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REAL-TIME PHASE-CONTRAST FLOW MRI with LOW RaNK MODELING AND
PARALLEL IMAGING

TeoaNicas Figwy
{0001} The presont invention relates, in general, t¢ magnelic resonance imaging
(MRI}, and i parbicutar, to high-resolotion real ime phase-contrast magnetic

resonsnce imaging {(PO-MRIY with sparse sampling.

BACKGROUND OF THE INVENTION
{0062} Over the past fow decades, phase-conirast magnetic resonance imaging {(PU-
MRIY has been developed into & powerful tool for quantification and visuatieation of
blood flow dynanies in the heart and large vessels {1-81 I has advanced the
understanding and dingnosis of various cardiovaseolar diseases, such as
atherosclevosis [6], aneurysms [ 7], and arleriovenous malformation {8]. Conventional
PC-MRI {9, 10] exploys electro-cardiogram (ECQG) syachronized ¢ine acquisitions
with respiration controf to scquire data from multiple cardiac cyeles, from which
spatiotemporally averaged velocity maps are reconstricted. Although this approach is
widely used 1o biomedics] research and clinteal practice, it suffers fron a nomber of
well-known Hmitations. For example, it often requires periodic or guasi-periodic
cardige motion to ensure officient data acquisition; rgieetion of data caused by
irvegular cardiac motion offen leads to prolonged acquisition times, Additonally, doe
o the underlving assumption, this approach only obtains sveraged How information
over nmltiple cardiae eyeles, fatling o resolve beat-by-beat flow varlations associated
with trregular cardiac motion (e.g.. cardioe archyihnuia), Capturing physiological
andfor pathological flow variabilities has long been an important goal of PU-MRI
research [1 14
[OB03] Realtinme PC-MRI {15-17] withost BCOG gating and respivation control is a
promising direction to address these limitations; however, it requires a much higher
inaging speed. posing significant challenges for both data sequisition and image

reconstruction. A number of technigues have been developed to advance real-thme
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PC-MRY in two spatial dimension (2D) with one velocity encoding, For example,
advanced acquisition methods, such as scho-planar {181, radial [19], and spiral [20-23]
acquisttion schemes, have been employed torreal-time PC-MRI Besides, several
acceleration methods by recovering images from undersampled data sets have been
proposed. As with the emergence of paratlel aging, sensttivity encoding (SENSE)
{241 and generalized antocalibrating partially parallel acquisitions (GRAPPAG {25]
have also been applicd [26-301 And more recently, model-based reconstroction
methods [31.52] nsing regularized nonliness mversion {331 have been developed,
achieving 2D real-time How Imaging with a spatial resolationof Ly mmand a
temporal resolution of 256 s by jointly reconstructing a profon density map, a phase
map and a set of coil sensttivities, Although so many kinds of metheds have been
developed to enable 2D real-time PC-MRI, 3D real-time Jow MRI has not been
reported yet. Considering the complox flow patterns and blood vessel geometry, atis
highly desirable to perform 3D real-time flow imaging, However, 3D real-time flaw
imaging generally involves a more challenging trade-off between spatiad resolution,
tenporal resolution, and imaging time, and a dpnificantly more challenging
computational problen,

{8604} In the present embodiment, we propose a new model-based method for real-
time PO-MRI with sparse sampling. 1is based on the integration of a novel lovw-rank
maodel with parallel imaging. The proposed method enables 21D real-tine PO-MRH
withowt ECG gating and respiration control, and well resolves the beat-by-beat flow
variations that cannot be obtained from the cowventional cine method, And we have
also extended this imaging technology toy enable 3D real-time PC-MRY with three
divectional flow encodings by huther Incorporatiog a sparse modeling. Most
impaortantly, we demoenstrate the foasability of 30 real-time PO flow MRI for the first
time. The effectivencss of the proposed method has been systematically evaluated in

2 and 3D real-time PC-MRI using in vivo experiments.
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SUMMARY OF THE INVENTION

{03} An aspect of the present invention provides a real-time phase-contrast flow
magnetic resonance imaging (MRIY method, comprising: acquiting real-time phase-
contrast MRI (PC-MRI) data, which includes training data and imaging data;
performing o low-rank based image reconstruction based on the acquired training data
and Imaging date; caleplating velocly maps based on the reconstructed real-time flow
tmages; and performing quanttative How analysis based on the caleulated velochty
PSS,

{0086} In the method according to the present diselosure, performing a low-rank
hased image reconstruction forther comprises: performing atemporal interpolation on
the {raining data; performing a temporad subspace extimation on the interpolated
training data; performing an estimation of coll sensitivitics on the acguired imaging
data; performing a spatial subspace estimation based on the sstimated temporal
subspace, estimated coil sensitivities and the acquired imaging data.

{007} The method according 1o the present disclosure conld be nsed for a 2D and 3

D reabtime PO-MRL

BRIEF DESCRIPTION OF THE DRAWINGS

{0008} The accompanying figores, where like reference numerals vefer to identical or
funetionally similar vlements throughout the separate views, together with the detailed
deseription below, are incorporated in and form part of the specification. and serve to
further tHustrate cmbodiments of concepts that nclude the claimed Inveation, and
explain various principles and advantages of those embodiments,

{ODB9] FIG. 1 illusteates the proposed (K, )-space sampling schome according to the
cmbodiment of the present disclosurg;

{16} FIG. 2 illustrates the pipeline for the proposed real-time PC-MRI method

according to the embodiment of the present disclosure;
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J0011] FIG. 3 shows comparisons of 2D real~time fow tmaging with 2 cine flow
iaging for two healthy subjects aceording to the embodiment of the present
disclosure;

{0612} FIG. 4 shows reconstructed velocily wavelforms from 2D real-time flow
imaging for a healthy subject according to the embodiment of the present discloswrs;
{6013} FIG. 5 shows Bland-Altman analyvsis between 213 real-time PC-MRI and 2B
cing PC-MRE

{0014} FIG. & shows 2D real-time PO-MRI for g 23-vear-old sirhythnde patient
according to the embodiment of the present disclosures

{13 FIG. 7 shows 21 real-ime PC-MRI for a 72-year-old arrhythmic patient
according to the embodiment of the present disclosure;

{6016} FIG. 8 shows veloeity maps derived from the conventional 3D cine flow
imaging and the proposed 3D real-time flow imaging for a healthy subject according
toy the embodiment of the present diselosure:

time flow for a healthy subject according o the embodiment of the present disclosure;
{B818] FIG. 10 shows Bland-Altman analvas of peak velocities and stroke volumes
between 3D real-time PC-MRE and 3D cine PO-MRI; and

j0019] TIG. 11 shows the reconstructed flow wavelorms and pathline visualization
dertved from 3D Real-time PC-MRI for an aprhythmic patient according to the
embodiment of the present disclosure.

{00201 Skilled artisans will appreciate that clements in the Boores e iltusieated for
simplicity and clarity and have not necessarily been drgwn 1o scale. For exaraple, the
dimensions of some of the clements in the Ggures may he exaggerated relative to
other elements (o help o improve understanding of embodiments of the present
invention,

j0021] The method and device components have been represented where appropriate
by conventional svinbols in the drawings, showing only those specilic dotails that are

pertinent to understanding the erabodiments of the present invention 5o as not o
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obscure the disclosure with details that will be readily apparent to those of ordinary

skill in the art having the benefit of the description herein

DETAILED DESCRIFUON OF THE INVENTION
{6022} Abbreviations
PC-MRI: phase-conirast magneiic resonance imaging:
BOG: electro-cardiogram;
SENSE, sensitivity encoding;
GRAPPA: generalized sutocalibrting pattially parallel scquisitions;
VENC: encoding velogity,
Ador ascending aorta;

DAo: descending sorta.

{8023} Atthe end of the detatled description of the invention, & hst of references is
provided. Please note that all references as histed and mentioned in this disclosare are

incorporated herein by reference in their entirely.

{0024} Embodiment : Realtime PC-MRI

JOB25] Theory
{8026} lznoring flow during readout time, the imaging equation for real-time PCMRIE
can be modeled as follows:

d =[S op e e ) 0

where g2.(r.1) denotes the dyvnamic image assoctated with either the flow-
compensated (Le., v =1} or floweencoded Image sequence (e, vy =208 ) S(n)
the sensttvity map for the Jthrecebvercoill (=12, N ) and o, (K.} and
77, (K.} respectively the (K fspace measured datgand measuroment notse. In

addition, v denotes ditferent tlow sacodings (v = 11 the flow-compensated data;
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v 2 V2 the lowsencoded data for each How encoding direction), k the k-space’
sampling location, v the corresponding spatial location, and { the fime instant. Here,
the goal 18 to reconstruct o (e from the undersarapled data {if‘.\,-{kf-_zj}} . and then

¥

catenlate the velocily maps as V{r.) = VENC | where

Aglr, i b= Lp (v}~ Lo denotes the phase ditference between the flow-

-

encoded and flow-compensated image sequenees. and VENC the presspecified

<

encoding velocity. Since 1o real-time PC-MRI, there 13 no daty sharing with ECG

gating, (k. H-space data is often highly undersampled. Direct inversion of {c{, J,{k,z}%

can incur significant aliasing artifacts and lead to inaccurate velogity measurements,
{027} Here we tntroduce a low-rank model-based reconstruction method with
paralie! tmaging to address the problems. Por conveniencs, we consider a diserets
anage model, in which cach flow image seguence can be represented as &

spatioternporal Casoraly matrix {34 e,

i3 i\}" .6'{(} R & {F, :‘f,‘..,«- 3

| @
*‘l} v fid o gty }a

Sinilar to cardiac imaging applications [35371, each € admits a low-rank

approximation due to strong spatiotemporal correlation of time-series Images.

Muoreover, dueto the natare of flow encoding. there 1 also strong spatial and emporal

correlation among different Bow image sequences. To exploit such corvelation, the

following jotnt Casorali matnix is introduced:

]
()
i

2 .:(j“n.f(j‘h | . 3)

RN

ot which we enforce the low-rank structure, e, vank {C) <4, where L refers to the

v

rank of the matrix €, and satisfies £ <min {8/, N}, There are a number of ways of

imposing low-rank constraints [34; 36, 38, 391, Here, we use an explicit rank

constraiut via matvix fictorization, e, =0V, where Ue O gnd Ve O In
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this low-rank representation, the columng of U gnd rews of 'V rospectively span the
spatial subspace and temporal subspace of €,

JOO28] Next, we formulate the fowsrank constrained reconstroction problem. First,
note that with mstrix-vegtor notation, Bq. (1) can be written as:

d =(FSCien,, {4

where d, denotes the measured data, € the sparse sampling operater, F. the spatial

Fourier transforny matrix, and 8, and n, respectively the sensitivity map and

probiem can be formulated ag
jl R Y ?\ Y EVE \ . i S Ty 2 S
{I "; arg fgu\;%z;"ﬁ 5,2[}*“,.,55 (I }]'[ . {3}

This problem is a non-convex optinuzsiton problem, for which a number of
algorithms can be applied (e, [40,.41 )

{0291 The tmage reconstruction problent can be further simplified. Extending the
carly work in cardise imaging {34, 36, 37}, we can pre-estimate the temporal subspace
V by gequiring training data with g speciglized data seguisition scheme. Specilically,
ax shown s FIG, Ha), we destgn aninterleaved sampling pattern, 1o which both
training data and imaging date are collected. Here, the training data are sampled from
the contral k-space, while the tmaging data gre acquired from the remaimiog (k -

space repion with a random sampling scheme. With this sampling scheme, the two

:

o
sets of data provide the complementary information for the low-rank model: the
training date have bigh temporal resolution, while the tmaging data have high spatial
resolution. From the training data, we estimate the temporal sehspace using the
principal component analysis [34, 421 With the imaging dala, we estimate the spatial
subspace UL o match the timing between the two sets of daty, proper temporal
titerpolation scheme ds shown in FICG 1eh) is applied, which terpolates the training
data into those at the same time instants as the imaging data. Note that with such a

scheme, the temporal resolution for the proposed method s 2x N # TR . Morgover,
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note that the coil sensitivities 8, can be estimated from termporal averaged (k. #-space
data from the flow-compensated image sequence.
[00381 With ¥V, we can deternine U by sobving the following convex oplimization

probhiem:

(6)

Due to the temporal subspace estimation, the ow-rank matrix recovery problem has

heen reduced to a simple least-squares problem, By solving U, the joint Casorati
marix can be reconstructed as ( = UV, from which we can obtain cach flow Hnage
sequence and estimate the fow velocities, where U4 VA€ denote the undertving true
quantities, whereas U/ V/C denote the corresponding reconstractions.
{6031} Eq. {6) could be sufficient for 21 real-time flow imaging. However, for 3D
real-time flow imaging, 1t usually results in a significandy more challenging
computational problem associated with highlv-undersampled dota. Here, we farther
utilize a sparsity constraint for solving the spatial subspace U considering that the
Joint Casorati matrix © often admits sparse representation m the spatial-spectral
domain {36, 431 Then the reconstruction problem for spatial subspace can be

formulated as

-

05 arg min Q],a: -l Isanm LA

H
i &

"y—‘~.‘ “;-'— o) k R
vee{UVE )| 7
where K devotes the temporal Foorter pransform wmatiny, A the regulavization

parameter, and vee{«} the operator concatenating the columns of & matrix into & vector.

{8032 A diagram summarizing the pipeline of the proposed methaod is shown in FIG
2 according to the embodiment of the present disclosure. This pipeline consisis of

three magor components: data acquisttion, mage reconsttuetion, and post processing.

{0033} Implementation
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0034} We performed in vivo studies to evalugte the performance of the proposed
method for 20 and 31 peal-time PC-MRL The experiments were conductsdon a 3.0°7
whole body MR scanner {Achieva, Philips Medical Syvstens, Best, The Netherlandsy,
equipped with a 32-channel cardipvascular cotl. A gradient-echo (GRE} based pulse
sequence was adapted to tmplement the proposed real-time gequisition scheme as
shown in FIG 1(a). Here netther ECG gating nor respiration control was used to aid
datg acguisition. Additionally, we performed conventional cine PC-MRI using a
vendor-provided GRE~based pulse sequence, i which retvospective BOG gating was
used,

j0033] In the 2D real-time PC-MRI experiments, ten healthy volunteers (7 wales.

ager 22-29 years, median: 25 years), who had no syaptoms of cardiovascular diseases.
were recrutted. In addition, we performed a feasibility study of applyving the proposed

ger 23-vearold

o

method for arthyvthmia detection, and recruited bwo patients (2 males, a
and 72-year old). This study was gpproved by the Institutional Review Board at
Teinghua University, and all the subjects gave written informed consent. Both ciog
and real-time flow experiments were performed on the planes perpendicudar 1o the
ascending aorta {AAe} and descending aorta (DAY during free breathing, and with
one directional velocity encoding along the FH divection. For the cing acquisition, the
retrospective ECG pating was seb according to an estimate of cach subject’s heartheat
period, and three averages were performed 1o mitigate respivatory motion artifacts,
For both cine and real-time Imaging experimants, the following inaging parameters
wore useds FOV = 240 mm x 223 numn, malrix sige = 132 x 124 spatial resolution =
180 num x 180 mum, shice thickness = 3 numy, TRATE = 45728 mg, flip angle s W,
and VENC =200 amds. For the real-time flow imaging, the temporal resolution is 4 %
TR = 18 ms, whereas for the cine inaging, the teruporal resolution is around 36 ms
{with I8 cardise phasesy. The total acquisition times were around 94 s for both
experimants,

[0036] Additionally, we also performed 3D real-time flow imaging experiments using
the proposed method, in which five healthy voluntesrs and an acrhythimic patient swere

recrutted. For comparison, we also acquired 31 cine flow tnaging data with 2x
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SENRE [24], Both cine and real-time experiments were conducted on the whole sorta
during free breathing with the following parameters: FOV = 180 x 256 x 43 mny’
{FRMYAPRLY, spatial resolution = 2.4 w24 # 2.4 ponr, watei] size = 76 % 108 % 18,
repetition imedecho time = 4. 472.6 ms, flip angle = 3%, and encoding velogity =
200/ 1307150 ems (FHYAPRRLY, and temporal resolution 18 35 ms.
{88371 For cine flow imaging, the flow-compensated and Nows-encoded images were
simply reconstructed from the fully-sampled data, For the proposed real-time Hlow
mmaging, we follovwed the procedure m FIGL 2. Specifically, we fivst performed the
temporal interpolation and estimated the temporal subspace V. We then estimated the
coil sensitivity maps 8; from the temporally averaged (k, t-space measored data,
Followed by forming the time-series unages for fow-compensated and flow-encoded
fmages, we further determined the spatial subspace U by solving By, {6} for 2D real-
time imaging and by sobving Eg. (7} for 3D real-time flow tmaging. To potentiadly
enhance the computational efficiency, proper coil compression {e.g., 4D can be
adopted. Affer image reconstruchion, phase corvection 48] was performed o correst
the phase offsets caused by eddy carrents, The velocity maps were then extracted for
guantitative fow gnalysis,
JOB38] For the in vivo experiments with healthy subiects, we evaluated the degree of
agreement between the Bow measnrements from the cine approach and those from the
proposed method. S;les:iﬁcal}}g we performed a Bland-Altman analyvsis, aswell asa
paired Student’s t-test, on the peak veloeity and stroke volure obtained from the two
methods, Here the peak velocity 1s defined as the maxinmom velooity within ong
cardiag eyele, and the stroke velume s the integral of the flow veloeity over ane
cardiae cyvele within the ascending aorta. For the experinionts with archythmic patients,
we evaluated the How variabibities captured by the proposed method with reference to

an extetnal BOG recording of cardine motion,

{39] Resulls for 210 realstime PC-MRI

{0040] FIG. 3 shows comparisons of 2D weal-time flow imaging with 2D cine flow

imaging for twir bealthy subjecty according 1o the sovbodiment of the present

10
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disclosure. Here, we show the reconstructed magntinde images and velocity maps
corresponding o a systolie cardiac phase and a diastobie cardiac phase. As can be seen,
the proposed method provides at feast covparable reconstruction quality (o the cine
methed. Althongh both methods can resolve the vessel structure, the real-time
faging method i more motion-tobust than the cine method,

{041} To addition, we analyzed the mean flow velocities associated with two regions
of interest in AAo and DAo obtained from the two methods, FIG, 4 shows the
reconstructed velocity wavelorms according to the erabodiment of the present
disclosure for & healthy subject. Specifically, the veloeity waveforms associated with
the ascending sorta {Ado) and descending anrta (DAo) over 10 cardiae cycles ate
shown m FHas. $Ha) and (b). Clearly, the proposed method well resolves beat-by-beat
vartations, We further evaluated how the velocity waveforms from the teal-time

ved the

poe

imaging ave related to the ones from the conventional cine method. We avera
velocity wavetorms over 30 consecative cardiae oyeles from the proposed method
into one velochy wavefonm associated with a syathetic cardiae evele, and then
compared with that from the cine method. The comparizsens for Ado are shown in
FI1G. 4(c) and tor DA are shown in FIG. 4(d). It is evident that the averaged velocity
vs. time profiles for Ado and DAe correlate well with the conventional cine method,
In particular, both methods yiekd very similar peak velocities for the Ado and DAo.
[0042] We also performed statistical analysis of the resudis from the two wmiethods for
all ten healthy subjects. FIG. 3 shows the Bland-Altman plots of peak velocities and
stroke volumes bebween the two methods, Specifically, Bland-Altroan analysis of
peak velocities as shown in FIG. 3a) and stroke volumes as shown in FIG. 3b) s
used to compare the proposed real-time tmaging method with the conventional eine
mgthed The peak veloclties and stroke volumes from seal-time imaging are the mean
valpes over 30 consecutive cardiac eycles. &g can be seen, the results from the
proposed method are in excellent agreement with those from the conventionad cine
method. In addition, we performed the paired Student’s t-test analysis on the two

methods, and the correlation costiicients for peak velocities and stroke volumes are

11
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(.94 (P < 0.0001) and .90 (7 = §.0002), respectively. This further confirms strong
correlation between the two methods.

[0043] FIG. 6 shows 2D reab-time PC-MRIT for the 23-vebe-old arvhythnue patient
{with mild cardiac arrhythmia) according to the embodiment of the present disclosure.
FIG, 6{a) shows the ECG recordings and the veloeity wavelorms of Ado and DAo.
FIG. 6(b} shows the magnitude images and velocity maps for the three representative
tme frames within an serhythde period, As expected, the proposed method 15 able to
reconstroct How variations over different cardiac eveles: o particular, W mieely
captures a sudden flow velogity drop pecurring In an archythmic period (see FIG.
6(h1. Note that this type of flow dynamics cannot be obtained from the conventional
cine method, Further, it is worth noting that the flow velocity variations correlate well
with the ECQ signal recorded during the acquisition. Besides, we show three snapshot
images from the proposed method. Clearly, the velocity mups confien the dramatic
flow variations within the arthythmic period,

{0044} FIG. 7 shows 2D real-time PC-MRI for the 72-year-old avvhythmic patient
aceording to the smbodiment of the present disclosure. The velocity wavefonms
associated with the AAe aad DA frony the proposed method are shown in FIG. Fa).
Again, the proposed method well captures frregular flow vanations, which are more
significant than the ones frem the previous patient. Moreover, we shaw the

recoustrocied magnitude Images and velocly waps in PIG 7).

[0045] Results Tor 3D real-time BC-MRI

~ B

[0046] FIG. 8 shows the reconstrucied velocity maps from 3D ¢ine flow imaging and
the proposed real-time taging method for a healthy sobject. FIG. 8(g) shows a
systolic frame and PIG. (b shows & diastolic frame. As can be seen, the proposed
method provides comparable guality to the cine flow inmuging method,

[0047] FIG, 9 shows the reconstructed flow waveforms from the proposed 31 real-
time How tor a healthy subject. The flow waveforms associated with ascending aorta
{AAD) and descending sorta (DA0) marked 1n FIG. 9(a) are respectively presented in

FiGs. 9(by and 9{c). As can be seen, the proposed method s able to resolve flow

12
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variations. We farther averaged the flow waveforms from the proposed 3D real-time
iaging method over 10 cardiae eveles into one synthetie flow waveform, and

compared it with the one from the Cine segnisiion. As s shown i FlGs, 9(d) and 80,
the averaged flow waveform from the proposed method well correlates with the one
ohlained from the cine Dow fmaging method, which s highly desirable,

[0048] Moreover, the Bland-Aliman analysis of the peak velocities and stroke

volumes are shown i FIG. 10 for the healthy subjects. Specifically, the Bland-Altman
analtvsis of peak veloctties gs shown i FIGL 1{3{&} and stroke volumes avshiown in

FIG, 10(h) 15 used o compare the propesed 3D real-time flow imaging with the
conventional 33 cine method for five healthy subjects (3 males, mean age: 21-vear
old). The peak veloeities and stroke volumes from the proposed method are the
averaged ones over 10 consecutive cardiae eyeles. These results futher confivm the
excellent agreement between the two methods.

{00491 FIG. 11 shows 3D Real-time PC-MR1I for an arthyibmic patient. FlGs, 11{a)
and L) respectively show the reconstracted Dow wavelornms of Ado and Dao. FIG.
LHe) shows the 30 pathline visualization for the four reprosentative time frames from
a normal period (A and B) and an arrhythmic peried {Cand D). As can be seen, the
proposed method well resobves the beat-by-beat pathological vanations, and
specificaliy, nicely eaptures a dramatic change of flow ocourring during an arrhythmia

period. Thiz cannot be obtained from the conventional cine method.

{0030] Discussion

0031} In the present embodiment, we intreduced a new real-time flow imaging
nethod and systematically demonsirated its elivetiveness with in vive experiments.
Here, it is worth refterating the key characteristics of the proposed method, First, it
can be ysed asa viable alternative to the conventional cine flow imaging method in
that it provides comparable if not fsupc:rim} inage quality and How information for
heatthy subjects, Second, it is able o resolve beat-by-beat physiologival andior

pathological flow variations, which cannot be obtained from the conventionsl cine

13
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method. Such iformation §s often climcally important {e.g., for assessing cardiae
arrhythmia).

[O052] As with other model-hased methods, the proposed mcthod involves model
selection (L.e., selection of the rank £} Generally, the selection of L needs to balance
the model representational power, the number of measurements (L.e.. acquisition tme),
and signal-to~notse ratio {36} In the present ewbodiment, we manuoally selected L 1o
trade off the ghove factors, and it consistently yviekded good reconstruction
performance, although principled model selection methods (e, 46, 47]) can be
investigated in future research.

0033} The proposed method for 2D real-time flow imaging is computationally
efficient. The algorithm runtime for reconstructing an i vive dataset (from 94 s real-
time sequisition) takes around 10 min on a workstation with 64 GB RAM and 3.47
Gz CPUL However, for 313 real-time Hlow imaging, the runtime for reconstracting an
i vivo dataset {from 20 mins real-time acquisition) would take more than one hour,
To enbance the practical uhility, computational efficiency may be improved by an
implomentation on graphival processing units. Such an ovestigation is worthwhile o
explore for future research,

[0054] This work 13 maindy focused on the development of a noved real-time How
imaging technique. which should serve as a foundation for our subsequent clinteal
studies. Given that the proposed method well resolves beat-bv-beat fow variations, it
ean provide more information on hemodynamics for patients with significant irregudar
heartbeats, In the future work, we plan to conduct systomane study of the proposed
methad for various potential elinical applications {e.g.. atrial fibrillation, premature

atrial contraction or congeniial heart disease).

{053 Conclusio

{0056 The present embodiment presents g new model-based method for high-

b

asofution real-time PC-MRI without BCG gating and réspiration control, and for the
first time o achieve 31 real-time PC-MRIL It features the novel low-rank medel and

the integration with parallel imaging. which together enable high~quatity

14



WO 2018/137199 PCT/CN2017/072670

reconstraction from highly undersampled {k, O-space data for real-time PC-MRY, The
effectiveness and uiilities of the proposed method have been demonsteated for 2D and
3D real-tine PC-MRI with iy vivo sxperiments, We expect that the proposed method

will enhance the practical utility of real-time PC-MRI for various clinical applications.

JO0ST] In the forogoing specification, specific embodiments have been described.
However, one of ordinary skill in the art appreciates that various moedifications and
changes can be nmade without departing from the scope of the invention gs set forth in
the claims below. Accordingly. the specification and figures are to be regarded i an
Hiustrative rather than a restrictive sense, and all such modifications are intended o be
included within the scope of present teachings.

[0058] The benefits, advantages, solutions to problems, and any-element(s) that may
sause any benofit, advantage, or solution 1o oceur or becom more pronounced are not
to be construed as a oritical, required, or essential fentures or clements of any or all
the elaims. The invention is defined solely by the appended claims including any
amendments made during the pendency of this application and all equivalenis of those
claims as issued.

{039] Morcover i this document, relational terms such as first and second, top and
hottom, and the tike may be used solely 1o distinguish one entity or action from
another entity or action without necessarily reguiring or iplying any actual such

refationship or order between such eotities or actions. The terms "comprises,”

% el A Ld

“compriging,” “has”, “having.” “mchudes”, “including,” “containg™, “containing” or
any other variation thereot, are titended 1o vover a non-exclusive ncligion, such that
a provess,; method, article, or apparatus that comprises, has, includes, contains a list of
clements does not include only those elements bat may include ather elements not
expressty listed or inherent to such process, method, aeticle, or apparatus. An element

proceeded by “comprises .o.a”, Thas .a" Sincludes L a” teontains a” does not,

without reore constrainty, preclude the existence of additional wdentical elements in

15
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the process, method, article, or apparatus that comprises, bas, inchades, contains the
cloment. The terms “a” and “an™ are defined as one of more unlesy explicitly stated.
otherwise berein, The terms “aubstandially™, “essentially™, “approximately™, “abowt™
or any other verston thereot, are defined as being close 1o as understond by one of
ordinary skill in the art, and in one non-tinuting embodiment the torm 18 defined to be
within 10%, in another smbodiment within 3%, in another embodiment within 1%
and in another embodiment within 0.5%., The tenm “coupled” as used hereln is
detined as connected, altbough not necessarily directly and not necessarily
mechanically., A device or structure that is “configured” in a cortain way is
configared 1y at Teast that way, but may also be configured o ways that ave not listed,
{3060} 1t will be appreciated that some embodiments may be compuised of one or
more generie or spectalized processors {or “processing deviees”) such as
microprocessors, digital signal processors, customized processors and field
programmable gate arrays (FPGAS) and unigue stored program instractions {ncluding
both software and fivmwarey that control the one or more processors 1o implement, i
conjunction with ceriain non-processor cireults, some, most, or all of the functions of
the method andfor apparatus described herein. Alternatively, some or all funclions
could be maplemented by a stale maching that has no stored program instructions, or
in one or more application specific imtegraied cireuits (ASICs). in which each function
or some conbinations of certain of the functions are implemented as custom logic.

Of course, a combination of the two appreaches could be nsed.

{0061} Moreover, an embodiment can be implemented as a computer-readable storage
medivn having computer readable code stored thereon for programiniing & computer
{£.g., comprising a processor) to perform a method as deseribed and cliimed herein.
Examples of such computer-readable storage mediums include, but are not Himtted to,
a hard digk, 8 CD-ROM, an optieal storage device, a magnetic storage deviee, 1 ROM
{Bead Only Memorvy, s PROM (Programmable Read Ouly Memory ), an EPROM
{Ergsable Programumable Read Only Memory), an EEPROM (Electrically Erasable
Programmable Read Only Memory) and a Flash memory. Further, it is expected that

one of ordingry skill, notwithstanding possibly significant effort and many design
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choices molivated by, for example, available tme, current fechnology, and economic
considerations, when guided by the concepts and principles disclosed herein will be
readily capable of genevating such software wstroctions and programs and 1Cs with
avnimal experimentation,
j0062] The Absteact of the Disclosare is provided 1o allow the reader {o quickly
ascertai the nature of the rechnical disclosure. 1t is submitted with the understanding
that iwill not be used to interpret or limil the scope or meaning of the claims. In
addition, 1w the foregoing Detatled Description, it can be seen that various featurey are
grouped together in various embodiments for the purpose of streamlining the
disclosure. This method of disclosure i3 not to be nlerpreted as veflecting an
intention that the claimed sothodiments require more featires than are expressly
recited in cach clatm. Rather, as the following clatms reflect, inventive subject matter

N

Hes i loss than all features of a single disclosed emnbodiment. Thus the following

s

claims are hereby ncorponted inte the Detatled Deseription, with cach claim

starding on its own ax a separately claimed subject matier,
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CLAIMS

1. A real-time phase-contrast Jow magnetic resonance imaging (MRIy mothod,
comprising:

acguiring real-tine phase-contrast MRE(PC-MRID data, which includes
tranging data and imaging data;

performing a low-rank based image reconstructinn based on the acquired
training data and iaging datgg

cateulating veloeity nraps based on the reconstructed real-time flow tmages;
and

perfornting quantitative flow analysis based on the calcwdated velocity maps.

2. The method of claim 1, wherein performing a low-rank based image
reconstruction further comprises:
performing a temporal interpolation on the taining data; and

performing a temporal subspace estimation on the interpolated training data.

3. The method of claim 2, wherein performing a low-rank based inmage
reconstrnction further comprises:

porfornmng an estimation of coil senstitvities on the acquired imaging datag
and

performing a spatial subspace estimation based on the estimated temporal

subspace, estimated coil sensttivities and the acquired tmaging data.

4, The method of clatm 1, whereln performing a low-rank based smage
reconstruction further comprises:

representing each flow image sequsnee a8 8 spativtemporal Casorati matrix?
p:r {rt * {'E } T }f}:r {rﬁ ® 'i'-,-ﬁé }

Ay

LR ¥

£
f
S —

ALY ety

-
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where p (r. ) denotes the dynamic image associated with either the flow-

compensated (v =11 or Bow-cncoded Image sequence (v 20 N},

introducing the following joint Casorati matrix:

i
a1
Cw:{;
L

onwhich the low-rank strugture, rank { L)< L isenforeed, where L refers to
the rank of the matix C, and satisfies £ < min{d ¥}

using an explicit rank constraint via matrix factorization:
C=U¥

e f

where Ue OO0

v

and Ve O™ and wherein the columns of U androws of ¥V
respectively span the spatial subspace and temporad subspace of
performing a spatial subspace estimation for 21 real-time PC-MRI by solving

the eguation:

3 @, -0 FS (U¥) |

where d. denotes the measured data, £2 the sparse sampling operator, F, the
spatial Fouter transforoywatris, 8, the sensitivity map, f=12,-. N, forthe ith
regetver eoll

after solving U reconstructing the joint Casoraly matiix as:

o

from which each How image sequence s obtained and the flow velocities are

estimated, where T4V /€ denote the underfying true quantities, whereas U/ VIO

denate the corresponding reconstructions.
3. The method of claim 1| wherein porforming a low-rank based image

reconstruction further comprises:

representing each How image sequence as a spativtemporal Casoratt matris:
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SN,

pdngy o plnag)
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where g (v ¢} denotes the dynamic image associated with either the flow
compensated { v=1) or flow-encoded image sequence (v = 2,0 N ),

¥

introducing the following jont Casorati matrixe

N t
23 N \ X
wn }
= a SO SN
g A i3 § W 0
L > e

on which the fow-rank stractore, mnk{(f} < L, is enforced where 1 refersto
the rank of the matrix €, and satisfies L <min{M. &)

using an explicit rank constraint via matnix factorization:
C= UV,
where Ue O and Ve, and wherein the colunns of U and rows of ¥V
respectively span the spatial subspace and temporal subspace of €
performing a spatial subspace estimation for 3D real-time PC-MRI by solving

the equation:

~

Uwarg i{ni

where d, denotes the measured data, £2 the sparse sampling operator, F, and

F respectively the spatial and temporal Fourler transform matrix, 8, the sensitivity

Ve

map, f=12, N for the 7t recetver catl,

¥3

3

pe

the regulanzation parameter, and

vee{«} the operator concalenating the colunmns of & matrix fnto a veetor;

after solving U, reconstructing the jornt Cagorati mairix as:

- A

C=UY |

from which cach Hlow image sequence 1s obtained gud tie flow velocities are

estimated, where U/ ¥ /€ denote the underlying true quantities, whereas U/ V/C

denote the corresponding reConstructions.
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