US 20190064296A1

12) Patent Application Publication (o) Pub. No.: US 2019/0064296 A1

a9y United States

Otazo et al.

43) Pub. Date: Feb. 28, 2019

(54) SYSTEM, METHOD AND
COMPUTER-ACCESSIBLE MEDIUM FOR

Publication Classification

HIGHLY-ACCELERATED DYNAMIC S IGnotH(;lﬁ /561 (2006.01)
MAGNETIC RESONANCE IMAGING USING GOIR 33/48 (2006.01)
GOLDEN-ANGLE RADIAL SAMPLING AND A61B 5/055 2006.01
COMPRESSED SENSING ( D)
GOIR 33/28 (2006.01)
(71) Applicant: NEW YORK UNIVERSITY, New AGIB 5/00 (2006.01)
York, NY (US) GOIR 33/563 (2006.01)
’ (52) US.CL
(72) Inventors: Ricardo Otazo, New York, NY (US); CPC ... GOIR 33/561 (2013.01); GOIR 33/4822
Li Feng, New York, NY (US); Tobias (2013.01); GOIR 33/5611 (2013.01); GOIR
Block, New York, NY (US); Hersh 33/56308 (2013.01); A61B 5/055 (2013.01);
Chandarana, West New York, NJ (US); GOIR 33728 (2013.01); A61B 5/7207
Leon Axel, New York, NY (US); (2013.01); GOIR 33/4824 (2013.01)
Daniel K. Sodickson, Larchmont, NY
(US) (57) ABSTRACT
(73) Assignee: New York University Exemplary method, system and computer-accessible
medium can be provided which facilitates an acquisition of
(21)  Appl. No.: 15/925,688 radial data, which can be continuous, with an exemplary
golden-angle procedure and reconstruction with arbitrary
(22) Filed: Mar. 19, 2018 temporal resolution at arbitrary time points. According to
such exemplary embodiment, such procedure can be per-
Related U.S. Application Data formed with a combination of compressed sensing and
(63) Continuation of application No. 14/395.752, filed on gi;ﬂ;lle lﬁiﬁéni ctc?nsotglecrtigns;%nﬁizﬁgtugggr?aﬁ;ﬁzgtaaﬁr
Oct. 20, 2014, now Pat. No. 9,921,285, filed as . ; ) )
application No. PCT/US2013/037456 on Apr. 19, g 1’ ?150 possible to provide an exemplary procedure for
2013 1ghly-accelerated dynarmc magnetic resonance imaging
' using Golden-Angle radial sampling and multicoil com-
(60) Provisional application No. 61/635,792, filed on Apr. pressed sensing reconstruction, called Golden-angle Radial
19, 2012. Sparse Parallel MRI (GRASP).
Cordiraously Aopiney )
Golder-Angie Radisl Data Trajactory
; w-p ) Coll Sensiaties
Coll Sensifvity 48
Estimation
Fesnd ‘:“ {
Trajestoty Colt Bensdlivities
, o ) ’ Facon
nen-Coll Ken-Cail kol ] ¥yt 550
' l - ol
— GRASP 540 fos ”
Elw Bily @iy ¢ /
Time 1 Tisad e Tael T ST Time
A j ya pin i Erda 590 1 Tod
ey ; Data Sparsiy
' Consistency  Constraint
35«



Patent Application Publication  Feb. 28,2019 Sheet 1 of 16 US 2019/0064296 A1

o

’)fo {ﬁ
g
2 S
- 1
Bk g
g8 5
@ @
:
@ -
wianed Busdes
anpde-y
3
o : (2
& o 2 e
T W % : z .
WA y & 7 1%
w @ '- 5 O
g hipgged
R
£
£
S S
W
wieye s Bundsen
aopds-y
o
teg
5 v &
g @ 2 .
g 5 g O
© - £
&
i
o Lo
uisned Burdwes
auEds-y

Cartasian

FIG.1A

Incoherence=t.5

P

tiened Bugduien
GORUS-H




Patent Application Publication  Feb. 28,2019 Sheet 2 of 16 US 2019/0064296 A1




US 2019/0064296 A1

Feb. 28,2019 Sheet 3 of 16

Patent Application Publication

{s

P

0ge

wk

sods gl poBsug

A A IO W R

L

PR R R S SRR IR R SR N R O R R

L4

w\a

{savsods g w sug




Patent Application Publication  Feb. 28,2019 Sheet 4 of 16 US 2019/0064296 A1

~Anglte

Golkden

‘;@.
4
0
3]
Roew
@
ﬁ“)}
&
o e 1.
@ e
£ . O
o
g b
[ :
& o
&

z N

5 £

% U=

- 5 e
o = o

@;gg;mg ﬁag;mrgt_g 4%



Patent Application Publication  Feb. 28,2019 Sheet 5 of 16 US 2019/0064296 A1

405

FIG.48
Coll~glement close 1o Colb~glement

liver~lung interfoce close to heort

s Bes )?,‘

<25 S
PHLLY M UV R
410 Respiration Signal Cardioe Signal

FIG.4D




4 BDid

RUBRABUOTY  Asusimisuos
Ammede eEQg
Fper e Sluep. gl

US 2019/0064296 A1

Op5  ASYHS

BOo-UTY DUy pen-uy

b W
» K%Mm.,ww, § . ¢

wmmﬁmmm@m HO Asoyosles g

Feb. 28,2019 Sheet 6 of 16

uogBlgey
AAIISUSS 0D |
4 —_ TR 575 poo-uy

Aiyoelely BiE(] jEpey siuy-uspion
paanbry Aenonugunn

Patent Application Publication



Patent Application Publication  Feb. 28,2019 Sheet 7 of 16 US 2019/0064296 A1




Patent Application Publication

Feb. 28,2019 Sheet 8 of 16

', } & \5
" ¢ / 3
\,,\ ! ff A %
g V«»\»\ﬁw“\‘w k ,\\ .Q j / %\
g s 200
sz e i RIS e A AR AT /.‘\WN‘MM V?;M’M %{2";“
PR H
i ,‘\"“ i() i j\'\e w
3 FiE ™ :
/ / %1 "\.\ i
% W 3 § "'\\“ z)\
. 2 ] o
b & { %2 \\" ! 3"‘«.,
\\ / ; % f" b ?Q&
§ { \/
e foLL
S S f H et 8
v —h 3,-,-;#"’”‘

US 2019/0064296 A1



Patent Application Publication  Feb. 28,2019 Sheet 9 of 16 US 2019/0064296 A1

Ko
4 w“'"* :

f)/ ‘ N B0
?

St
<
k3
H
i

ey

v / i
] L i i
b K e g

) H

&)
$o
g - K4
3 i
i 3 7
o % &
3 i ) £
3 o %
R & % -.*‘/
B v . P
&3 i g e
RS e S I TR

FIG.BA

et
oy

o : 2t
SN e ;
SR ]
, Lo ;
% § 8 ;
3 5 % ; ‘«\ !
¥ : 7
5 S ! . ;
kS ¥ NS
& d H B
5 % 5
S /
N ; vl ‘
™ 3 o
o ; o
o 1 Lt
%‘\'“‘MM,‘, M;&""‘«.V&



US 2019/0064296 A1

Feb. 28,2019 Sheet 10 of 16

Patent Application Publication

FIG.8C



Patent Application Publication  Feb. 28,2019 Sheet 11 of 16  US 2019/0064296 A1

3 1
80/
/S
¥ i
"“”-..N 3
H
}
i
:
e
§
& : g Y
/,/ ”"\,\ i
g y /\"\., §
//’ it N §
i @ -~ i
f"} 1 T
7 \\ Tk
.g/ &3
4
/ a5
/ -
X



Patent Application Publication  Feb. 28,2019 Sheet 12 of 16  US 2019/0064296 A1

&Y Enboncement

K
B
s &Y fae :
{'ma St
{'roy Apmuopy pubig Pavdy Asuspy puliy
2y
g &
& e
s

e

i

o] fored
o} dusumy {a) A s {0} :§§S§3a,d§
pulie savode 17 joubiy sesody o1 ;zq soneds o

g Buppun  dSvaD Buppus  4SWHD
= sadg (2 sayods ¢

/

.

L
e o
R &

BAG -,




Patent Application Publication  Feb. 28,2019 Sheet 13 of 16  US 2019/0064296 A1

Endg Systole =
=
3%

End Diastole




Patent Application Publication  Feb. 28,2019 Sheet 14 of 16  US 2019/0064296 A1

SG-MP-GRAGP -
SG-GRASE

€3

oy

i

B

&

ol

&=

=

Ll @
s 2
% v
ks k]
N i

FIG.TTA



Patent Application Publication  Feb. 28,2019 Sheet 15 of 16  US 2019/0064296 A1

{J
&~
R
O
i
s
s N
g il
{i} :°A
2 O
73] %

Averags

FIG.12A




Patent Application Publication  Feb. 28,2019 Sheet 16 of 16  US 2019/0064296 A1

Processing Computer—

Arrangement Aucessible
1310 Medium

1330

A e S i R S AN A

g ; o S
. Comput r/Processe | | Bxecutoble |
i § 4 3 % N ] % I3
L .6%32@4&}{3 ARG | §“57§m¢§?ﬁmg ;
! 2eEY i 1340
§ i S i i A o son S
H §

T O S N e Sank SR §

¥

Shorage
Arrongement
1330

: iﬁ;}aﬁi,fimt;m{ . Disploy
: Borts el Arrangement

¥

GRASP MRI
Arrangement
1380

FIG.13



US 2019/0064296 A1

SYSTEM, METHOD AND
COMPUTER-ACCESSIBLE MEDIUM FOR
HIGHLY-ACCELERATED DYNAMIC
MAGNETIC RESONANCE IMAGING USING
GOLDEN-ANGLE RADIAL SAMPLING AND
COMPRESSED SENSING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application relates to and claims priority from
U.S. Patent Application No. 61/635,792, filed on Apr. 19,
2012, the entire disclosure of which is incorporated herein
by reference.

FIELD OF THE DISCLOSURE

[0002] The present disclosure generally relates to medical
imaging apparatus and/or methods, and in particular to
exemplary embodiments for highly-accelerated dynamic
magnetic resonance imaging (“MRI”) using golden-angle
(“GA”) radial sampling and multicoil compressed sensing
reconstruction or Golden-angle Radial Sparse Parallel
(“GRASP”) MRI.

BACKGROUND INFORMATION

[0003] Traditional MRI can provide several advantages
compared to other imaging modalities (e.g., computed
tomography (“CT”)), such as a superior soft-tissue charac-
terization, absence of an ionizing radiation and flexible
image contrast, etc. However, conventional MRI techniques
can be relatively slow, which can limit temporal and spatial
resolution and volumetric coverage, and can introduce
motion related artifacts. In MRI, the imaging data can be
commonly acquired as samples of the Fourier transform of
the object to be reconstructed (e.g., a spatial distributed set
of NMR signal sources that can evolve in time). The image
reconstruction process can involve recovering an estimate
(e.g., an image) of the original object from these samples. As
only a limited number of these samples of the Fourier
transform (e.g., “k-space”) can be acquired at a time, with a
delay between each such data set acquired imposed by the
signal excitation and encoding process, the total time for
data acquisition can be dependent on the spatial and tem-
poral image resolution desired, and the size of the object. 3D
image data can similarly be more time-consuming than 2D
imaging. In order to reduce the image acquisition time (e.g.,
in order to more accurately capture moving objects, such as
the heart, or to minimize the risk of patient motion during the
data acquisition, which can lead to artifacts, or simply to
reduce the total time for the MRI examination), more
efficient ways of accurately reconstructing the image from a
reduced number of k-space samples can be needed.

[0004] Some recent methods for reducing the amount of
k-space sampling for image reconstruction can include: a)
radial sampling of k-space without loss of generality, (the
orientations of these radial samples can be designated as
lying in the k-k, plane, which can be more robust to
undersampling by presenting low-value streaking aliasing
artifacts in the reconstructed image, distributed over the
complete field of view); b) spiral sampling of k-space, which
can acquire more samples per acquisition which can have
similar benefits to radial sampling in reconstruction of radial
sampling, and which can be considered as a special case of
spiral sampling); ¢) golden-angle ordering of the acquisition
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of the radial sets of samples, which can help to maintain a
fairly uniform distribution of sampling locations while dif-
ferent amounts of radial k-space data can be acquired; and
d) using compressed sensing or sampling (“CS”) approaches
to image reconstruction, which can rely on the compress-
ibility of the final images to reduce the amount of imaging
k-space data to be acquired, at the cost of increased com-
putational effort in the image reconstruction process.

[0005] There has been prior work on producing faster 3D
MRI by combining 2D radial sampling with the use of
golden-angle ordering for the sequence of the radial sample
acquisitions, with a regularly spaced set of samples acquired
in the remaining (e.g., “k,”) direction, thus producing a
“stack of stars” sampling pattern in k-space (FIG. 1E). This
approach to 3D MRI can be further accelerated by combin-
ing it with CS image reconstruction methods, thus enabling
equivalent quality image reconstruction from a sparser, and
more rapidly acquired, set of k-space samples (See e.g,,
References 16 and 19). This can also provide increased
flexibility in trading off relative optimization of the imaging
time and the effective temporal resolution and sampling
density of the final images during the image reconstruction,
which can be valuable for dynamic imaging.

[0006] CS procedures (See, e.g., References 1-3) can
provide a rapid imaging approach, exploiting image sparsity
and compressibility. Instead of acquiring a fully-sampled
image and compressing it afterwards (e.g., standard com-
pression), CS takes advantage of the fact than an image can
usually be sparse in some appropriate basis, and can recon-
struct this sparse representation from undersampled data, for
example, without loss of important information. Successful
applications of CS generally use image sparsity and inco-
herent measurements. MRI can provide these two basic
preferences, since (a) medical images can naturally be
compressible by using appropriate sparsifying transforms,
such as wavelets, finite differences, principal component
analysis (“PCA”) and other techniques, and (b) MRI data
can be acquired in the spatial frequency domain (e.g.,
k-space) rather than in the image domain, which can facili-
tate the generation of incoherent aliasing artifacts. More-
over, CS can be combined with previous acceleration meth-
ods in MRI, such as parallel imaging, to further increase the
imaging speed.

[0007] Parallel imaging can be a traditional acceleration
technique in MRI that can employ multiple receiver coils
with different spatial sensitivities to reconstruct images from
regularly undersampled k-space data. Combinations of CS
and parallel imaging have been provided in several variants,
for example using the notion of joint multicoil sparsity,
where sparsity can be enforced on the signal ensemble from
multiple receiver coils rather than on each coil separately
(See, e.g., References 4-8).

[0008] Dynamic MRI can be used for CS, due to (a)
extensive correlations between image frames which can
typically result in sparse representations after applying an
appropriate temporal transform, such as FFT, PCA or finite
differences, which can be equivalent to total variation
(“TV”) minimization, and (b) the possibility of using a
different random undersampling pattern for each temporal
frame, which can increase incoherence, and can distribute
the incoherent aliasing artifacts along the temporal dimen-
sion which can result in artifacts with lower intensity (See,
e.g., References 8-10).
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[0009] Significant amount of current work on CS MRI
uses random undersampling of Cartesian k-space trajecto-
ries to increase data acquisition speed. However, in Carte-
sian trajectories, it can be possible that only undersampling
of phase-encoding dimensions (e.g., y and z) can account for
faster imaging, which can limit the performance of com-
pressed sensing, since incoherence and sparsity along the
other spatial dimension (e.g., X) cannot be exploited. Radial
k-space sampling can provide an attractive alternative for
compressed sensing MRI, due to the inherent presence of
incoherent aliasing artifacts along all spatial dimensions,
even for regular undersampling. Although the readout
dimension can also be fully-sampled in radial MRI, the
situation can be different from Cartesian MRI, since skip-
ping radial lines can effectively undersample all spatial
dimensions, which can distribute the overall acceleration
along these dimensions and can result in lower aliasing
artifacts.

[0010] Radial trajectories can be less sensitive to motion,
which can facilitate a better performance in capturing
dynamic information. FIGS. 1A-1D show illustrations asso-
ciated with a highly increased incoherence of radial sam-
pling compared to Cartesian sampling for static and dynamic
imaging, which can be due to the inherent presence of
low-value streaking aliasing artifacts that can spread out
along all spatial dimensions in radial sampling. For example,
FIGS. 1A-1D illustrate a k-space sampling patterns, point
spread functions (“PSFs”) and incoherence of Cartesian and
radial trajectories with 12.8-fold acceleration for static and
dynamic imaging. The PSFs can be computed by applying
an inverse Fourier transform to the k-space sampling mask,
where the sampled positions can be equal to 1, and the
non-sampled positions can be equal to 0. The standard
deviation of the PSF side lobes can be used to quantify the
power of the resulting incoherent artifacts (e.g., pseudo-
noise). Incoherences can be computed using the main-lobe
to pseudo-noise ratio of the PSF (See, e.g., References 3).
The PSFs for dynamic imaging can be computed in the space
of temporal frequencies, after a temporal FFT, which can be
usually employed to sparsify dynamic MRI data. Com-
pressed sensing radial MRI using regular undersampling of
radial trajectories has been previously described and suc-
cessfully applied to cardiac perfusion (See, e.g., Reference
11), cardiac cine (See, e.g., Reference 12), and breast MRI
(See, e.g., Reference 13). However, even though these
studies can use coil arrays, only coil-by-coil reconstructions
can be performed, which can limit the performance. Fur-
thermore, the acquisition trajectory can be limited to skip-
ping a specific number of radial lines, which can present
only a limited gain in incoherence. Other radial MRI tech-
niques can lead to better performance in CS. For example,
the golden-angle acquisition procedure (See, e.g., Reference
14) can be utilized, where radial lines can be continuously
acquired with an angular increment of 111.25°, such that
each line can provide complementary information. Uniform
coverage of k-space can be accomplished by grouping a
specific number of consecutive radial lines, which can lead
to improved temporal incoherence. Moreover, golden-angle
radial acquisition can enable continuous data acquisition and
reconstruction with arbitrary temporal resolution by group-
ing a different number of consecutive radial lines to form
each temporal frame.

[0011] In dynamic imaging procedures, where a time-
series of images can be acquired to visualize organ function
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or to follow the passage of a contrast agent, spatial resolu-
tion and volumetric coverage can usually be sacrificed in
order to maintain an adequate temporal resolution and
reduce motion-related artifacts.

[0012] Respiratory motion can degrade image quality, and
reduce the performance of compressed sensing (See e.g,,
Reference 15) since temporal sparsity can be decreased. To
minimize the effects of respiratory motion, MRI data acqui-
sition can be performed during breath-holds, or using navi-
gator or respiratory-bellow gating. However, breath-holds
can be subject dependent, with limited duration in patients,
and the use of navigator or respiratory-bellow gating can
utilize long acquisition times to acquire data during an
interval of moderate respiratory motion. Non-Cartesian
imaging procedures can offer self-gating by estimating the
respiratory-motion signal from the oversampled k-space
center. However, current gating techniques can be inefficient
since they only use the data acquired during an interval of
moderate respiratory motion (e.g., expiration) and discard
the rest, which can correspond to a large percentage of the
total amount of acquired data.

[0013] Thus, it may be beneficial to provide an exemplary
imaging apparatus that can combine carious CS, golden-
angle, and parallel imaging procedures to decrease the image
acquisition time, while maintaining a high level of image
quality, and which can overcome at least some of the
deficiencies described herein above.

SUMMARY OF EXEMPLARY EMBODIMENTS

[0014] To address at least some of these drawbacks and/or
deficiencies, arrangement, system, method and computer-
accessible medium according to certain exemplary embodi-
ments of the present disclosure can utilize continuous acqui-
sition of radial data with golden-angle scheme and
reconstruction with arbitrary temporal resolution at arbitrary
time points, along with a combination of compressed sens-
ing and parallel imaging to offer a significant improvement,
for example in the reconstruction of highly undersampled
data.

[0015] Systems, methods and computer-accessible medi-
ums for reconstructing data associated with an object(s) can
be provided which can include, for example, continuously
acquiring radial data based on a golden-angle procedure,
sorting the acquired radial data into a time-series with
arbitrary temporal resolution, and reconstructing the data
using a compressed sensing procedure and a parallel imag-
ing procedure. The radial data can include magnetic reso-
nance imaging data, and the radial data can comprise a
plurality of radial lines. In certain exemplary embodiments
of the present disclosure, the radial lines can have a golden-
angle separation of approximately 111.25°.

[0016] In some exemplary embodiments of the present
disclosure, the arbitrary temporal resolution can be based on
a particular number of consecutive ones of the radial lines,
which can be less than a number associated with a Nyquist
rate. The reconstruction procedure can be performed based
on a first group of consecutive ones of the radial lines used
to generate at least one temporal frame, and based on a
second group of the consecutive ones of the radial lines used
to generate a further temporal frame(s), the second group
having different radial lines than the first group. In certain
exemplary embodiments of the present disclosure, the
reconstruction procedure can be performed based on a target
shape for each temporal frame, which can be a boxcar.
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[0017] In some exemplary embodiments of the present
disclosure, the reconstruction procedure can be performed at
arbitrary time points by centering a group of consecutive
ones of the radial lines at different points during an acqui-
sition period. The acquiring procedure can comprise acquir-
ing all slices for a given projection for a particular golden-
angle before proceeding to a next golden-angle.

[0018] In certain exemplary embodiments of the present
disclosure, the object(s) can include an anatomical structure
(s), and the reconstruction procedure can be performed
based on a physiological motion of the anatomical structure
(s). The physiological motion can be an expiratory phase of
the anatomical structure(s), and the expiratory phase can be
based on a respiratory motion signal of the anatomical
structure(s). In some exemplary embodiments of the present
disclosure, a cleansing of the physiological motion using a
band pass filter can be performed.

[0019] In certain exemplary embodiments of the present
disclosure, the reconstruction procedure can be performed
based on coil sensitivity maps of an exemplary multicoil
reference image(s), which can be based on a Non-Uniform
Fast Fourier Transform. In some exemplary embodiments of
the present disclosure, the reconstruction procedure can be
performed based on re-sorting the radial data into highly
undersampled temporal frames by grouping a particular
number of consecutive ones of the radial lines to form each
temporal frame, where the particular number can be a
Fibonacci number.

[0020] In certain exemplary embodiments of the present
disclosure, the radial data can be based on k-space sampling
of the at least one object. The k-space sampling can be
performed using a stack-of-stars procedure, or using a
stack-of-spiral procedure.

[0021] These and other objects, features and advantages of
the present disclosure will become apparent upon reading
the following detailed description of exemplary embodi-
ments of the present disclosure, when taken in conjunction
with the accompanying exemplary drawings and appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Further objects, features and advantages of the
present disclosure will become apparent from the following
detailed description taken in conjunction with the accom-
panying Figures showing illustrative embodiments of the
present disclosure, in which:

[0023] FIGS. 1A-1D are sets of illustrative images of
various data elements;

[0024] FIG. 1E is an exemplary stack-of-stars k-space
sampling pattern with radial samples;

[0025] FIG. 2 is an illustration of a data acquisition
scheme according to exemplary an embodiment of the
present disclosure;

[0026] FIG. 3 is a set of exemplary illustrations of sam-
pling patterns and exemplary images of conventional non-
uniform fast Fourier transform reconstructions;

[0027] FIG. 4A is an illustration of an exemplary GRASP
acquisition procedure in the 2D space according to an
exemplary embodiment of the present disclosure;

[0028] FIG. 4B is an illustration of an exemplary GRASP
acquisition procedure in the 3D space according to an
exemplary embodiment of the present disclosure;

[0029] FIGS. 4C and 4D are illustrations of exemplary
filters obtained using exemplary GRASP for a respiratory
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signal and a cardiac signal according to an exemplary
embodiment of the present disclosure;

[0030] FIG. 5 is a diagram of a GRASP reconstruction
pipeline procedure according to an exemplary embodiment
of the present disclosure;

[0031] FIG. 6 is an exemplary illustration of an exemplary
rod-of-rays k-space sampling pattern with radial samples at
more continuous locations within a cylindrical volume
according to an exemplary embodiment of the present
disclosure;

[0032] FIG. 7 is an exemplary illustration of an exemplary
golden-angle sample procedure to select sequential sam-
pling location according to an exemplary embodiment of the
present disclosure;

[0033] FIG. 8A is a set of exemplary illustration of non-
linear remapping and wrapping along a circumference of a
circle according to an exemplary embodiment of the present
disclosure;

[0034] FIG. 8B is an exemplary illustration of an exem-
plary golden-angle sampling with approximately uniform
sampling density distribution according to an exemplary
embodiment of the present disclosure;

[0035] FIG. 8C is an exemplary illustration of an exem-
plary golden-angle sampling showing reciprocal non-uni-
form distribution of sample location according to an exem-
plary embodiment of the present disclosure;

[0036] FIG. 8D is an exemplary illustration of an azi-
muthal angle and altitude exemplary for an exemplary
golden-angle sampling procedure according to an exemplary
embodiment of the present disclosure;

[0037] FIG. 9 is a set of exemplary images and graphs
related to a reconstruction of acquire free-breathing contrast-
enhanced volumetric liver MRI data according to an exem-
plary embodiment of the present disclosure;

[0038] FIG. 10 is a set of exemplary images related to a
reconstruction of real-time cardiac cine MRI data acquired
according to an exemplary embodiment of the present
disclosure;

[0039] FIG. 11A is a set of exemplary images of end
diastolic (top image) and end systolic (bottom image) recon-
structed with data self-gated in expiration according to an
exemplary embodiment of the present disclosure;

[0040] FIG. 11B is a set of exemplary images of end
diastolic (top image) and an end systolic (bottom image)
reconstructed from multiple respiratory phases an exem-
plary embodiment of the present disclosure;

[0041] FIG. 12A is an exemplary image of a free breathing
liver from an exemplary partition without self-gating
according to an exemplary embodiment of the present
disclosure;

[0042] FIG. 12B is an exemplary image of a self-gated
liver with one respiratory phase according to an exemplary
embodiment of the present disclosure;

[0043] FIG. 12C is an exemplary image of a self-gated
liver with multiple respiratory phases constituting an addi-
tional dynamic dimension according to an exemplary
embodiment of the present disclosure; and

[0044] FIG. 13 is an exemplary system, including an
exemplary computer-accessible medium, according to an
exemplary embodiment of the present disclosure.

[0045] Throughout the drawings, the same reference
numerals and characters, unless otherwise stated, are used to
denote like features, elements, components, or portions of
the illustrated embodiments. Moreover, while the present
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disclosure will now be described in detail with reference to
the figures, it is done so in connection with the illustrative
embodiments and is not limited by the particular embodi-
ments illustrated in the figures and accompanying claims.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0046] According to certain exemplary embodiments of
the present disclosure, devices, methods, and computer
readable mediums can be provided for a highly-accelerated
free-breathing volumetric dynamic MRI technique named
GRASP MRI, for example, using continuous acquisition of
radial MRI data with a golden-angle procedure and multicoil
compressed sensing reconstruction. According to certain
exemplary embodiments, it can be possible to provide
and/or utilize a synergetic combination of exemplary com-
pressed sensing, exemplary parallel imaging and exemplary
golden-angle radial trajectories, which can deliver improved
combinations of temporal resolution, spatial resolution and
volumetric coverage for dynamic MRI studies without
breath-holding.

[0047] Exemplary Data Acquisition

[0048] FIGS. 1A-1D illustrate exemplary k-space sam-
pling patterns, PSFs and incoherences of Cartesian and
radial trajectories with 12.8-fold acceleration for static and
dynamic imaging. The PSFs can be determined by applying
an inverse Fourier transform to the k-space sampling mask,
where the sampled positions can be equal to 1, and the
non-sampled positions can be equal to 0. The standard
deviations of the PSFs side lobes can be used to quantify the
power of the resulting incoherent artifacts (e.g., pseudo-
noise). Incoherence can be computed using the main-lobe to
pseudo-noise ratio of the PSF. The PSFs for dynamic imag-
ing can be determined in the space of temporal frequencies,
after a temporal Fast Fourier Transform (“FFT”), which can
usually be employed to sparsify dynamic MRI data. Radial
sampling can offer a highly increased incoherence compared
to Cartesian sampling for static and dynamic imaging, which
can be due to the inherent presence of low-value streaking
aliasing artifacts that can spread out along all spatial dimen-
sions in radial sampling.

[0049] FIG. 2 shows an exemplary data acquisition pro-
cedure 210 for the GRASP with continuous acquisition of
radial lines with golden-angle separation (e.g., 111.25°)
without pre-defining temporal frames, in accordance with an
exemplary embodiment of the present disclosure. FIG. 2
also illustrates an exemplary sorting procedure 220 of the
exemplary acquired data to form the time-series of images
using a specific number of consecutive radial lines for each
temporal frame, in accordance with an exemplary embodi-
ment of the present disclosure. The number of radial lines for
each temporal frame can be much lower than the, for
example, the Nyquist rate. Different temporal resolutions
can be obtained by using a different number of radial lines
for each temporal frame.

[0050] The exemplary golden-angle separation can pro-
vide a different k-space trajectory for each radial line, which
can produce strongly uncorrelated or incoherent measure-
ments for improved compressed sensing reconstructions.
The same data set can also be used to reconstruct dynamic
exemplary magnetic resonance (“MR”) images with differ-
ent temporal resolutions, by grouping a different number of
consecutive radial lines to create each temporal frame. The
reconstruction can also be performed at arbitrary time
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points, by centering the group of consecutive radial lines at
different points during the acquisition period.

[0051] The exemplary golden-angle procedure can be
similar to the acquisition of k-space lines with random
ordering, which can decrease the correlation between con-
secutive spokes, and can provide more incoherent measure-
ments. This can be important for contrast-enhanced studies,
where the signal intensity can change over time. To illustrate
the exemplary advantage for contrast-enhanced studies, lin-
ear and golden-angle radial acquisition of liver perfusion
data can be compared, as illustrated in FIG. 3, which shows
a set of exemplary illustrations of sampling patterns and
exemplary images of conventional non-uniform FFT
(“NUFFT”) reconstructions. Even though the PSF for both
methods can be similar, which can be expected due to the
fact that the PSF only takes into account the final sampling
pattern, and not the signal evolution over time, exemplary
images that can be acquired with the exemplary golden-
angle procedure present lower incoherent artifacts, which
can be due to the more uniform coverage of k-space per umt
time provided by golden-angle acquisitions over standard
linear radial sampling. Uniform coverage of k-space can be
facilitated by the exemplary golden-angle procedure after
the acquisition of a few spokes, unlike in standard linear
radial sampling, which can facilitate the acquisition of a
substantially larger number of spokes to cover k-space.
[0052] FIG. 3 further shows an exemplary sampling pat-
tern and corresponding point spread function PSF for radial
MRI with conventional linear progressive coverage of
k-space (e.g., linear sampling) and golden-angle, for
example section 310. The exemplary progression from black
to gray can denote the exemplary order in which the spokes
can be acquired (e.g., black spokes can be acquired first).
The exemplary images of section 320 show a conventional
NUFFT reconstruction of radial liver MRI data acquired
with linear sampling and golden-angle. The Nyquist rate can
use 400 spokes.

[0053] Exemplary volumetric acquisitions can be per-
formed using, for example (a) stack-of-stars (e.g., Cartesian
sampling along k, and radial sampling along k -k ) and (b)
3D golden-angle radial trajectories. Stack-of-stars trajecto-
ries can be simpler to implement and can facilitate parallel
reconstruction of different slices after applying a FFT along
k,. However, such trajectories can fail to take advantage of
the incoherence along k. Exemplary 3D golden-angle radial
trajectories can acquire complementary spokes in 3D
k-space by using 2D golden ratios, for example ¢=0.4656
and [=0.6823 to calculate the increments Ak =2¢. and
Agp=2nf for between consecutive spokes, where Ag can be
the angular increment in the k -k  plane. BExemplary 3D
golden-angle trajectories can have the same or similar
properties of 2D golden-angle trajectories, although with an
increased incoherence for volumetric acquisitions.

[0054] Exemplary Data Acquisition, Self-Gating and Ret-
rospective Data Sorting

[0055] FIG. 4 shows an illustration of an exemplary acqui-
sition for GA radial sampling employed in GRASP (See,
e.g., Reference 15). To perform self-gating in 3D imaging,
most or all slices for a given projection angle can be
acquired sequentially before proceeding to the next angle.
The k-space center (k,=k =0 for 2D and k =k =k =0 for 3D)
in each projection angle (e.g., 405 in FIGS. 4A and 4B) can
be used to obtain the temporal variation caused by physi-
ological motion such as respiratory or cardiac motion. Clean
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motion signals can be obtained with a band-pass filter
(FIGS. 4C and 4D). In cardiac imaging procedures, where
signal variation can include both respiratory and cardiac
motion occurring simultaneously and with different tempo-
ral frequencies, the motion signals can be separated by
performing a band-pass filter centered at each frequency
(See, e.g., Reference 17). For multicoil acquisitions, coil
elements that can be close to the heart, and a liver-lung
interface can be used for respiratory and cardiac gating
respectively, as shown in 4C and D. Given the detected
respiratory motion signal, the data corresponding to the
expiratory phase can first be gated for reconstruction (SG-
GRASP data). In another exemplary approach, most or all
the acquired data can be sorted into different respiratory
phases, to form the additional respiratory-phase dimension
(SG-MP-GRASP data). Both sorted data sets can be under-
sampled. Element 410 provided in FIG. 4D cancan indicate
gated respiratory phases with equal numbers of spokes in
each phase.

[0056] Exemplary Image Reconstruction

[0057] FIG. 5 shows a diagram of an exemplary GRASP
reconstruction pipeline, according to an exemplary embodi-
ment of the present disclosure. First, coil sensitivity maps
510 can be determined/computed using an exemplary mul-
ticoil reference image 515 given by the coil-by-coil inverse
NUFFT reconstruction 520 of a composite k-space data set
that results from grouping together all acquired spokes. This
exemplary fully-sampled multicoil reference image can
effectively represent the temporal average of all acquired
spokes, which although can contain temporal blurring arti-
facts, can provide sufficient information to extract the exem-
plary smooth coil sensitivity maps 510 which may not
change over time. Second, the continuously acquired
golden-angle radial data 525 can be resorted at 530 into
highly-undersampled temporal frames 535 by grouping spe-
cific number (e.g., a Fibonacci number) of consecutive
spokes to form each temporal frame 535 according to the
desired temporal resolution. The GRASP reconstruction
procedure 540 can then be applied to the resorted multicoil
radial data to produce the unaliased image time-series (e.g.,
x-y-t) 550.

[0058] The exemplary GRASP reconstruction procedure
can utilize a combination of compressed sensing and radial
parallel imaging which can enforce joint sparsity in the
multicoil signal ensemble subject to parallel imaging data
consistency. The exemplary radial parallel imaging model
can use a NUFFT operator according to the radial sampling
trajectory for each temporal frame and the computed coil
sensitivities to form the encoding equation. The mathemati-
cal formulation can assume that the data acquired by each
coil can be given by, for example:

m;=F-Syd, [1]

where d can be the image series to be reconstructed in the
Cartesian x-y-t space, m, can be the acquired radial data for
the 1-th coil element, F can be the non-uniform FFT NUFFT
operator defined on the radial acquisition pattern, and S, can
be the sensitivity map for the I-th coil in the Cartesian x-y
space.

[0059] To facilitate joint multicoil sparsity, the exemplary
GRASP procedure can concatenate the individual coil mod-
els to form the following multicoil model, which can be, for
example:

m=E-d, 2]
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where

my

Me

and ¢ can be the number of coils. The GRASP reconstruction
can then be given by, for example:

x=argmin{|Ed-m| 5>+ M| '], }, B3]

where T can be the sparsifying transform, || ||, can be the 1,
norm defined as |[x||,=2,Ix,l, and ||, can be the 1, norm
defined as |[x],=(Z,Ix,|)"?. The I, -norm term can facilitate a
joint sparsity in the sparse domain given by T and the
1,-norm term can enforce parallel imaging data consistency.
A can be a regularization parameter that can control the
tradeoff between data consistency and sparsity. Eq. [3] can
be implemented using an iterative non-linear conjugate
gradient procedure. Instead of finding the optimal value of
A for each data set, the value of A can be decreased during
the iterations, such that high-value coefficients can be recov-
ered first and low-value coeflicients can be recovered in later
iterations. The reconstruction procedure can allow the uti-
lization of one sparsifying transform or a combination of
sparsifying transforms by adding extra 1,-norm terms.
[0060] The exemplary reconstruction procedure can incor-
porate a target shape for each exemplary reconstructed
temporal frame. The exemplary reconstruction can assume a
boxcar shape with an extent given by the duration of the
consecutive spokes used for each temporal frame. This
exemplary approach can give equal weight to all spokes
within a temporal frame, which might not optimal. If exem-
plary embodiments choose a target shape for each temporal
frame, such as a sine, Hamming, or Kaiser function, the data
consistency part of the reconstruction can be represented as
a fit of the acquired k-space data to this target temporal
shape.

[0061] Following data sorting, exemplary SG-GRASP
reconstruction can be performed following the GRASP
procedure described in (See, e.g., Reference 16). For SG-
MP-GRASP, where data can have increased dimensionality,
the reconstruction can be extended to minimize the follow-
ing objective function ||E-x-y]||,+A||T, x|, +A| T, x|+ - . .
+\|[T,%||,, where x can be the image to be reconstructed, y
can be the sampled measurements in radial k-space and E
can be the Fourier transform operator incorporating NUFFT
operation (See e.g., Reference 18). T, can be the sparsifying
transform performed along the n” dynamic dimension and
A, can be the weighting parameter. For static imaging, n=1
which can be the additionally constructed respiratory dimen-
sion and for dynamic imaging, n>=2 including the original
dynamic dimensions (e.g., cardiac contraction) and the
respiratory dimension. In the reconstruction, only temporal
sparsifying transforms can be used and the A’s can be
empirically determined by comparing the performance of
several values.

[0062] Exemplary Further Image Construction

[0063] In a conventional “stack of stars” approach to 3D
sampling of k-space, with or without golden-angle ordering
of the radially sampled acquisitions, the “IQ” direction,
orthogonal to the radially sampled directions, may only be
sampled at a discrete set of uniformly spaced locations in the
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k2 dimension. This highly ordered sampling arrangement
may not be optimal for the use in CS reconstruction meth-
ods, which perform best with uncorrelated locations of the
sampled data. However, this can be improved by using
different novel approaches to the sampling of the k_ dimen-
sion, as described below.

[0064] One exemplary procedure to improve on a stack-
of-stars sampling procedure can be to replace the current
approach, which can use sets of radial samples regularly
spaced along the k, dimension, which can be highly ordered
and leaves large regions of k, dimension data unsampled
between the sampled planes, with a pseudorandom position-
ing along the k dimension of the radially oriented sets of
k-space samples (e.g., relative to the k_-k_plane). The sets of
radial samples can then be distributed within a cylindrical
“rod” 605 in k-space, rather than just lying on a set of
regularly spaced planes, and can fill in some of the otherwise
unsampled locations (See e.g., FIG. 6). This kind of “rod-
of-rays” sampling geometry can lend itself readily to CS
image reconstruction methods, which can benefit from the
higher degree of lack of correlation, or “incoherence”, of the
sampled locations that it provides, resulting in improved
image quality. Such incoherence can be standard in com-
pressed sensing image reconstruction methods. This method
also facilitates the use of a non-uniform density of the
distribution of the sample locations in k-space, such as is
described below, which can also provide further improve-
ments in image quality, particularly for increasing the effec-
tive field of view along the z direction at the cost of
additional computation in the image reconstruction process.
This improvement in imaging performance can also be used
to decrease the number of samples to be acquired for image
reconstruction, and can increase imaging speed or improve
temporal resolution in dynamic imaging.

[0065] Inexemplary dynamic imaging applications for use
with time-varying objects, such as sequential imaging of
moving objects or the dynamics of contrast enhancement,
the order of the acquisition of the k-space samples can be
significant. For planar radial sampling, golden-angle order-
ing of the sampling directions can provide several advan-
tages over previous approaches (e.g.. simple linear sequen-
tial ordering of the sampling), such as maintaining a quasi-
uniform sampling density throughout the sampling process.
The exemplary segment of the k, dimension that can be
sampled can be treated as being mapped along the circum-
ference of an equivalent circle 700, and a golden-angle
procedure can be used to choose sequential sample locations
along this remapped dimension (See, e.g., FIG. 7). The same
benefits of quasi-uniform density of sampling along the 1Q
dimension can be achieved throughout a continuous sam-
pling process, as can be achieved with the conventional
golden-angle angular sampling, with the attendant improved
flexibility for making adaptive choices of the temporal
resolution, and sampling density of the reconstructed images
during the image reconstruction process, through flexible
choices of the subsegments of the acquired data to be
reconstructed. Thus, in a Golden-angle Radial Ordering of
the sampling Distribution (“GoldenROD”) for the full 3D
k-space sampling to be used in the image reconstruction can
be generated.

[0066] In both the conventional stack-of-stars approach to
1Q dimension sampling and the exemplary simple golden-
angle k_ sampling procedure described above, there can be
an approximately uniform distribution of the samples along
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the k_dimension. However, the exemplary golden-angle
sampling scheme can be further modified so as to facilitate
the use of an arbitrary desired distribution of the sampled
locations along the k_ dimension (See e.g., FIGS. 8A-8C).
This can be achieved through first performing a nonlinear
remapping of the actual k, dimension to an equivalent
“warped” k,' dimension, and then performing the same sort
of wrapping of the segment of the k' dimension to be
sampled around the circumference of a circle 800 (See e.g,,
FIG. 8A). Using a golden-angle sampling procedure to
choose sequential sampling locations within the remapped
k,' as described above, can achieve a quasi-uniform sam-
pling distribution in the k . dimension (See e.g., FIG. §B),
however, there can be a reciprocal (e.g., non-uniform)
sampling density in the original k, dimension when the
sample locations are re-mapped back to the original k, space
(See e.g., FIG. 8C). For example, if the middle of the region
of 815 FIG. 8C is expanded in a dimension to be sampled
and contract ends, in performing the remapping prior to
applying the golden-angle sampling, the resulting sampling
of the original k dimension can have an increased density of
samples in the middle of k-space, which can be where most
of the image energy resides, and a decreased density of
sample at the edges. This can provide a generally more
efficient way to sample k-space, and can result in improved
image quality.

[0067] A further exemplary approach can be used for 3D
MR imaging, as an alternative to the stack-of-stars approach
to k-space sampling described above, can be the “stack-of-
spirals”, where the set of radial rays of samples in the k -k,
plane used in the stack-of-stars approach shown in FIG. 1E
can be replaced by a set of single or interleaved spiral paths
150 in the k -k plane. In conventicnal approaches to the use
of stack-of-spirals imaging, these spiral sets of samples can
be chosen to be located on a discrete set of planes along the
k, direction, with the same resulting relative disadvantage
for CS image reconstructions as with the conventional
stack-of stars imaging sampling procedure. However, the
exemplary golden-angle methods described above can be
adapted for selecting k locations for stack-of-stars sampling,
and use them as a means for similarly selecting k locations
for the spiral sample paths used in stack-of-spirals imaging.
In this manner, spiral sets of samples can be acquired with
any desired, and non-discrete and non-repeating, distribu-
tion of locations along the k, direction, creating an effec-
tively more continuously sampled rod-like volume of
k-space or “stick-of-spirals”. Thus, data can be continuously
acquired can be better suited to CS reconstruction methods
than the conventional stack-of-spirals imaging method, with
the same associated ability to more flexibly choose different
subsegments of the data for image reconstruction described
above for the rod-of-rays approach to sampling.

[0068] A further exemplary approach that can be used for
data acquisition for 3D MRI can be the use of radial rays
oriented toward the surface of a sphere in k-space, rather
than toward the surface of a cylinder, as can be used with the
stack-of-stars approach. (See e.g., F1G. 8D). The exemplary
golden-angle sampling approach that can be used for 2D
angle locations of the sampled directions in the stack-of-
stars method can be adapted to this kind of 3D radial
sampling. An approximately uniform distribution of the
sampling locations over the surface of the sphere in k-space
can be used in the image reconstruction. If the equator of the
sphere can be designated as lying in the k -k, plane, with the
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k, axis running through the equators, the angular locations of
the sampled rays relative to the equator can be chosen, for
example, parameterized by the “azimuthal” angle 0, as with
the conventional golden-angle approach to 2D radial imag-
ing, with an approximately uniform distribution of non-
repeating sample locations relative to © (825). However, the
locations of the sampled rays on the sphere relative to the
remaining (“altitude”) angle ¢ (830) may not be simply
chosen in the same way relative to ¢ (830) with golden angle
increments producing an approximately uniform distribution
over ¢ (830). This can be because the corresponding frac-
tional area of the sphere associated with p can go in
conjunction with the cosine of the angle. This can result in
a correspondingly non-uniform reciprocal distribution of the
density of sampling locations per unit area over the sphere,
with sampling points near the polar regions being dispro-
portionately represented relative to those near the equator,
for example, with density of sampled locations on the sphere
distributed approximately as 1/(cos ¢). However, a nonlin-
ear remapping of the locations along p to corresponding
locations along the corresponding normalized k, axis, k. =sin
(¢) can be used. An exemplary golden-angle sampling
procedure which can produce an approximately uniform
distribution of sampling locations along k., as described
above, can produce a corresponding non-uniform distribu-
tion of the locations along the original ¢ (830), such that the
net distribution of the final sampling locations, with choices
of sample locations along © (825) and k, determined by
golden-angle ordering of the locations within each angular
parameter range, can be approximately uniformly distrib-
uted over the sphere parameterized by © (825) and ¢ (830).
This can facilitate the same kind of continuous acquisition of
approximately uniformly distributed, but non-repeating,
k-space data from dynamic objects as described above for
the exemplary golden-angle cylindrical sampling proce-
dures, with the same associated ability to flexibly choose
subsegments of the data for serial image reconstructions.
Such an approach to 3D radial golden-angle sampling has
been previously proposed (See, e.g., Reference 20); how-
ever, this approach was not applied to the selection of the
sampling locations along k..

[0069] An exemplary implementation of the stack-of-stars
sampling procedure, and the variants described above, can
be to acquire frequency-encoded radial samples of k-space
relative to the k -k, plane, with signal detections in the
presence of a set of radially oriented magnetic field gradients
(“gradients”) in the x-y plane, after the application of
suitably incremented sets of values of a pulse of gradient
along the z direction for phase encoding along the k direc-
tion. However, an alternative exemplary approach can also
be used for acquisition of data with the same kind of
stack-of-stars sampling procedure, with the use of signal
detections in the presence of a frequency-encoding gradient
oriented longitudinally along the z direction, after the appli-
cation of suitably incremented sets of values of a pulse of
gradient in the x-y plane for phase encoding in order to move
the resulting line of samples along the k direction to different
locations in the k -k, plane. This can be chosen with golden-
angle sampling methods, as described above.

[0070] The conventional exemplary approach to imple-
menting this version of stack-of-stars sampling, with the
sampled points in lying on a discrete set of planes, can suffer
from the same relative lack of incoherence of the sampling
along the k. direction as other conventional stack-of-stars
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sampling method, thus potentially reducing its usefulness
for compressed sampling types of reconstruction. However,
the exemplary sampling procedure can be generalized, and
can overcome this potential limitation by also adding a
suitably incremented set of gradient pulses along the z
direction before the signal detections, in order to offset the
locations of the samples along the k, direction. In particular,
the same exemplary golden-angle sampling approach as
above can be used to find a series of such offsets, ranging in
size between zero and the spacing of the samples along the
k direction. The resulting data set can more uniformly
sample the rod-like volume of the cylindrical region of
k-space, in a non-repeating way, with an expected resulting
improvement in the quality of the associated compressed
sensing image reconstructions. However, this “jittering” of
the k, sample locations can be unlikely, as the samples can
be collected very densely along the frequency-encoded
direction by sampling the signal rapidly in time during the
signal detection process.

[0071] Exemplary Application to Contrast-Enhanced
Abdominal MRI

[0072] An assessment of post-contrast multi-phase acqui-
sitions (e.g., in arterial and venous phases of enhancement)
can be essential for liver lesion detection and characteriza-
tion. Dynamic post-contrast liver MR examination can be
performed using a Tl-weighted fat-saturated 3D volumetric
interpolated (“VIBE”) pulse sequence with Cartesian
k-space sampling in a breath-hold (“BH”). However, this
acquisition can be sensitive to respiratory motion and can
result in suboptimal images in patients who cannot
adequately breath-hold, such as elderly, debilitated, or pedi-
atric patients. Although parallel-imaging and partial-Fourier
techniques can be employed to accelerate data acquisition,
and reduce sensitivity to respiratory motion, in-plane spatial
resolution and anatomic coverage that can be achieved can
remain limited due to the need to acquire data within a
breath-hold.

[0073] According to certain exemplary embodiments of
the present disclosure, a highly-accelerated free-breathing
3D contrast-enhanced liver MRI technique can be provided
with high spatial and temporal resolution, for example using
GRASP with temporal TV as a sparsifying transform. FIG.
9 shows exemplary graphs and images of exemplary results
of a free-breathing exam with a 3D stack-of-stars (e.g.,
radial sampling for k -k, and Cartesian sampling for k)
FLASH pulse sequence with golden-angle procedure.
Exemplary imaging parameters can include: FOV=380x380
mm?, base resolution=384 for each radial spoke, slice thick-
ness=3 mm, and TE/TR=1.7/3.9 ms. Six hundred spokes can
be continuously acquired for each of 30 slices during
free-breathing, to cover the entire liver with a total acqui-
sition time of 77 seconds (e.g., 2 seconds 960, 15 seconds
965, and 60 seconds 970). The same data set can be
employed to reconstruct dynamic MRI with three different
temporal resolutions of 2.5 seconds (e.g., 21 spokes/frame
510), 1.5 seconds (e.g., 13 spokes/frame 920) and 0.9
seconds (e.g. 8 spokes/frames 930). Exemplary reconstruc-
tions can present adequate spatial and temporal behavior
with a small increase in residual aliasing artifacts for higher
accelerations, as can be expected from the high undersam-
pling factor employed. These high temporal resolutions can
represent a significant gain over traditional techniques
employed in clinical studies, and can be useful for liver
perfusion studies with high spatial resolution and whole-
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abdomen coverage. The exemplary reconstructed image
matrix size can be 384x384 for each of the 30 slices
covering the whole abdomen with in-plane spatial resolution
of 1 mm and slice thickness of 3 mm. Column 940 in FIG.
9 shows the exemplary images corresponding to three dif-
ferent temporal frames, and column 950 illustrates the
signal-intensity time courses for the aorta and portal vein.
[0074] Exemplary Application to Cardiac Cine MRI
[0075] Cardiac cine MRI procedures can be a valuable
technique for assessment of myocardial function. Cine tech-
niques can be used to deal with the challenge of respiratory
motion, particularly in patients who cannot hold their breath.
According to exemplary embodiments of the present disclo-
sure, a free-breathing 2D cine within a single heartbeat and
whole-heart 3D cine within a single breath-hold can be
provided which can use the exemplary GRASP technique
with temporal TV as sparsifying transform. For example, a
Steady State Free Precession (“SSFP”) pulse sequence with
radial sampling using the golden-angle scheme can be
employed for data acquisition. For 2D cine, 500 continuous
spokes can be acquired during 1.5 seconds and groups of 8
consecutive spokes can be used to form a temporal frame,
resulting in a temporal resolution of 20.8 ms (e.g., 50 fps).
Exemplary parameters for 2D cine can include FOV=400x
400 mm?, slice-thickness=10 mm, image matrix=192x192,
spatial resolution=2x2 mm?, and TE/TR=2.6/1.3 ms.
[0076] Exemplary cardiac cine imaging can be performed
on a healthy volunteer (e.g., male, age=26). In one example,
this can be done during free breathing without external
cardiac or respiratory gating in a 3T MRI scanner (e.g.,
TimTrio, Siemens) with a 12-element receive coil. A 2D
steady-state free processing (“SSFP”) pulse sequence with
GA radial sampling can be employed to acquire one mid
short axis slice with matrix size=192x192. 4800 continuous
spokes can be acquired in 15 s including a 1 s dummy scan
for steady state. FOV=320x320 mm, slice thickness=10
mm, TR/TE=3.1/1.34 ms and FA=50,. SG-GRASP recon-
struction can be performed using data acquired during
expiration with matrix size=192x192x30, where 30 phases
can be reconstructed for one cardiac cycle. The entire data
set can also be sorted into 6 respiratory phases for SG-MP-
GRASP reconstruction with matrix size=192x192x30x6. 24
spokes can be used for each phase, which can correspond to
an acceleration rate of 12.6. Liver imaging can be performed
on a further volunteer (e.g., male, age=29) during free
breathing without external gating in the same MRI scanner.
A 3D TurboFLASH pulse sequence with stack of stars GA
radial sampling can be implemented, and 14 slices can be
acquired in coronal view with in-plane matrix size=224x
224. 1000 continuous spokes can be acquired for each slice
with FOV=300x300 mm, slice thickness=10 mm, TR/TE=3.
47/1.52 ms and FA=12_. SG-GRASP (e.g.. static images)
reconstruction can be performed using data acquired during
expiration with matrix size=224x224x14 and SG-MP-
GRASP (e.g., dynamic images) reconstruction can be per-
formed by sorting the whole data set into 6 respiratory
phases with matrix size=224x224x14x25. 40 spokes can be
used for each phase, which can correspond to an acceleration
rate of 8.8.

[0077] Exemplary reconstruction can be implemented in
MATLAB (e.g., MathWorks, MA) using a non-linear con-
Jugate gradient procedure and total variation (“TV”) as the
sparsifying transform for each temporal dimension. For
SG-GRASP reconstruction in liver data, 2D spatial TV can
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be used as the sparsifying transform due to the lack of
temporal dimension. The weighting parameters can be cho-
sen empirically after comparing the performance of different
values.

[0078] For 3D cine, a stack-of-stars trajectory (e.g., radial
along k -k, and Cartesian along k) can be employed. For
each partition, for example about 320 spokes can be
acquired during each heartbeat for a total of 30 heartbeats
and 8 consecutive spokes can be employed to form a
temporal frame (e.g., acquisition window=22.4 ms). Exem-
plary parameters for 3D cine can include image
matrix=192x192x40, spatial resolution=2x2x3 mm? and
TE/TR=2.8/1.4 ms. FIG. 10 illustrates exemplary images of
exemplary reconstruction results with good image quality
for free-breathing 2D cardiac cine in only 1.5 seconds (e.g,,
images 1010 and 1015) and whole-heart 3D cine (e.g.,
images 1020 and 1025) within a single breath-hold using
GRASP. The exemplary image 1010 is of a free-breathing
2D cardiac cine within a single heartbeat with a temporal
resolution of 50 fps for short axis views, while the exem-
plary image 1015 is for long axis views, both using GRASP
with only 8 spokes/frames. The exemplary images 1020 and
1025 illustrate a 3D cardiac cine within a single breath-hold
for three different slices at end-diastole 1025 and end-systole
1020 cardiac phases using GRASP with 8 spokes/frame.
[0079] FIG. 11A shows representative exemplary cardiac
cine images of end-diastole and end-systole from
SG-GRASP (e.g., 1 respiratory phase) and FIG. 11B shows
exemplary representative cardiac cine images of end-dias-
tole and end-systole from SG-MP-GRASP (e.g., 6 respira-
tory phases). Both reconstruction images provided in FIGS.
11A and 11B can present adequate image quality with
SG-MP-GRASP having improved performance as demon-
strated by the lower level of residual aliasing artifact when
cine movies can be played (not shown). FIG. 12A shows an
exemplary liver image from a representative partition with-
out self-gating. FIG. 12B shows an exemplary liver image
from SG-GRASP (e.g., 1 respiratory phase) and FIG. 12C
shows image from SG-MP-GRASP (e.g., 25 respiratory
phases). Sharper liver vessels can be seen in FIG. 12C.
[0080] Exemplary Properties of Exemplary Embodiments
[0081] In certain exemplary embodiments of the present
disclosure, it can be possible to significantly reduce many of
the major limitations of current MRI techniques, such as
imaging speed and complexity, and their consequences.
Using an exemplary method and system according to the
present disclosure, it can be possible to utilize a combination
of compressed sensing, parallel imaging and golden-angle
radial sampling to achieve high performance MRI studies
with improved combinations of temporal resolution, spatial
resolution and volumetric coverage. Furthermore, according
to further exemplary embodiments of the present disclosure,
it can be possible to provide and/or utilize data that can be
continuously acquired without interruption during free-
breathing for a certain period of time and image reconstruc-
tion can be performed with user-defined temporal frames
(e.g., position, resolution and shape).

[0082] Continuous data acquisition can represent a pre-
ferred and/or optimal use of an MRI scanner, unlike in
current free-breathing MRI techniques using navigators,
where most of the data is discarded if they can be outside a
region of moderate motion. The flexibility of the exemplary
reconstruction approach can facilitate a high impact for
clinical studies, particularly for contrast-enhanced examina-
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tions, since the additional data acquisition can be used to get
information with higher temporal resolution. In exemplary
embodiments, it can be possible use continuous acquisition
of radial data with and for the exemplary golden-angle
scheme and reconstruction with arbitrary temporal resolu-
tion, along with compressed sensing and parallel imaging to
offer a significant improvement, for example in the recon-
struction of highly undersampled data.

[0083] According to the exemplary embodiments of the
present disclosure, it can therefore be possible to provide an
improvement in performance compared to traditional tech-
niques used in clinical studies, which can rely on breath-held
or navigated free-breathing examinations. Moreover, it can
be possible to simplify the way MRI procedures can be
performed, for example by using a continuous data acqui-
sition approach, without having to carefully select the tem-
poral frames to acquire.

[0084] Exemplary GRASP MRI Arrangement System
[0085] FIG. 13 shows a block diagram of an exemplary
embodiment of a system according to the present disclosure.
For example, exemplary procedures in accordance with the
present disclosure described herein can be performed by a
processing arrangement and/or a computing arrangement
1310 and a GRASP MRI arrangement 1380. GRASP MRI
arrangement 1380 can include computer executable instruc-
tions and/or MRI technology. Such processing/computing
arrangement 1310 can be, for example entirely or a part of,
or include, but not limited to, a computer/processor 1320
that can include, for example one or more microprocessors,
and use instructions stored on a computer-accessible
medium (e.g., RAM, ROM, hard drive, or other storage
device).

[0086] As shown in FIG. 13, for example a computer-
accessible medium 1330 (e.g., as described herein above, a
storage device such as a hard disk, floppy disk, memory
stick, CD-ROM, RAM, ROM, etc., or a collection thereof)
can be provided (e.g., in communication with the processing
arrangement 1310). The computer-accessible medium 1330
can contain executable instructions 1340 thereon. In addi-
tion or alternatively, a storage arrangement 1350 can be
provided separately from the computer-accessible medium
1330, which can provide the instructions to the processing
arrangement 1310 so as to configure the processing arrange-
ment to execute certain exemplary procedures, processes
and methods, as described herein above, for example.
[0087] Further, the exemplary processing arrangement
1310 can be provided with or include an input/output
arrangement 1370, which can include, for example a wired
network, a wireless network, the internet, an intranet, a data
collection probe, a sensor, etc. As shown in FIG. 13, the
exemplary processing arrangement 1310 can be in commu-
nication with an exemplary display arrangement 1360,
which, according to certain exemplary embodiments of the
present disclosure, can be a touch-screen configured for
inputting information to the processing arrangement in addi-
tion to outputting information from the processing arrange-
ment, for example. Further, the exemplary display 1360
and/or a storage arrangement 1350 can be used to display
and/or store data in a user-accessible format and/or user-
readable format.

[0088] The foregoing merely illustrates the principles of
the disclosure. Various modifications and alterations to the
described embodiments can be apparent to those skilled in
the art in view of the teachings herein, and especially in the
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appended numbered paragraphs. It can thus be appreciated
that those skilled in the art can devise numerous systems,
arrangements, and methods which, although not explicitly
shown or described herein, embody the principles of the
disclosure and are thus within the spirit and scope of the
disclosure. In addition, all publications and references
referred to above are incorporated herein by reference in
their entireties. It should be understood that the exemplary
procedures described herein can be stored on any computer
accessible medium, including a hard drive, RAM, ROM,
removable disks, CD-ROM, memory sticks, etc., and
executed by a processing arrangement which can be a
microprocessor, mini, macro, mainframe, etc. In addition, to
the extent that the prior art knowledge has not been explic-
itly incorporated by reference herein above, it is explicitly
being incorporated herein in its entirety. All publications
referenced above are incorporated herein by reference in
their entireties.
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1. A non-transitory computer-accessible medium having
stored thereon computer-executable instructions for recon-
structing data associated with at least one object, wherein,
when a computer hardware arrangement executes the
instructions, the computer arrangement is configured to
perform procedures comprising:
acquiring radial data based on a golden-angle procedure;
sorting the acquired radial data into at least one time-
series having an arbitrary temporal resolution; and

reconstructing the data using a compressed sensing pro-
cedure and a parallel imaging procedure based on the
sorted data.

2. The computer-accessible medium of claim 1, wherein
the radial data includes magnetic resonance imaging data.

3. The computer-accessible medium of claim 1, wherein
the radial data comprises a plurality of radial lines.

4-6. (canceled)

7. The computer-accessible medium of claim 3, wherein
the reconstruction procedure is performed based on a first
group of consecutive ones of the radial lines used to generate
at least one temporal frame.

8. The computer-accessible medium of claim 7, wherein
the reconstruction procedure is performed based on a second
group of the consecutive ones of the radial lines used to
generate at least one further temporal frame, the second
group having different radial lines than the first group.

9. The computer-accessible medium of claim 7, wherein
the reconstruction procedure is performed based on a target
shape for each temporal frame.

10. (canceled)

11. The computer-accessible medium of claim 3, wherein
the reconstruction procedure is performed at arbitrary time
points by centering a group of consecutive ones of the radial
lines at different points during an acquisition period.
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12. The computer-accessible medium of claim 1, wherein
the acquiring procedure comprises acquiring all slices for a
given projection for a particular golden-angle before pro-
ceeding to a next golden-angle.
13. (canceled)
14. The computer-accessible medium of claim 13,
wherein the reconstruction procedure is performed based on
a physiological motion of at least one anatomical structure.
15. The computer-accessible medium of claim 14,
wherein the physiological motion is an expiratory phase of
the at least one anatomical structure.
16. The computer-accessible medium of claim 15,
wherein the expiratory phase is based on a respiratory
motion signal of the at least one anatomical structure.
17. (canceled)
18. The computer-accessible medium of claim 1, wherein
the reconstruction procedure is performed based on coil
sensitivity maps of at least one exemplary multicoil refer-
ence image.
19. (canceled)
20. The computer-accessible medium of claim 1, wherein
the reconstruction procedure is performed based on sorting
the radial data into highly undersampled temporal frames by
grouping a particular number of consecutive ones of the
radial lines to form each temporal frame.
21. The computer-accessible medium of claim 20,
wherein the particular number is a Fibonacci number.
22. The computer-accessible medium of claim 1, wherein
the radial data is based on k-space sampling of the at least
one object.
23. The computer-accessible medium of claim 22,
wherein the k-space sampling is performed using a stack-
of-stars procedure.
24. The computer-accessible medium of claim 22,
wherein the k-space sampling is performed using a stack-
of-spiral procedure.
25. The computer-accessible medium of claim 1, wherein
the step of acquiring radial data is performed continuously
during the reconstruction procedure.
26. A method for reconstructing data associated with at
least one object, comprising:
acquiring radial data based on a golden-angle procedure;
sorting the acquired radial data into at least one time-
series having an arbitrary temporal resolution; and

using a computer arrangement, reconstructing the data
using a compressed sensing procedure and a parallel
imaging procedure based on the sorted data.

27-50. (canceled)

51. A system for reconstructing data associated with at
least one object, comprising:

a computing arrangement which is configured to:

a. acquiring radial data based on a golden-angle pro-
cedure;

b. sorting the acquired radial data into at least one
time-series having an arbitrary temporal resolution;
and

c. reconstructing the data using a compressed sensing
procedure and a parallel imaging procedure based on
the sorted data.

52-75. (canceled)
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