An effic ... ... -resolution reconstruction

scheme witl mo ion compensation for 5D
fre -br ..+ ng whole-heart MRI
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Abstract. ropose a novel approach for the reconstruc-
tion of 3D isotropic  ree-bre shing cardiac cine MRI with 100% data effi-
ciency. The main cc 1ponen are a continuous 3D Golden radial k-space
data acquisition, a’ bbust | oupwise cardio-respiratory motion estima-
tion technic 1 solution strategy introduced in a previously
proposed compressed sensing reconstruction scheme. Initial results on
simulated data shaw hetter reconstruction quality than the non-motion
compensateu couiy, parv a. | reduced reconstruction times with respect
a single-resolution ;| ocedur for equivalent acceleration factors ranging
24.38 to 34.8.

1 Introduction

Cardiovascular diseasc (v 2\ are the first cause of death with 17.5 million
estimated deaths in 2C 2 (abae 31% of all deceases in the world). As for detec-
tion and follow up of . » magnetic resonance imaging (MRI) has become the
reference imaging ...0dality in anatomic and functional heart studies due to its
high contrast and snatiotemnoral resolution.

However, MR 15 a siwow we nique in terms of acquisition time and it is
also highly sensit, e to motion = the inspected structures. Specifically, motion
induced by both i e natural he; ¢ motion as well as patient breathing translate
itself in artifacted  »ases, a.£ ¢ that constitutes one of the major challenges,
still today, in cine caraicwe varil.

Cine MRI lets the »==“““ioner visualize heart motion along the whole cardiac
cycle, which, in tp¢ ., allows . » physician to calculate descriptive parameters
of both the func, Hn and the a. tomy as well as to detect and diagnose con-
tractility anomal s. In a conver onal cine examination a set of bidimensional
slices is obtained' hat cover th' rull cardiac volume (or, at least, the left ven-

tricle). To mitigate - 1 motion in acquisition, current clinical practice
either makes use of breath hold procedures or of navigators that trigger image
acquisition intervy’ : sitions of the diaphragm along the respiratory

cycle; the two processes howey r, are highly inefficient since a large fraction
of the time spent by the opatien within the magnet is not effective acquisition
time. The final result is 7 et of © )+t dynamic images whose spacing is typically
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several times higl . .o o e asslice resolution (typically 8 mm interslice vs.
2 mm intraslice).| "his re harkec anisotropy has an additional implication: due
to the complex o! °ntatic of t} heart in the interior of the thoracic cavity, a
previous planificat = <t’ 20 “ indatory in which the image planes orientation
are carefully chosen to match the principal axes of the heart.

In order to sp/ d up the acqu ition procedure compressed sensing (CS) tech-
niques have been' roposed and t  :y are now relatively mature. These techniques
basically consists' drastically/ bsampling k-space and then resolve the recon-

struction procedure «ned optimization procedures based on the as-
sumption that natural images are sparse in some transformed domain. Direct
3D approaches ng= 7 "7 7e problem of anisotropy mentioned above.

MRI sparse reconstr :tion, hen it is applied to dynamic modalities, can
benefit from the hi='w 4 242 y level typically found along the temporal di-
mension of the iniage. As an example, in cine, intensity variations of a voxel in
time will be mainly due ta the mation of cardiac structures (ideally, if a material
point is perfectly tracke: 1mten ty should be constant). Motion effects on the
sparse representations h se alr¢ dy been addressed in the literature [9,6,7,1,
13,15]. In the cited metl ds, the authors share the idea that a sparser represen-
tation can be obtainad [ =i=" rmation about the motion present in the image
is introduced in tne sparsifying transform, enabling higher acceleration factors.

In order to increase he sc.. fficiency, several techniques have been proposed
[12,4, 3]; these techniq es.- . restrict data acquisition to certain respiratory
states but data are uously acquired following a radial trajectory in the
k-space without respiratory gating. Cardiac and respiratory signals can be ac-
quired simultane¢ia'sonostinaatad from the acquired data. These two signals
are used to bin tI  data into sev ral respiratory and cardiac states according to
the breathing pos jion and carc ic phase at which they were acquired. Images
are then reconstri ted imposin¢ spatio-temporal smoothness constraints.

In this paper we sharthat better results can be obtained by incorporating
motion estimation< .d compe. tion methods in the optimization procedure for
3D isotropic who! heart free-br. thing cine reconstruction. Motion is estimated
by means of a g1 upwise nonrig = registration paradigm we have already used
for the 2D case. = the 3D cas’ computational load is much higher so we have

resorted to a multitc " Locedure in which not both motion is estimated
and images are reconstructed. Higher levels of the pyramid are then interpolated
and serve as thel = " >f the immediate lower level of the pyramid.

Results indicate that th: proce 1re better preserves edges and shows a better
contrast than methods t at do ' ot incorporate this type of information in the
reconstruction procedur:
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2 Material & Methods

2.1 Compre sed S¢ 1sing econstruction

The problem ot ARI » . »nst ction under CS principle is defined as follows:

. 2
azomin |[@m]|,; st |y — Eml[ < e (1)

where m repre nts the imag to reconstruct from the acquired undersampled
k-t data (y) an € indicates th' noise level in the acquisition. @ is the sparsifying
transform, whic is typically / osen to be the temporal Fourier transform or the

temporal total va. “anT _ encoding operator E models the acquisition pro-
cess by applying spatial Fourier transforms followed by the data undersampling
strategy. More : 1 acquisitions, E also includes the multiplication

by coil sensitivities [1(  Fina' 7, the problem in Eq. (1) can be reformulated as
follows:

. 2
rgmiy ly — Eml|;; + A ||[®@ml]|;; (2)

where the parameter A establishes a trade-off between data consistency and the
sparsity of the '

2.2 Motion Comp nsate MRI Reconstruction

In CS with mo ol . and compensation (ME/MC), the operator @ is
modified to include some knowledge about the specific motion of the structures
being imaged. ... ticular, in groupwise (GW) CS [13], the authors propose a
joint estimation an¢ cc. snsation of the motion in the whole image domain,
and the optimizatio proble~ n Eq. (2) becomes

o1
argmin o \|y—EmH122+)\|@T@mHz1 (3)

where T is the GW-MU ope tor, a set of spatial deformations defined by the
parameters ©, hat performs = mapping between each temporal instant in the
dynamic image nd a commg reference motion state. Note that the motion in
m is unknown a eri T ofore, firstly, it is necessary to perform a regular
CS reconstruction by suwving Eq. 2. Essentially, this motion estimation method
consists on a GW.= “ion method based on a B-spline deformation model
with set of con’ U1 points ¢ The registration metric is defined based on the
variance of th¢ mtensity alon time, and the control points that minimize its
value are founc as follows:

+Re (4)

- N
argénin ||L ( To,nm, — JbZT@,kmk>
k=1

where Rg is an additic 1al reg arization term that encourages local invertibility
of the deformations [2
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2.3 eXtra-Din .c..c (<=2 MRI Reconstruction

A recently propos d app: ach fi  the reconstruction of free-breathing acquired
data (XD-GRSAFL [5] is’ =ed< | the continuous acquisition of k-space data fol-
lowing a 3D Golden . .ial trajectory [8] (Figure 1.a). Data are then distributed
in different respiratorv-an< cardiac phases (double binning process, Fig. 1b),
which results in a " domain ., ky, k., respiratory phase and cardiac phase).
This division is ; ade in accor¢ nce with the respiratory and cardiac motion
signals, with the >Hproximately = me number of spokes in each temporal frame.

GW Registration
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Fig. 1. Overview of the p»  ased» ‘onstruction method: (a) data acquisition strategy:
3D golden radial s¢ . .ug; (b, -.aned data: respiratory and cardiac phases; (c¢) initial
CS reconstruction;.(d) motion estimation by means of a GW registration method; (e)
final MC-CS reconse.. an

The reconstructior « .iulated as a CS problem in which sparsity along
both temporal dir™ _sions is simultaneously enforced:

4

2 154

where V. and V¥ stand for t : temporal differences along the cardiac and
respiratory phases, =spectivelx’ As a result of the reconstruction, a set of 3D+t
volumes is recovered, «. _cach respiratory state.

Since the data is divided into more motion states, less data is available for
each of them, incre® ..g tue . acceleration factor consequently. Moreover, the
size of the soluti¢' space is alsc acreased, rising the computational cost.

2
arg. . Bkt ‘12 + A ||ch||11 + A ||Vrm||11 (5)

2.4 Multi-Resc ttion Strs gy for MC-XD MRI Reconstruction

In this work we propose to extend the XD scheme in two ways: 1) by introducing
a MC approach i7" 777" cardiac and respiratory motions are considered
during reconstruction an  2) by | troducing a multi-resolution approach in which
the nature of the radial -space lata acquisition is exploited. A description of
the procedure follows.
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Once the dati aao o ooroe  into a 5D space, an initial reconstruction is
performed by soly 1g Eq.  in w! ch only the central portion of the k-space data
is used (Fig. 2a-b_ This | \lutio corresponds to the XD-GRASP method [3, 5].

Once an initial eer’ 1 1 is available, a ME procedure is carried out. To
this end we resort to the 3D extension of a group-wise registration algorithm,
which provides robus astimation, both in and through-plane for the 3D

case, previously p’ posed for ti. CS reconstruction of multi-slice 2D CINE MRI
[13]. The estimat n problem is ' mmarized in Eq. 4.

The obtained =sults are fin; 'y used to perform a motion compensated re-
construction over « = initial in’ ges (Fig. le), being possible to iterate over the
last two steps to refine .. _Juits. The MC-XD reconstruction can be formulated
as:

2 c,r
argim 5 ly Em”lQ +A ”VC,TT@ m”ll (6)

where 75" is the MC ops tor tI t compensates both for cardiac and respiratory
motions and V., “ate . gradient along both temporal dimensions.

Computational efficiency can be highly improved by means of the multires-
olution algorithm his work, a graphical sketch of which is shown
in Figure 2. In particul: , we | opose to perform the aforementioned process
at minimal spatial resolt ion, t] t is, to obtain the initial reconstruction (XD-
GRASP) at low resolut’ 1 and o apply the motion estimation approach (3D
GW registration) Jle ~0 this end we exploit the fact that, in radial tra-
jectories, the central region of the k-space is sampled much more densely that
the high frequency ain. In this situation, the resulting acceleration factor at
the low resolution leve 1s.. b lower than the original one, leading to a better
posed reconstruction 1 oblem h lower computational demand.

Then, by means o .pscaling procedure, both initial images and deforma-
tion fields are int . polated to a higher resolution level and used as the starting
point to perform the MC recanstruction in the following upper level.

2.5 Data and ' xperiments Description

The proposed strategy ..o veen tested on synthetic data generated by a nu-
merical phantom thatwides detailed internal anatomy and realistic cardio-
respiratory defory” .on moac. (11, 16]. A bSSFP acquisition was simulated in
free-breathing wi 1« the followin relevant parameters: TR/TE=3.0/1.5ms, flip
angle=60°, field f view (FOV) Hf (192mm)? with matrix size of 1923 (voxel
size = 1mm3). Ti continuous/ ‘quisition of a total of 60.480 projections were

simulated. Based ou. “ publications [5] this corresponds to a simulated
acquisition time of approximately 7min. Respiratory and cardiac synchroniza-
tion signal were : "7 777 numerical phantom and used to perform the

double binning procedur, descri :d in Figure 1. The data was sorted into 4 res-
piratory states and 20 ¢ diac | ases, leading to an average of 756 projections
per reconstructed volum
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Fig. 2. Overview of the pr¢ osed n lti-resolution scheme for MC-XD MRI reconstruc-
tion.

The reconstruction was carried out with the proposed method at an initial
resolution of 4mr “rond at a second level of 2mm?® and with the original XD-

GRASP approach at - * for comparison purposes. A median filter of size 33
was applied to the fin | resuiv. o eliminate residual reconstructions artifacts.
The equivalent acceler i Coor (AF) was 6.08 for the low resolution level and

24.16 for the fina!

In order to validate the MC-XD approach on a real anatomy an isotropic
3D+t cardiac ME has also been used to obtain MC-XD MRI re-
construction by u ng the gener: scheme in Fig. 1 (without the multiresolution
strategy). Due to he nature of ' 1ese animals, respiratory motion is not appre-
ciated in MRI, so' spatiotemr ral deformation was synthetically generated to
simulate different re., _ positions. Relevant imaging parameters include:
voxel size = 1 mm?3, field of view = 183 mm?, temporal resolution = 43 ms. The
acquisition of a tots™ oo ©12.831 spokes was simulated and data sorted as
with the phanton’ iata, leading o an AF of 34.8.

3 Results an Discis on

In Figure 3 the vo! ted with XD-GRASP and the proposed method
with MC are shown for t : diast ic and systolic cardiac phases, for the four res-
piratory states in which he dat was binned. A set of four short axis and one
long axis slices were ref¢ natte( from the isotropic, unplanned volumes. In the
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images reconstru¢ —u wiv  wue p oposed method, better contrast between blood
pool and myocar¢ am an shar] d edges are recovered (green arrows).
However, higl freque :y art acts can be appreciated in some areas in the

results of the pro, «edd |7 (red arrows). In these areas, the XD-GRASP
reconstructions preseus strong blurring possibly due to residual intrabin motion
than hinders the est ~f the cardio-respiratory motion. Similar artifacts

have been previou’ y reported r other MC related methods [13].

Figure 4 shol the obtainead -esults for the swine MRI. XD-GRASP and
MC reconstructic s are presente for comparison. Better edge delineation, finer
details and higheir werall qual” ; are appreciated in the case of images recon-
structed with MC. 1. __sed method has shown to be robust against other
acquisition artifacts not present in the synthetic data, such us flow effects, noise
and system imper

The reconstruction t aes fo' the synthetic data were 6.2min for the initial
low-resolution step, 7.1 1 for t° : ME and 1.2hours for the final reconstruction.
The same procedure dire. 'y apr ed to the final resolution level (not shown) took

23,6min for the it ... step,  ..8bmin and 1.6hours for the MC reconstruction.
Overall, the reconstruction time was 1.42hours for the multi-resolution scheme
and 2.17hours for leading to a reduction of 34%.

4 Conclusion

This paper propc .co i eficcat extension of the XD MRI reconstruction. On
one hand, a ME/MC approach based on a groupwise temporal registration is
introduced in the rec. muction procedure, which allows to obtain a better edge
definition in the obtair d re.. . The obtained results have been compared with
the XD-GRASP solut n te= Jort this affirmation. In the ME stage, a new
regularization term-'= _cen included in order to ensure diffeomorphic defor-
mations. On the Coner hand, a multi-resolution procedure has been designed to
significantly reduea tha comnatational cost of the MC-XD reconstruction process
with similar imag quanty atter econstruction. The tests have shown a reduc-
tion of 34% in the Hverall recons uction time for the proposed approach. Future
works will focus ¢ the validatic | of these results and the inclusion of solutions
to avoid the presen. =frecon< uction artifacts, as it is already proposed in [14].
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