200 includes a processing
unit 202 (“CPU”), a system memory 204, and a system bus
206 that couples the memory 204 to the CPU 202. The
computer 200 further includes a mass storage device 212 for
storing program modules 214. The program modules 214
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may be operable to perform associated with embodiments
illustrated in one or more of FIGS. 3-12 discussed above.
The program modules 214 may include an imaging appli-
cation 218 for performing data acquisition and/or processing
functions as described herein, for example to acquire and/or
process image data corresponding to magnetic resonance
imaging of an area of interest. The computer 200 can include
a data store 220 for storing data that may include imaging-
related data 222 such as acquired data from the implemen-
tation of magnetic resonance imaging in accordance with
various embodiments of the disclosed technology.

[0164] The mass storage device 212 is connected to the
CPU 202 through a mass storage controller (not shown)
connected to the bus 206. The mass storage device 212 and
its associated computer-storage media provide non-volatile
storage for the computer 200. Although the description of
computer-storage media contained herein refers to a mass
storage device, such as a hard disk or CD-ROM drive, it
should be appreciated by those skilled in the art that com-
puter-storage media can be any available computer storage
media that can be accessed by the computer 200.

[0165] By way of example and not limitation, computer
storage media (also referred to herein as “computer-readable
storage medium” or “computer-readable storage media”)
may include volatile and non-volatile, removable and non-
removable media implemented in any method or technology
for storage of information such as computer-storage instruc-
tions, data structures, program modules, or other data. For
example, computer storage media includes, but is not limited
to, RAM, ROM, EPROM, EEPROM, flash memory or other
solid state memory technology, CD-ROM, digital versatile
disks (“DVD”), HD-DVD, BLU-RAY, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk stor-
age or other magpetic storage devices, or any other medium
which can be used to store the desired information and
which can be accessed by the computer 200. “Computer
storage media”, “computer-readable storage medium” or
“computer-readable storage media” as described herein do
not include transitory signals.

[0166] According to various embodiments, the computer
200 may operate in a networked environment using connec-
tions to other local or remote computers through a network
216 via a network interface unit 210 connected to the bus
206. The network interface unit 210 may facilitate connec-
tion of the computing device inputs and outputs to one or
more suitable networks and/or connections such as a local
area network (LAN), a wide area network (WAN), the
Internet, a cellular network, a radio frequency (RF) network,
a Bluetooth-enabled network, a Wi-Fi enabled network, a
satellite-based network, or other wired and/or wireless net-
works for communication with external devices and/or sys-
tems. The computer 200 may also include an input/output
controller 208 for receiving and processing input from any
of a number of input devices. Input devices may include one
or more of keyboards, mice, stylus, touchscreens, micro-
phones, audio capturing devices, and image/video capturing
devices. An end user may utilize the input devices to interact
with a user interface, for example a graphical user interface,
for managing various functions performed by the computer
200. The bus 206 may enable the processing unit 202 to read
code and/or data to/from the mass storage device 212 or
other computer-storage media. The computer-storage media
may represent apparatus in the form of storage elements that
are implemented using any suitable technology, including
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but not limited to semiconductors, magnetic materials,
optics, or the like. The computer-storage media may repre-
sent memory components, whether characterized as RAM,
ROM, flash, or other types of technology.

[0167] The computer storage media may also represent
secondary storage, whether implemented as hard drives or
otherwise. Hard drive implementations may be character-
ized as solid state, or may include rotating media storing
magnetically-encoded information. The program modules
214, which include the imaging application 218, may
include instructions that, when loaded into the processing
unit 202 and executed, cause the computer 200 to provide
functions associated with one or more example embodi-
ments and implementations illustrated in FIGS. 3-12. The
program modules 214 may also provide various tools or
techniques by which the computer 200 may participate
within the overall systems or operating environments using
the components, flows, and data structures discussed
throughout this description.

[0168] In general, the program modules 214 may, when
loaded into the processing unit 202 and executed, transform
the processing unit 202 and the overall computer 200 from
a general-purpose computing system into a special-purpose
computing system. The processing unit 202 may be con-
structed from any number of transistors or other discrete
circuit elements, which may individually or collectively
assume any number of states. More specifically, the pro-
cessing unit 202 may operate as a finite-state machine, in
response to executable instructions contained within the
program modules 214. These computer-executable instruc-
tions may transform the processing unit 202 by specifying
how the processing unit 202 transitions between states,
thereby transforming the transistors or other discrete hard-
ware elements constituting the processing unit 202. Encod-
ing the program modules 214 may also transform the
physical structure of the computer-storage media. The spe-
cific transformation of physical structure may depend on
various factors, in different implementations of this descrip-
tion. Examples of such factors may include, but are not
limited to, the technology used to implement the computer-
storage media, whether the computer storage media are
characterized as primary or secondary storage, and the like.
For example, if the computer storage media are imple-
mented as semiconductor-based memory, the program mod-
ules 214 may transform the physical state of the semicon-
ductor memory, when the software is encoded therein. For
example, the program modules 214 may transform the state
of transistors, capacitors, or other discrete circuit elements
constituting the semiconductor memoty.

[0169] As another example, the computer storage media
may be implemented using magnetic or optical technology.
In such implementations, the program modules 214 may
transform the physical state of magnetic or optical media,
when the software is encoded therein. These transformations
may include altering the magnetic characteristics of particu-
lar locations within given magnetic media. These transfor-
mations may also include altering the physical features or
characteristics of particular locations within given optical
media, to change the optical characteristics of those loca-
tions. Other transformations of physical media are possible
without departing from the scope of the present description,
with the foregoing examples provided only to facilitate this
discussion.



US 2019/0302211 Al

CONCLUSION

[0170] The various embodiments described above are pro-
vided by way of illustration only and should not be con-
strued to limit the scope of the disclosed technology. Those
skilled in the art will readily recognize that various modi-
fications and changes may be made to the disclosed tech-
nology without following the example embodiments and
implementations illustrated and described herein, and with-
out departing from the spirit and scope of the disclosure and
claims here appended. Therefore, other modifications or
embodiments as may be suggested by the teachings herein
are particularly reserved.
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What is claimed is:

1. A method comprising:

acquiring magnetic resonance imaging data, for a plural-
ity of images of a subject, wherein the plurality of
images comprises respectively phase-cycled inter-
leaves of the imaging data that populate a respective
segment of the images;

calculating residual T1 energy values for each of the
images;

selecting a first image and a second image as a first
matched pair of images, wherein the first matched pair
of images has a lowest average of corresponding
residual T1 energy values in comparison to other unse-
lected pairs of the images;

subtracting the first image from the second image to
suppress artifacts within a resulting image;

using the resulting image to reconstruct an image-based
navigator (iNav) for the segment, wherein the iNav
includes stimulated-echo images with suppressed arti-
facts (ste-INAVs).

2. The method of claim 1, further comprising calculating

respective residual T1 energy average values for a plurality
of pairs of the images within a respective segment.

3. The method of claim 2, wherein selecting the first and
second images yielding the lower average of corresponding
residual T1 energy values matches the first and second
images in the spatial domain to a respective position of the
subject being imaged.
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4. The method of claim 3, further comprising:
iteratively matching additional pairs of the images within
respective segments of images, wherein the additional
pairs of the images have a lowest yielded average of the
pairs of respective residual T1 energy values;

subtracting iteratively matched additional images to sup-
press artifacts;

reconstructing respective ste-iNays within the respective

segment for the iteratively matched images; and
comparing the reconstructed iNays to identify motion
correction values for the segment.

5. The method of claim 4, wherein the iteratively matched
images comprise images having a same displacement encod-
ing and a same k-space trajectory in a common gradient
domain.

6. The method of claim 1, wherein the image data is
cardiac image data, the first matched pair of images relate to
a matched respiratory position of the subject, and the seg-
ment of images corresponds to a period of time between
heartbeats of the subject.

7. The method of claim 6, wherein the image data is
acquired during free breathing of the subject, and the sup-
pressed artifacts comprise suppressed T1-relaxation echo
artifacts on the ste-iNays.

8. The method of claim 1, wherein the images are gen-
erated as respective frames of image data with free-breath-
ing displacement-encoding with  stimulated echoes
(DENSE).

9. The method of claim 1, wherein the frames of images
are generated for respective segments with spiral cine
DENSE acquisition to populate a k-space representation of
the segment.

10. The method of claim 9, wherein the approximate
location of a T1 relaxation echo in the images is determined
by a displacement-encoding frequency k, and the residual
T1-relaxation echo energy is calculated by summing data
over a predetermined region of the k-space representation
corresponding to k>k /2.

11. The method of claim 1, wherein the phase cycled
interleaves are subject to either displacement encoding or
balanced displacement encoding.

12. The method of claim 1, wherein the first image and the
second image correspond to different phase cycles of an
encoding signal.

13. A method comprising:

sampling segments of image data acquired during mag-

netic resonance imaging, wherein the segments include
frames of images, wherein each frame includes respec-
tive phase-cycled interleaves of the imaging data
acquired during a respective phase of an encoding
signal, wherein the sampling comprises:

calculating residual T1 energy values for each of the

images;

selecting a first image and a second image as a first

matched pair of images, wherein the first matched pair
of images has a lowest average of corresponding
residual T1 energy values in comparison to other unse-
lected pairs of the images;

subtracting the first image from the second image to

suppress artifacts within a resulting image;

iteratively evaluating the sampling of all of the segments

by:
selecting a target segment having a highest residual T1
energy value in comparison to unselected segments;
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repeating the magnetic resonance imaging for the target
segment and acquiring new image data for the target seg-
ment;

sampling the new image data and calculating a new residual
T1 energy value for the target segment;

repeating the selecting of a target segment until satisfying at
least one of a set of stopping criteria; and

reconstructing an image-based navigator (iNav) for the
respective segments using a last resulting image for
each segment, wherein the iNav includes stimulated-
echo images with suppressed artifacts (ste-INAVs).

14. The method of claim 13, wherein the sampling,
evaluating, and reconstructing are repeated for all encoding
dimensions of the magnetic resonance imaging.

15. The method of claim 13, wherein the sampling,
evaluating and reconstructing are repeated for all dimen-
sions in the image domain space.

16. The method of claim 13, wherein the set of stopping
criteria comprises at least one of a bottom threshold for the
residual T1 energy values, a lowest threshold for a decrease
in percentage change of consecutive residual T1 energy
values, and a time limit.

17. A method comprising:

acquiring magnetic resonance imaging data, for a plural-
ity of images of a subject, wherein the plurality of
images comprises respectively phase-cycled inter-
leaves of the imaging data that populate a respective
segment of the images;

calculating residual T1 energy values for each of the
images;

iteratively matching pairs of the images within respective
segments of images that have a lowest yielded average
of pairs of respective residual T1 energy values;

subtracting iteratively matched images to suppress arti-
facts;

reconstructing respective ste-iNays within the respective
segment for the iteratively matched images; and

comparing the reconstructed iNays in at least one k space
representation of each respective segment to identify
2D translation motion and translation motion correc-
tion values for the segments;

correcting phase error for the translation motion in the k
space representation by:

for each coding dimension, selecting a reference seg-
ment from the respective segments of the image data;

using the reference segment to correct other segments
of the respective segments by:

for each other segment, maximizing an energy function
(E(9)) for a complex sum of the reference segment
(Sref) and each of said other segments (Scor):

E©)=S,o+Seore™ s

wherein a correction value 0 that maximizes the energy
function is a correction value for a respective other segment
(Scor); and

applying the correction value to images within each of
said other segments.

18. The method of claim 17, wherein correcting phase
error for each segment further comprises:
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calculating a respective correction value for each seg-
ment;

smoothing the respective correction values;

linearly interpolating an overall correction value; and

applying the overall correction value to k space represen-
tations of images within each of said other segments.

19. The method of claim 18, further comprising reducing

bulk phase error in a final displacement encoded phase

image that minimizes an average displacement phase at a

given point of acquiring the image data.

20. A system comprising:

at least one processor;

at least one memory device coupled to the processor and
storing computer-readable instructions which, when
executed by the at least one processor, cause the system
to perform functions that comprise:
acquiring magnetic resonance imaging data, for a plu-

rality of images of a subject, wherein the plurality of

Oct. 3, 2019

images comprises respectively phase-cycled inter-
leaves of the imaging data that populate a respective
segment of the images;

calculating residual T1 energy values for each of the
images;

selecting a first image and a second image as a first
matched pair of images, wherein the first matched
pair of images has a lowest average of corresponding
residual T1 energy values in comparison to other
unselected pairs of the images;

subtracting the first image from the second image to
suppress artifacts within a resulting image; and

using the resulting image to reconstruct an image-based
navigator (iNav) for the segment, wherein the iNav
includes stimulated-echo images with suppressed
artifacts (ste-iNAVs).
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